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Starting from late seventies, many observations have been reported about observations in space of signals reconciled with earthquakes and claimed as possible preseismic measurements. The detected parameters range from electromagnetic field components (in a large band of frequencies) to plasmas parameters; from particles detection to thermal anomalies; etc. Up to the DEMETER mission, the analyses have been carried out on datasets gathered by not devoted satellites. Even beyond the results obtained, the DEMETER mission has constituted a milestone for space-based investigations of seismo-associated phenomena drawing a baseline for next missions with respect instruments, observational strategy and measurements uncertainty. Nowadays, the CSES-01 satellite – developed within a sino-italian collaboration with the participation also of Austrian Institutes – represents the most advanced mission for investigating near-Earth electromagnetic environment aimed at extending the observation of earthquake precursors to a long time series. The benefit of the mission is even higher by considering that CSES-01 is the first of a program of several LEO small satellites, the second of which will be launched on 2023 with the same instruments and orbit of CSES-01, but with a shift of half of an orbit in order to monitor each trace twice per orbit. The article gives a short survey of space-based observations of preseismic phenomena from the early studies up to the more recent ones, critically reviewing results, hypotheses and trends in this research field. The supposed physical processes proposed to explain the observations are still unable to explain the large variety of the phenomenology, the statistical significance of the results are highly debated, and more in general a common consensus is still missing. Anyway, the investigation of the seismo-associated phenomena from space is a challenge for near future Earth observation.
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INTRODUCTION
The key ingredient for studying the earthquake preparation process - and ideally for forecasting its occurrence - is to point out the existence of possible earthquake precursors (on long, middle, or short temporal scale) as well as their detection as a function of the distance (from the focal area of the impinging event). An extended review can be found for example in Tronin (2006), Hayakawa (2015), Pulinets and Ouzounov (2018), Parrot (2018), Ouzounov et al. (2018), Pulinets and Ouzounov (2018). Beyond the classification as a function of the time delay with respect the seismic event, precursors can be further distinguished on the spatial scale as a function of the detection distance and their localization or diffusion. In fact, some processes, candidate to be considered such as precursors, can be detected around the seismic focal area (local precursors) even though eventually at significant distance. Due to the topology of the geomagnetic field, other possible precursors can be detected not only over the epicentre, but also near to its magnetically conjugated region or along the field line with footprint on the epicentre (diffused precursors). Finally, a further class of precursors could be constituted by fluctuations detectable not only along a geomagnetic flux tube associated to the epicentre, but spread in suitable iono-magnetospheric “shell” (distributed precursors). Nowadays, earthquake forecasting is far from being reached and the debated about earthquake precursors is still open. Nevertheless, even though not conclusive results have been obtained, a large amount of measurements have been gathered worldwide with a large variety of methodology and the investigations of many different physical quantities and parameters, both on ground and in space. Unexpectedly, there is a problem of repeatability and confirmation of claimed results by different authors using the same methodology and/or analyzing the same parameters. Whereas the co-seismic effects in the atmosphere are well-established (Tanimoto et al., 2015), the possible pre-earthquake phenomena on the surface as well as the coupling between lithosphere, atmosphere and ionosphere (called LAIC for short, hereafter) are still disputed (e.g., Geller, 1997, Geller et al., 1997; Hough, 2020 and references therein). As it is very difficult to detail a debate (in which facts and views are sometimes mixed), we summarize only some of the main recent “trends” of discussion. A general skepticism about ground and space precursors (including thermal anomalies due to their “natural variability” and more in general for the “a posteriori” findings of the anomalies) is advocated by Jordan et al. (2011), Nakatani (2020) and - especially for seismic precursors - by Scholz (2019), although more recent results (e.g., Gulia and Wiemer, 2019) might change the perspective. Wang and Burgmann (2019) have questioned the reliability of precursory gravity changes; Helman (2020) has written in favor of the pre-seismic character of electrical signals, while Warden et al. (2020) support a critical view on ULF anomalies. Woith (2015) reviewed the “complexity” of investigating radon anomalies both as precursors to earthquakes and beyond this specific interpretation. In the debate on preseismic ionospheric anomalies, negative positions have been expressed by Dautermann et al. (2007), Thomas et al. (2012), Kamogawa and Kakinami (2013), Masci et al. (2015), Masci et al. (2017) and an analysis of the statistical reliability of some TEC anomalies can be found in Ikuta et al. (2020) and Tozzi et al. (2020). However, in a larger and reliable perspective, Kato and Ben-Zion (2021) and Pritchard et al. (2020) have highlighted the potential of precursors. Uchida and Bürgmann (2021) have discussed the importance of short-term earthquake anomalies for more accurately establishing the seismic hazard of giant impending earthquake (although the same authors do not believe that such an event can be predicted with high confidence level). In this framework, this article presents a review of the main observations, hypotheses and models about the phenomenology of earthquake precursors observed in space, which, in our opinion, are valuable insights - that deserve to be investigated with the utmost precision and highest statistical accuracy - of the coupling mechanism existing between the lithosphere and the near-Earth environment (De Santis et al., 2015). For a review about the main earthquake precursors observed on ground (and further references about ground-space multi-parametric analyses) the interested reader is addressed to the twin article of Conti et al. (2021) in this same issue. The layout of the article is as follow. We will adopt a quasi-chronological approach discussing observations carried out in space before (section Seismo-Electromagnetic Perturbations Detected in Space by Non-Dedicated Missions) and after (section DEMETER Satellite Observations) the DEMETER mission that has been the first satellite devoted to investigate precursors from space. Then we will present the first results from the CSES satellite (section First Analyses From the CSES Satellite Mission) that is the first mission of a program including several satellites devoted to investigate seismo-induced phenomena in the near-Earth electromagnetic environment. Finally, in section Connecting Perturbations on Ground and in Space we will summarize some ideas about the physical mechanism for coupling lithosphere with lower and upper layers of the atmosphere up to the ionosphere.
SEISMO-ELECTROMAGNETIC PERTURBATIONS DETECTED IN SPACE BY NON-DEDICATED MISSIONS
Seismic events are the last stage of a long preparation process generated by a continuous and variable tectonic stress (Scholz, 2002; Olaiz et al., 2009). Many attempts have been done in order to monitor on ground the earthquake preparation phase and the underlying physical processes on specific fault systems (Kanamori, 2003), but the involved processes are deep, slow and complex. Since some tens of years, the possibility to remote sensing earthquakes though their effects in the near-Earth space has been explored. In order to explain the effects of the LAIC, Pulinets and Ouzounov (2011) proposed a model - based on rising of gas and fluid toward the surface in the seismic preparation phase - that could take into account the last stages of the long-term seismic phase. Other hypotheses have been suggested by Sorokin et al. (2001), Hayakawa and Molchanov (2002), Liperovsky et al. (2008a), De Santis et al. (2017), De Santis et al. (2019a); etc. Freund (2011) proposed a mechanism, successfully tested in laboratory (Freund et al., 2007), based on the theory of positive holes that could locally ionize the lower atmosphere and create instability in the ionosphere. Finally Kuo et al. (2011), Kuo et al. (2014) proposed a coupling mechanism that, through the effect of the geomagnetic field of the Earth, would induce perturbation in the ionosphere.
Early Observations of Electromagnetic Perturbations
Several authors have reported measurements of seismo-electromagnetic precursors detected on ground or on board of satellite missions. After the early publications - mainly focused on analyzing electric and magnetic field variations - other studies have also discussed fluctuations of plasma parameters, precipitation of high-energy charged particles from the inner Van Allen belt, etc.
On 1982 were published the first observations of seismo-electromagnetic disturbances from space. Although some analyses of ionospheric disturbances that might occur before an earthquake - based on ground-based ionosonde data - were reported in the early 1970s [see e.g., Antselevich (1966); Datchenko et al. (1972)], the first results on satellite surveys of low-frequency electromagnetic emissions before earthquakes were obtained on data from the Intercosmos 19 satellite (Migulin et al., 1982; Gokhberg et al., 1983; Larkina et al., 1983); Aureol 3 mission (Larkina et al., 1984); while, the detection of VLF noise in the region magnetically conjugate to the earthquake zone was reported by Gokhberg et al. (1983) and Parrot et al. (1985) using observations from the geostationary satellites GEOS 1 and 2. Larkina et al. (1989) authored an analysis of Intercosmos 19 satellite data, detected at 800 and 4,650 Hz, from about 8 h before up about 3 h after some earthquakes, within 2 degrees of latitude and 60 degrees of longitude around the epicentres. Chmyrev et al. (1989) reported an anomalous variation of 3–7 mV/m in the quasi DC component of the vertical electric field measured by the Intercosmos-Bulgaria 1300 satellite at the altitudes of about 800 km over the magnetically conjugate zone of the epicentre, about 15 min before an event of magnitude 4.8 in the Pacific Ocean.
Few years later, COSMOS-1809 detected anomalous electromagnetic emissions at frequencies below 450 Hz, up to few hours before the seismic event, in more than 92% of the satellite traces, within 6 degree of longitude from the epicentre and about 4–10° of latitude to the South of the Armenia earthquake of 1988 (Serebryakova et al., 1992). AUREOL-3 satellite data confirmed the observations, on the same region and events. By studying the seismic sequence of the Armenia earthquake of 1988, Kopytenko et al. (1993) and Serebryakova et al. (1992) reported some anomalous fluctuation of ULF magnetic and electric field measurements recorded on ground about 200 km far from the epicentre and some hours before the main event and some aftershocks.
Two years of AUREOL-3 satellite data, gathered in the ELF/VLF frequency range, have been analyzed also by Parrot (1994) in the first statistical study published on space based observations of earthquake precursors. Through the superposed epoch and space method, applied to more than 300 seismic events of magnitude higher than 5, the analysis has pointing out a significant fluctuation of the electromagnetic field intensity within 10 degrees of longitude from the epicentres (of all latitudes), but without discriminating the temporal series of observations as pre-, co- and post-seismic detections.
More recently, by re-analyzing data from Intercosmos-Bulgaria 1300 for hundreds earthquakes (Gousheva et al., 2008; Gousheva et al., 2009), estimated that the amplitude of preseismic quasi DC electric field disturbances in space was of the order of 10 mV/m over seismic events both in land and in sea.
From Ground to Space: can be Radon the Root of the Coupling Mechanism?
From space, several seismo-associated parameters can be measured such as lithospheric deformation, temperature fluctuation, gas and aerosol exhalation and electromagnetic field. While the co-seismic (horizontal and vertical) deformations can be significant (tens centimeters and meters) and can be monitored with InSAR with high precision and reliability (Moro et al., 2017; Zhao et al., 2018; Xu et al., 2020), the preseismic deformations are lower and more complex to be investigated from space (Tronin, 2006; Cenni et al., 2015; Moro et al., 2017; Nardò et al., 2020). Only in few cases, deformations have been detected both before and after seismic events (Massonnet et al., 1993; Kuzuoka and Mizuno, 2004; Tronin, 2006). Remote sensing observations allow also to measure concentrations of gases and aerosol in the atmosphere potentially involved in preseismic phenomena. Dey and Singh (2003) reported increase of surface latent heat flux before the Gujarat earthquake and some other coastal earthquakes. After the observations on ground of nighttime ionospheric fluorescence emissions by (Fishkova et al., 1985), that were correlated with physics of the E layer (85–110 km), Morozova (1996) reported an increase of the intensity of oxygen lines 5577 and 6300 A a few hours before seismic events.
One of the most debated issue in the physics of earthquake precursors includes the role of the seismo-induced radon exhalation in the generation of electromagnetic disturbances (Wakita et al., 1980; Teng et al., 1981; Cicerone et al., 2009). It has been proposed that the enhancement of total rock surface due to failure would increase the emissions of radon and other gases from grains and migration (Conti et al., 2021). This would be in agreement with: 1) the enhancement of radon concentration observed in aftershocks and 2) some laboratory experiments (Koike et al., 2015) aimed at verifying the growth of radon emissions of granites under compressional stress. Also in extensional tectonic regime, rock deformation can create cracks facilitating the radon and other gases exhalation (Reddy and Nagabhushanam, 2011) as demonstrated by Fu et al. (2017) by studying the variation of soil Rn concentration in shallow earthquakes (<15 km) in the extensional regime. Moreover, several authors have reported a temporal correlation between local variation of stress/strain and anomalous fluctuation of radon concentration in groundwater (Biagi et al., 2001; Ingebritsen and Manga 2014). It has been claimed that, due to radon exhalation from the soil, local fair-weather conductivity could increase up to 50%, whereas the electric field could decrease of 30% (Pierce, 1976). In this framework, Pulinets and Ouzounov (2011) and Pulinets et al. (2018) proposed a LAIC model that explains the synergy between earthquake activity and its precursors. According to this LAIC model, the relative movement of tectonic blocks leads to the generation of tectonic stresses with the release of gases (including radon) along seismically active faults. Radon can generate local ionization in the lower layers of the atmosphere that can facilitate water vapor condensation with: 1) release of latent heat exhalation (that could explain thermal fluctuations) and 2) local variation of the conductivity that would impact on the global electric circuit over the earthquake preparation zone generating the observed seismo-associated ionospheric anomalies. Anyway, the radon exhalation seems cannot explain a direct generation of electromagnetic anomalies at higher frequency. We address the interested reader to the paper (Conti et al., 2021) published in this same issue, that provides a short review of models and ground based observations. In this framework, candidate precursor analyses have been performed on data from dedicated missions (DEMETER, CSES), multi-payload spacecraft (such as NOAA 14,15,16,17, other Sun-synchronous LEO missions, weather and Earth observation satellites), Swarm satellites and for ionospheric sounding (as those of the FORMOSAT series). A summary of the main results will be given in the following sections.
Ionospheric Disturbances
The large variety of atmospheric, ionospheric, and magnetospheric anomalies claimed as possibly being related to earthquakes shows the importance of both ground-based measurements of ionospheric parameters and satellite-based Earth remote sensing for investigating earthquake precursors (see Ondoh (2003); Ouzounov and Freund (2004); Pulinets and Boyarchuk (2005); Ondoh and Hayakawa (2006); Liu et al. (2006); Zhao et al. (2008); Ondoh, (2009); Kakinami et al. (2010); Perrone et al. (2010); Kandalyan and AlQuran (2010); Liou et al. (2010) and references therein). Anyway, it must be highlighted that many studies of seismo-ionospheric precursors are cases studies (seldom reproduces in further investigations carried out in “similar” conditions) and that many times the statistical significance is low. In general, the level of reliability changes significantly between the analyses and even in the scientific community involved in studying earthquake precursors the consensus is highly debated.
For the observations from ground of ionospheric preseismic phenomena, see Conti et al., 2021. For observations from space, in this section we just cite some of the earliest studies of plasma disturbances and observations from experiments different from DEMETER and CSES. Results from these latter missions will be discussed in the devoted DEMETER Satellite Observations and First Analyses From the CSES Satellite Mission.
Only few are the studies of plasma parameters detected by satellite in the early investigations of precursors. By analyzing data of IC-B 1300 satellite the authors of (Sorokin and Chmyrev, 1999) reported a dissipative instability of acoustic-gravity waves 15 min before an earthquake with M = 4.8 and suggested that it would be due to an increased injection into the atmosphere of radioactive gas such as radon. Galperin et al. (1992) reported perturbations in electron profile and ion composition of the plasma, together with VLF anomalies, in a large extension of some degrees of longitude around the epicentral zone. Sharma et al. (2021) have analyzed 160 earthquakes in North East Indian region by studying GPS/TEC measurements, reporting TEC precursors in 46.5% of the Mw <5 earthquakes, in more than 81.5% of Mw = 5–6 events and all the Mw >6 earthquakes.
When several variables must be studied in order identify the “prevailing” ones and possible correlations, the principal component analysis (PCA) could be adopted for analyzing time series of observations and to reject background noise. After Hattori et al. (2004), that applied PCA to ground based observation of magnetic data, more recently, Zhu et al. (2019) applied PCA to Swarm satellite (Friis-Christensen et al., 2008) magnetic field data successfully finding seismo-related anomalies. Another recent examples of possible ionospheric electron density enhancement detected before large earthquakes (M = 7.0–8.0) have been reported by (He and Heki, 2017) by analyzing vertical total electron contents (VTEC) data observed by GNSS stations near the epicentres. In eight of the 32 earthquakes studied, possible preseismic anomalies were observed starting 10–20 min before the event. De Santis et al. (2019a) have analyzed 4.7 years of electron density (Ne sampled at 2 Hz) and magnetic field (mainly Y component at low frequency) data measured by Swarm three-satellite constellation (Friis-Christensen et al., 2008). By using a worldwide statistical correlation analysis, through a superposed epoch approach, they have statistically studied the possible spatial and temporal correlation between the earthquakes and ionospheric disturbances. The authors reported a concentration of electron density and magnetic anomalies from more than two months up to some days before the seismic events with magnitude greater equal 5.5 and hypocentral depth up to 50 km, studied in a time window from 90 days before up to 30 days after each event. A further interesting aspect of the performed analysis is that it would provide a confirmation based on space based measurements - from Swarm data, investigated in a time interval of 500 days before the seismic event - of the Rikitake empirical law for earthquake precursors (Rikitake, 1987), proposed in the earliest’ 80s for precursors on ground. The law, summarized by the formulas Log10 (ΔT) = a + b M (where ΔT is the precursor time, M is the earthquake magnitude and a and b are fit parameters) claims that the precursor time is a function of the earthquake magnitude: the larger the magnitude, the longer the precursor time. Interestingly, by analyzing ionospheric data (Ne and Y magnetic component), the authors of (De Santis et al., 2019a) estimated values of the a and b parameters compatible with those proposed for ground magnetic observations by (Rikitake, 1987). The authors argue that the Rikitake law could take into account the LAIC. By assuming a lithospheric process of stress diffusion (Shapiro et al., 1997) across the Dobrovolsky strain radius (Dobrovolsky et al., 1979), the authors also obtained an estimation of the coefficient of diffusion too much higher than a reasonable value for the crust, but anyway of the same order of magnitude of the diffusivity found for slow earthquakes when a diffusion model is considered (Ide et al., 2007). Between the more recent analyses of ionospheric anomalies before strong earthquakes based on satellites observations we can cite also as significant examples Natarajan and Philipoff (2018), Zhang X. et al. (2019b), De Santis et al. (2020).
Thermal Anomalies
Several authors [see Tronin (2006), Conti et al. (2021) and references therein] have suggested that the earthquake preparation process can generate variation of temperature (induced by flow/exhalation of geochemical fluids in the deep lithosphere and/or by secondary effects of the friction and displacement along the seismic faults) that can affect the energy budget in the LAIC in seismic sequences (Qin et al., 2021). Only relatively few test campaigns have been carried out on ground and articles published about measurements of temperature variations before earthquakes that explains the small amount of this type of data and the large uncertainty on the subject (Cicerone et al., 2009). From one side, in volcanic areas, where also large earthquakes can take place, the temperature variations sometime observed before seismic events have been associated to groundwater level variations and gas releases, on the other side no anomalous temperature fluctuations have been detected for example in the investigations performed in the areas of the San Andreas fault. The most up-to-date hypothesis for reconciling thermal fluctuations and seismic activity involves gas emissions due to the stress field in the earthquake preparation phase (e.g., Tramutoli et al., 2013). Preseismic processes could result in the release of radon and optically active gases (including carbon dioxide and methane) whose concentration could influence the thermal radiation emitted from the ground (Sorokin et al., 2005). In addition, the density ratio between released volatiles and air would influence the distribution pattern of thermal anomalies, which could be more concentrated for chemical species heavier than the air and more diffuse for lighter ones.
In the last years, the possibility to identify, on global scale, seismo-associated thermal anomalies has been enormously facilitated by continuous satellite monitoring. What is generically called thermal anomalies refer to anomalous fluctuations of several different parameters such as atmospheric temperature (at various altitudes), Brightness Temperature (BT), Surface Latent Heat Flux (SLHF), Outgoing Longwave Radiation (OLR), etc. For example, Qin et al. (2011) have found preseismic anomalies of SLHF (i.e., the heat released by phase changes that is function of several meteorological parameters including surface temperature, relative humidity, wind speed etc.) and Qin et al. (2012) reported surface temperature anomalies before two major earthquakes occurred in Emilia (Italy) on May 20, 2012, 2:03 UTC (ML 5.9) and on May 29, 2012, 7:00 UTC (ML 5.8). In this framework, Piscini et al. (2017) applied a multi-parametric analysis looking for anomalies in time series of climatological parameters (including skin temperature, total water vapor column, and total ozone column) and reported persistent anomalies during the Amatrice-Norcia seismic sequence (central Italy, 2016) that emerged simultaneously in all parameters analyzed.
In order to select seismo-associated TIR (Thermal InfraRed) anomalies with respect to not earthquake fluctuations due to natural and/or measurement failures, the RST (Robust Satellite Techniques) method has been proposed (Tramutoli, 1998; Bryant and Nathan, 2003; Tramutoli et al., 2005) aimed at distinguishing spatial and temporal outliers in long-term series of satellite observations. In this framework, the RETIRA (Robust Estimator of TIR Anomalies) index has been proposed (Filizzola et al., 2004; Tramutoli et al., 2005). RETIRA classifies the pixels of satellite images (not affected by cloudiness by means the OCA procedure (Cuomo et al., 2004) based on the number of standard deviations of the TIR brightness temperature with respect to the spatial and temporal mean value. By applying these approaches to several seismic sequences (with magnitudes between 4.0 and 7.9 occurred in different seismo-tectonic conditions) Tramutoli (2007) and Tramutoli et al. (2015) reported that TIR anomalies could be detected in a large areas (up to thousand square kilometers) around the epicenter from about one month before up to a few days after the earthquake. Even though RETIRA allows minimizing the fluctuations [due to natural features (such as topography and land cover); measurement method (including illumination and satellite view angle) and regular variations (i.e., daily, seasonal, and inter-annual cycle)] Martinelli et al. (2020) highlighted that the procedure is intrinsically not protected by the proliferation of signal outliers. Weiyu et al. (2018) have studied air temperature variations in multiple layers before, during and after the Jiujiang (China) earthquake [of magnitude 5.7 occurred at 00:49 (UTC) on November 26, 2005], and reported some pre-seismic increase of temperature in the atmosphere before earthquake, with heat flow propagating from ground to higher altitude where finally dissipates. Finally, several authors reported that - because remote sensing of thermal infrared anomalies is clearly affected by cloud coverage (Blackett et al., 2011) - it is hard to discriminate thermal contribution emitted by ground possibly connected to seismic activity in cloudy conditions [see for example Zhang and Meng (2019) for the study in the Sichuan area]. Thermal anomalies and related multi-instrumental observations will be furtherly discussed also in Remote Sensing and Multi-Parametric Approach.
Acoustic Gravity Waves
Between the several hypotheses proposed to reconcile the observed anomalies on ground and in space with seismic activity, it has been proposed that acoustic (AW) and acoustic gravity waves (AGW) could be responsible of the coupling between lithospheric processes and tropo-ionospheric disturbances (Korepanov et al., 2009). Molchanov and Hayakawa (1998) and (Molchanov et al., 2001) suggested that the variation of the morning/evening terminator times - observed in the plots of amplitude and phase of the ground-based VLF measurements in Japan, before the Kobe earthquake on 1995 - could be induced by lithospheric oscillations through the occurrence of planetary waves with periods from few up to 10 days. Theses authors suggested that the modulation of VLF terminator time as well as the reduction of the amplitude and the enhanced dispersion of VLF intensity (observed during nightime, a few days before seismic events, in a statistical analysis including 7 years of earthquakes in the Japan area) could be induced by a decrease of a few km in the VLF reflection height possibly caused by AGW. It is interesting to notice that this effect is confirmed by Němec et al. (2009) and Píša et al. (2013) (see the following Electromagnetic Field Anomalies) that show a decrease of the wave intensity of electric field measured by ICE on board of DEMETER (more intense when the magnitude is larger) in a frequency range close to 1.7 kHz. If the intensity of the electric field decreases, it means that the cut-off frequency is increasing and then, it means that the height of the ionosphere is statistically lower above epicenter. Therefore, it is particularly relevant that all these studies (Molchanov and Hayakawa, 1998; Molchanov et al., 2001; Němec et al., 2009; Píša et al., 2013) based on two very different experiments, support the common idea that at the bottom of the ionosphere, above epicentre of impending earthquake, there is a statistically relevant excess of ionization. Changes of ground motion and/or temperature and pressure would induce oscillations in the atmosphere over the earthquake preparation zone that can propagate up to the ionosphere (Molchanov et al., 2001; Miyaki et al., 2002; Korepanov et al., 2009; Muto et al., 2009; Hayakawa et al., 2011). Through a wavelet analysis, Nakamura et al. (2013) showed that the fluctuations in the period of 10–100 min (which is in the range of AGW) were enhanced before the Niigata-Chuetsu earthquake (M = 6.8) of 2004. Endo et al. (2013) extended the study to AW and AGW (with a period of 1–10 min) rising the conclusion that before two earthquakes (Niigata-Chuetsu Oki (M = 6.8) 2007, and Iwate-Miyagi (M = 7.2) 2008) the oscillations would have been enhanced when the lower ionosphere was perturbed. Based on GPS measurements, Kamiyama et al. (2016) claimed a temporal correlation between seismic crustal oscillations before the 2011 Tohoku (M 9.0) earthquake and ULF magnetic and VLF/LF ionospheric disturbances observed for this earthquake by several authors (Maekawa et al., 2006; Hayakawa et al., 2012; Hayakawa et al., 2013a, 2013b; Ohta et al., 2013; Schekotov et al., 2013). Phanikumar et al. (2018) suggested that earthquake precursors could involve not only charged ionospheric components but also neutral atmospheric species. In fact, the authors pointed out an anomalous and simultaneous fluctuation at mesospheric altitude - corresponding to the VLF reflection height - of the ozone density (measured by the TIMED satellite of the NASA’s Solar Terrestrial Probes program) together with VLF signals detected on ground, before two earthquakes of 7.8 and 7.3 magnitude occurred on 2015 near Gorkha (Nepal). The hypothesis of a correlation between preseismic processes, tropo-ionospheric oscillations and thermal fluctuation has been supported also by the studies of Chakraborty et al. (2018). Starting from 3 to 4 days before the M7.3 earthquake of Gorkha (Nepal), the authors have found three correlated phenomena: 1) an anomalous fluctuation of the OLR satellite data (that can be related to thermal anomalies); 2) the occurrence of AGW of period of about 1 h and 3) ground-based detection of VLF disturbances. More recently the correlation between the occurrence of AW/AGW and the observation of TEC, plasma and VLF disturbances has been reported by several authors (such as for example Rozhnoi et al., 2013; Hayakawa et al., 2018; Piersanti et al., 2020) and further support to the AGW hypothesis has been provided by Yang et al. (2019) and Lizunov et al. (2020). On the other side, it has been argued that, as the geo-chemical and the electromagnetic hypotheses, also that of the preseismic occurrence of AW/AGW is not able to explain all the phenomenology of the LAIC process, since the observations are not conclusive in supporting/excluding any of the proposed models (Pulinets and Boyarchuk, 2005; Liperovsky et al., 2008b; Oyama et al., 2016). It can be believed that different mechanisms could coexist and contribute together in different conditions on several spatial/temporal scales.
Electromagnetic Field Measurements
Zhang et al. (2012) have analyzed two series of electric field measurements before the Wenchuan earthquake of May 12, 2008, M8.0: a long time series (since March 2008) detected on ground, and a shorter series (1–2 days) measured by ICE on board of DEMETER satellite. The time occurrence and spatial distribution of ground- and space-based measurements are consistent between them for long and short time series. The authors have found that the amplitude of measured electric field anomalies (detected a few days before the earthquake was: from about 3 mV/km up to 100 mV/km (on ground) and of about 3–5 mV/m at frequencies <0.5 Hz (relative variation >4%) (for space data). The amplitudes differ largely between ground and satellite observations, so that it is difficult to reconcile ground and space-based measurements via a direct propagation of electromagnetic waves from the lithosphere through the atmosphere up to the ionosphere. Bortnik and Bleier (2004) and Bortnik et al. (2010) have shown that seismo-electromagnetic signals generated in the lithosphere at frequencies <20 Hz could be able to cross the ionosphere, with the most severe attenuation occurring in the propagation under the ground and in the D-region. For frequencies in the range of 0.1–1 Hz, the attenuation of the signals seems to be moderate (about 0.01%), which means that if such signals are generated by earthquakes at the assumed location (depth of about 10 km), these signals should contain sufficient power to be detected aboard satellite. Bortnik and Bleier (2004) suggested an electromagnetic signal in the focal depth of the order of 300.000 mV/km, but this is much higher than the 3–100 mV/km observed in the three ground stations before the Wenchuan earthquake. The anomalous electric field measured on ground are often from a few tens mV/km up to a few hundred mV/km (Xiong, 1992). It means that the amplitude of ground observed electromagnetic emissions would be still far lower than that detected in space: amplitudes detected by ICE were of about 3 mV/m. Consequently a “simple” wave propagation cannot explain the observed phenomenology.
By considering the exponential damping of the electromagnetic spectrum intensity vs. frequency, several authors (such as Hayakawa et al., 1999; Smirnova et al., 2001; Molchanov et al., 2004; Hobara and Parrot, 2005; Hayakawa et al., 2009; Imamura et al., 2010) have shown that (for ground and space-based observations) the electric field spectrum (SE) before strong earthquakes has a typical fractal feature: SE = a × f-b (with a and b fit parameters). Zhang et al. (2010) have pointed out that the electric field Intensity detected by ICE in the Chile area before several earthquakes would show the same dependency from the frequency. The authors have analyzed ICE data in the frequency range 19.5–250 Hz and earthquakes near the Chile area, with M >6.0, from 2004 to 2010, in nighttime, in a time window of 5 days around the earthquakes. The study has pointed out that in two thirds of the earthquakes in this region, ULF/ELF electric field perturbations have been detected and that Ne, dNe/Ne, Te, dTe/Te have always varied simultaneously with ELF electromagnetic fluctuations. More recently, by studying two months of Swarm magnetic data around the M 7.8 Nepal earthquake (April 25, 2015, 06:26 UTC), De Santis et al. (2017) reported that the cumulative number of magnetic anomalies (measured nighttime, in geomagnetically quiet conditions) shows a power-law behavior typical of a critical system (with the approach to the critical time and the recovery phase). Based on the similarity of this behavior with that of seismic data, the authors suggest that the LAIC has generated the reported anomalies during the preparation phase of Nepal earthquake.
Particle Precipitations From the Van Allen Belts
In the Earth magnetosphere, the magnetic field is able to trap charged particles (electron, positrons, protons and ions) up to energies of tens or hundreds of MeV generating the so-called inner and outer radiation belts separated by the slot region originated by particle flux depletion due to interactions with whistler waves. The inner Van Allen belt is mainly constituted by protons and electrons through the decay of albedo neutrons (Zhang K. et al., 2019) originated by cosmic rays impinging the upper atmosphere (CRAND process). Electrons are the main constituent of the outer belts eventually energized through wave-particle interactions. Whistlers are the main source of particles precipitation via the so-called whistler electron precipitation (WEP) (Dungey, 1963; Rodger et al., 2003) due to the resonant interaction between circularly polarized VLF (3–30 kHz) waves traveling along the geomagnetic field lines and trapped electrons resulting in their deflection in the loss cone and the consequent precipitation. The Sun is the main driver of the magnetospheric particles dynamics, but precipitation can be induced also by nuclear explosions (that can originated also long-term trapped artificial belt); by the already cited VLF emissions generated by lightning; by artificial radio signals (Sauvaud et al., 2008) and possibly by electromagnetic emission due to seismic activity. Such precipitations of electrons and protons can be observed by satellite detectors as sudden increases of the particles fluxes on the scale from few up to tens of seconds. It has been suggested that, the stable motion of high-energy trapped and quasi-trapped Van Allen particles can be perturbed also by seismo-associated electromagnetic emissions (Aleshina et al., 1992; Galperin et al., 1992). These authors suggested that electromagnetic emissions eventually generated in the preparation phase of an earthquake could modify the particles pitch angle, inducing the lowering of their mirror points and finally causing particles precipitation that are detected as sudden particles flux increase with LEO detectors. During precipitation, such burst of particles could still follow partially their longitudinal drift, that would increase the satellite capability of their detection in space not only over the hypocentral zones, but also even far from the area of the preparation earthquake. Russian scientists carried out the earliest analyses of these correlations with measurements of: MARIA detector installed on the SALYUT-7 station (Chesnokov et al., 1987; Voronov, 1990), MARIA-2 experiment on board MIR; ELECTRON experiments carried out on the INTERCOSMOS-BULGARIA-1300 and METEOR-3 satellites (Galper et al., 1989); GAMMA detector, etc. At the beginning of this century, Aleksandrin et al. (2003) and Sgrigna et al. (2005b) have published careful analyses of such phenomenon on data collected by the PET experiment on board the SAMPEX NASA satellite, obtaining a statistically reliable temporal correlation between seismic events and charged particle precipitation from the lower boundary of the inner Van Allen radiation belt. Particle Burst (PB) are defined such as anomalous increases of the count rates beyond the background fluctuation. By studying the distribution of the time difference between earthquakes and anomalous particle detections, ±36 h around the earthquake time, the authors of Aleksandrin et al. (2003) and Sgrigna et al. (2005b) have observed a peak at about 4–5 h with a significance of 5 sigma out of the mean, showing that the burst precipitation would occur before the earthquakes. This result was obtained using data driven algorithms - independent from specific LAIC model - and by considering together the all SAMPEX database. The result provides a good evidence (with a high statistical significance) of particle precipitation induced by seismic activity. Fidani and Battiston (2008) and Battiston and Vitale (2013) have extended the study on a larger time period with a different methods for background rejections. The authors have investigated the correlations between precipitation of low energy electrons (E > 0.3 MeV) from the NOAA satellites (POES 15, 16, 17 and 18) and about 18,000 earthquakes of magnitude greater than 5 (from USGS) along 13 years. The distribution of time differences between earthquakes and detected particle bursts is uniform (mean = 8.3, SD = 2.9) within the statistical errors, but the authors observe a large excess at −1.25 ± 0.25 h (i.e., after the earthquakes time). The temporal correlation, i.e., the possibility to measure anomalous particle burst with space based detectors before/after the seismic events, depends on the particles longitudinal drift period (around the Earth). For electrons of 300 KeV the drift period is of about 4 h, that allowed the authors to conclude that the observed peak is anyway due to a preseismic phenomenon detected by the satellite after the earthquake occurrences. The statistical significance of the found correlation peak is of 5.7 sigma, corresponding to a probability of 1.2 × 10−6 of being a statistical fluctuation. Further studies are in progress (Fidani, 2018) in order to reconstruct the spatial area of the wave-particle interaction (that has induced the precipitation events) based on the detection point and features of the precipitating particles. By studying the distribution of earthquakes with magnitude M > 5, as a function of the McIlwain L-shell and time, the research group of the AGILE satellite found an enhancement of particle bursts detected by the AGILE satellite, with a significance of 4 sigma, during the period August 5–September 3, 2007 (De Santis et al., 2015). The particle flux increase was in apparent coincidence with the earthquake shower in Peru that started with the M = 8 event on August 15, 2007 (Ica event). In general, even though several authors have published reports of correlations between seismic events and anomalous particles precipitation - that would precede of few hours the occurrence of earthquake of moderate and strong magnitude - the phenomenon is still asking for a large and well-assessed statistical confirmation that is one of the purposes of the experiments carried out on the CSES satellite, the most advanced satellite devoted to investigate precursors phenomena from space.
Remote Sensing and Multi-Parametric Approach
The investigation of earthquake precursors from space not only shows the advantage of worldwide coverage of seismic areas, but also offers the possibility of exploiting new methods. Remote sensing makes it possible to monitor multiple parameters for precursor signatures in the simultaneous variation of several physical variables (above the epicenter, around it and in its conjugate zone), but also to survey large areas that could be affected by the earthquake preparation process but cannot be monitored with the network of scattered ground stations (see for example Hayakawa, 2009; Ouzounov et al., 2018; De Santis et al., 2019b). In this framework, Pulinets et al. (2006) have highlighted that because the peak of preseismic radon exhalation would occur 4–10 days before the earthquake, the time scale of radon variations and that of the observed air temperature variations are comparable (Inan et al., 2008) that is compatible with their multi-parametric analysis of the anomalies of surface temperature, latent heat flux, air temperature and relative humidity observed before the Colima (Mexico) earthquake (M7.6) of 2003; the M7.1 Hector Mine (United States) event of 1999 and the Parkfield (United States) earthquake (M6) of 2004.
The potential of a multi-parameter statistical analysis of satellite data was highlighted by the joint study, published by De Santis et al. (2019c), on electron density and magnetic field measured during 2.5 years by the Swarm satellite (with quiet geomagnetic conditions) in a time window of one-month before and after 12 strong earthquakes. The authors report that the detected anomalies (limited to the Dobrovolsky area, statistically defined and normalized with respect to the number of satellite background tracks) show a linear dependence on the earthquake magnitude, which may support the hypothesis of their seismic origin and exclude a random correlation.
Between the multi-parametric analyses, several studies have been devoted the outgoing long-wave radiation (OLR). OLR is the flux of thermal radiation (between about 4 and 100 μm) emitted from the Earth to space and is measured by satellites such as NOAA14, 15, 16 and 17. In the global system of heating/cooling of the Earth, OLR is the main way in which the planet loses energy and includes the integrated effect of atmospheric species, cloud formation, aerosol balance, ocean whitecap, albedo, emissions from land and sea surfaces, etc. There are several advantages of investigating earthquake precursors through OLR because the data are available worldwide and OLR takes into account the (large spatially integrated) contributions of all soil-atmosphere coupling processes, including direct and indirect effects of earthquakes (such as radon release, ionization, latent heat release, etc.) that may occur over large areas around the epicenter, but that would be difficult to monitor with a network of local stations. Ouzounov et al. (2007) studied the OLR anomaly of the eddy field with respect to reference values averaged over months and years (in the period 1999–2004) before and after several seismic events, at different spatial resolutions [1° × 1° and 2.5° × 2.5° in latitude and longitude. The eddy field is defined as the sum of the differences of the OLR measured value between adjacent points in the analyzed period (day/month) (Liu et al., 1999; Liu, 2000; Kang and Liu, 2001). Ouzounov et al. (2007) report transient OLR anomalies (in the range 10 and 13 μm) before several strong events: ΔOLR ∼ +6 W/m2, 5 days before the Bhuj (India) earthquake of M7.9, January 26, 2001); ΔOLR ∼ +10 W/m2, the month before the M6.8 event in Boumerdes, (Algeria), May 21, 2003; several anomalous OLR increases in the months before the M6.6 Iran earthquake, December 26, 2003 (with the largest ΔOLR of +22 W/m2, occurring about two weeks before the event); several OLR anomalies before the M9.0 Sumatra earthquake, December 26, 2004 (including the largest one of +80 W/m2, on 21 December). Above the epicenter of the Sumatra event, Ouzounov et al. (2005) also reported anomalies of surface latent heat flux and GPS/TEC, also about 5 days before the earthquake. Based on the joint observation of several variations of thermal, atmospheric and ionospheric parameters, Ouzounov et al. (2007) suggested that the observed pre-earthquake OLR anomalies could be explained by the chain of phenomena of LAIC model triggered by the radon release (Pulinets and Boyarchuk, 2005; Pulinets et al., 2006; Pulinets and Ouzounov, 2011). Starting from the Ouzounov et al. (2007) seminal work, OLR anomalies have been observed for many other seismic events, such as for example before (from 19 to December 24, 2009) the M7.0 Haiti earthquake of January 12, 2010 (Xiong et al., 2010); before the M7.7 Awaran (Pakistan) earthquake of September 24, 2013 (Venkatanathan and Natyaganov, 2014); before the M7.0 Jiuzhaigou (China) earthquake, August 8, 2017 and the M 7.1 Mexico earthquake occurred on September 20, 2017 (Zhai et al., 2020). Fu et al. (2020) have recently applied the analysis of OLR data for studying ten years (2009–2019) of earthquakes in the Taiwan area. With an epoch-superimposed method, the authors have found consecutive anomalies before strong events (M ≥ 6.0). Particularly interesting is the advance time of the temporal profile of daily OLR anomalies index (analyzed in a time-window of 25 days before and after the earthquake, see Figure 4 of Fu et al. (2020) that shows a peak 2–15 days before the events regardless of being in the daytime or the nighttime. The authors claim that, after removing the background due to typhoon’s occurrence, OLR anomalies have been observed before about 77% of the earthquakes while weak seems the correlation between the number of OLR anomalies index and the earthquake’s magnitude (apparently, the increasing intensity of OLR anomalies would not be associated with increased magnitude). An important multi-parametric analysis of atmospheric and ionospheric data collected on ground and from space (OLR, GPS/TEC, LEO ionospheric tomography and critical frequency foF2) has been carried out for the M9 Tohoku (Japan) earthquake of March 11, 2011 (Ouzounov et al., 2011). The authors report a chain of anomalies in the days before the earthquake: an OLR anomalies near the epicenter (on March 7th), an anomalous increase of electron density (GPS/TEC data, from March 8th), and a large increase in electron concentration detected in all 4 Japanese ground-based ionosondes (from March 3 to 11), which returned to normal a few days after the main shock of March 11. Some of the recorded TEC anomalies occurred between two minor/moderate geomagnetic storms, while the major increase (on March 8) was measured during a geomagnetically quiet period. Based on the long duration of the detected disturbances over the Sendai region, the authors excludes a meteorological or geomagnetic activity origin and suggested a preseismic character of the observed phenomenology.
De Santis et al. (2020) carried out an analysis, paradigmatic of the multi-parametric approach - by correlating ground and space-based data of seismicity, atmospheric temperature, water vapor, aerosol, methane, ionosonde measurements as well as electron density and magnetic field observations from Swarm satellite - studying the seismic sequence of Ridgecrest (CA, United States) 2019, started on July 4 and culminating with the M7.1 event of 6 July (that included also several large foreshocks of M6.4, M5 and M5.4). The results suggested a chain of multiple precursor anomalies during a preparation phase (September 2018 to July 2019) much longer than that identified by many other works, particularly on ionospheric precursors, which appeared to be limited to only a few hours to days before large earthquakes (e.g., Heki, 2011; He and Heki, 2017; Yan et al., 2017). The same long preparation phase is confirmed for example by Liu et al. (2020c), Marchetti et al. (2019, 2020). In particular, ionospheric anomalies (from ionosonde and Swarm satellite data) reported by De Santis et al. (2020), were detected from five months before the mainshock; at around 2 months before and finally on 2–3 June 2019 (under very quiet geomagnetic conditions). The authors pointed out that: 1) anticipation time, distance and features of the ionospheric anomalies were in agreement with the values estimated by using the Korsunova and Khegai (2006, 2008) method as a function of the magnitude of incoming earthquake (for M = 6–7, the distance would be less than 600 km, and the advance time from 1 to 6 days); 2) the results seem support the hypothesis that the observed percursors can be due to the release of ionized particles from the lithosphere (see Freund, 2011; Pulinets and Ouzounov, 2011; Hayakawa et al., 2018).
DEMETER SATELLITE OBSERVATIONS
In the previous century, the analyses of earthquake precursors in space were carried out with data collected by non-devoted satellites. The increasing interest in studying these phenomena resulted in the proposal of several missions - deigned for investigating the phenomenology with multi-instrumental payloads - such as DEMETER (Parrot, 2002), QuakeSat (Flagg et al., 2004), ESPERIA (Sgrigna et al., 2005a; Sgrigna et al., 2007; Sgrigna et al., 2008), VULKAN (Kuznetsov et al., 2011), CSES (Shen et al., 2018) and FORMOSAT-7/COSMIC-2 (Liu et al., 2020a). Between them, the French satellite DEMETER has been the first satellite devoted to investigate seismo-electromagnetic and volcanic phenomena (Lagoutte et al., 2006). The mission–started on 2004 and ended on 2010–was based on a payload including: a detector (ICE) of electric field components from quasi DC up to 3.5 MHz; a three axis search-coil magnetometer IMSC (from a few Hz up to 18 kHz); a couple of instruments for plasma investigations (ISL and IAP); and a high energy particle detector (IDP). The orbit was quasi Sun-synchronous circular with an inclination of about 98°, ascending node at 22:15 LT, altitude between about 710 km (up to 2005) and about 660 km (after 2005). All the instruments operated in two data acquisition modes (named survey and burst, at low and high data sampling rate respectively) between ± 65 degrees of invariant latitude. It is neither possible to discuss in detail nor to summarize all published results based on DEMETER data. Therefore, in this review, we will mainly concentrate on the statistical studies and on the most assessed analysis methods, even though this will exclude to discuss some other interesting analyses. For the purpose of this review, we privilege presenting results obtained on many events with a procedure adopted by several authors.
Electromagnetic Field Anomalies
By analyzing quasi-static electric field data detected night-time by DEMETER for high magnitude earthquakes of Indonesia and Chile regions (Zhang et al., 2014), reported perturbations from 1.5 to 16 mV/m, over the epicentre or at the end of seismic faults within 2000 km from the epicentre, before (in a time window of -7/+1 day around the events) of 27 earthquakes. This value of about 10 mV/m measured in space should be reconciled with that measured on ground that is several order of magnitude higher, but never exceeding 100 V/m over an area of 100–1,000 km around the epicentre and for middle-time observations (days) (Kondo, 1968; Vershinin et al., 1999; Hao et al., 2000; Rulenko, 2000). On 2010, DEMETER has detected an enhancement of ULF emissions two months around the Haiti earthquake (M7.0, January 12th, 21:53 UTC) (Athanasiou et al., 2011) and in occasion of the Chile event (M8.8, February 27th, 2010, 6:34 UTC), when also ELF and ionospheric perturbations were detected simultaneously (Zhang et al., 2011).
Probably the most significant result obtained with the DEMETER data is the statistical analysis - through the superposed epoch and space method - of the disturbances of the electric field power spectrum density (PSD) measured by the ICE experiment as function of the seismic activity (Němek et al., 2008, 2009, 2010; Píša et al., 2013) According to this method, all earthquake occurrences and locations are placed at the origin of the resulting time-space diagram (time = 0 and distance = 0). The relative intensity of the electric PSD (evaluated by subtracting the background and normalizing by the SD) is plotted as a function of spatial and temporal distance between the satellite and the position and time for each analyzed earthquake. The first results of such a study of ICE data, published on 2008, included 2.5 years of observations, whereas the last analysis of 2013 was executed on 6.5 years, i.e., all the DEMETER database. Starting from the larger band of 1–2 kHz, analyzed on 2008, the study has been refined on 2009 by restricting to PSD at 1.7 ± 200 Hz (i.e., cantered on the waveguide cut-off frequency, see below for details). On 2013 the investigation have been extended to the whole range below 10 kHz (with 16 bands of about 117 Hz each) in order to reduce the interference from VLF transmitters. In the most updated version of the study, only isolated earthquakes have been selected by excluding aftershocks as well as by filtering events belonging to seismic sequences preceding the main shock. Earthquakes have been classified in several categories as a function of magnitude and hypocentral depth. The temporal series of ICE data detected around each seismic event has been grouped in bins of 4 h, since five days before up to three days after the earthquake. Geomagnetic conditions have been taken in account by categorizing data in four classes, based on Kp values, and by excluding data collected in geomagnetically perturbed periods. The impact of magnetic local time has also been investigated. By distinguishing dayside and nightside, a positive correlation has been found only for night-time data. Finally, observations have been tested against random dataset of earthquakes (casually shifted in time and longitude). The authors claim a very small but statistically significant decrease of the electric PSD at about 1.7 kHz, which starts a few hours before the earthquakes. The “peak” in the 2009 analysis includes 2068 “points” (observations) from 64 earthquakes and 2952 “points” from 369 earthquakes for the 2013 analysis. The involved distance of the claimed decrease is of less than 350 km on 2008 analysis (with a bin of 140 km) and less than 440 km in the 2013 study. It worth to highlight that these results would be “compatible” with a raw estimation of the area involved in the mechanical precursors that could be done on the basis of the Dobrovolsky radius r ≤ 104.3M km (Dobrovolsky et al., 1979) that is of about 140 and 380 km for earthquake magnitude M = 5 and 6 respectively. The frequency of 1.7 kHz, where the decrease of wave intensity was observed, corresponds to the low-frequency cutoff for propagation in the Earth-ionosphere waveguide at night (Budden, 1961; Harrison et al., 2010). This frequency is inversely proportional to the height of lower boundary of the ionosphere. Electromagnetic waves generated by lightning in thunderstorms are a crucial source of VLF radiation (including whistlers) during the nighttime. Local variations of the electromagnetic conditions over the area of earthquake preparation could vary the cutoff frequency of the Earth-ionosphere waveguide affecting the electromagnetic spectrum observed by DEMETER at frequencies of about 1.7 kHz. A hypothesis could be that additional ionization of air molecules at the Earth’s surface prior to earthquakes could increase the electrical conductivity of the lower troposphere. The height of the lower boundary of the ionosphere exhibits a seasonal variation, and it depends on the position of observation (Toledo-Redondo et al., 2012). It is therefore hard to compare observations of absolute values of VLF wave intensity, which depend on the positions and on season. In this framework, seasonal effects have been studied by dividing the ICE dataset in groups of three months. Even though non conclusive, the PSD analyses seem pointing out some dependence from the seasonal variation of lightning activity - that is globally larger between March and August - that could maximize the possibility to detect seismo-electromagnetic fluctuations. The decrease of wave intensity found in the cited ICE-DEMETER studies is of about 4–6 dB for the analysis of 2008, about 2.4–3.6 dB for the study published on 2009 and about 2 dB for the results of 2013. It is a small, but significant decrease of wave intensity as compared to the normal variability of about 11 dB (2009), and ± 7.5 dB (2013). The decrease does not occur directly above the earthquake epicentre, but is shifted about 2° in the westward direction. Several hypothesis have been suggested for explaining this latitudinal shift such as aerosol drift, Coriolis contribution, ion drift, etc. (2009). The effect appears higher for higher geomagnetic latitudes (greater than 20°) (for analysis of 2010 and 2013). The decrease occurs more often close to shallower earthquakes: events with depth less than 40 km. The effect is larger for larger magnitude: M > 5.0 (2009); M > 5.5 and threshold effect at M = 4 (2013). With respect to the investigation of the effect of earthquakes occurring under sea/land, no dependence has been found in the analyses of 2008–2009, whereas a greater effect has been pointed out for undersea earthquakes in the 2013 investigation. The statistical significance of the claimed observations has reduced from the initial value (more than 3σ) (for 2008, 2009) obtained with 2.5 years up to the last published analysis carried out on the whole DEMETER database (2013). The ICE study disagrees with previous ones that mostly reported an increase in the ELF/VLF activity (Parrot et al., 1985; Larkina et al., 1989; Parrot and Mogilevsky, 1989; Serebryakova et al., 1992; Molchanov et al., 1993). However, we should cite that early studies have not used “control set of data” in order to estimate statistical significance of the observed effects. It is worth highlighting that, with a conservative and very laudable approach, the authors of the 2009 analysis wrote: « […] although the correlation between seismic activity and intensity of electromagnetic waves is statistically significant, it is observed only due to the large number of the analyzed events. Therefore even if there is on average a decrease of wave intensity related to large surface earthquakes, individual events may exhibit rather different behavior; the natural fluctuations of intensity of electromagnetic waves are large and the observed effect is relatively weak as compared to them». Finally, it is worth highlighting that, even though the DEMETER studies have pointed out the evidence of electric field fluctuations, no effect has been found for magnetic field measurements carried out simultaneously by the same satellite.
The authors of (Parrot and Pinçon 2020) studied the existence of a spatial and temporal correlation between seismic activity and the whistler waves detected by the RNF neural network of DEMETER. On ground, Hayakawa, et al. (1993) have found a correlation between earthquakes and the occurrence of the anomalous whistlers, i.e., whistlers with anomalous dispersion. Whistlers are ELF-VLF right hand polarized emissions generated by lightning that can propagate in the Earth-ionosphere waveguide as well as through the ionosphere and the magnetosphere mainly ducted along the geomagnetic field lines. The authors reported a statistical increase of about 10% of the whistler rate the day before the earthquake (with M ≥ 5.5 and depth ≤20 km, at a distance less than 200 km) with respect to the background (evaluated between -15 and 5 days around the earthquake time). On the other side, no significant correlation was observed for earthquakes of magnitude lower or equal to 5.2, which could point out both the difficulty and the sensitivity of the applied overlapping epoch’s method to identify such an increase. It is worth highlighting the prudence of the authors when they remarks that even though their observation confirms the detectability from space of a LAIC mechanism prior to large and shallow earthquakes, their studies cannot support any forecast or deterministic association of anomalies detection with the occurrence of a single seismic events. The existence of LAIC coupling mechanism is an excellent reason to study short-term precursors.
Ion and Electron Density Fluctuations
Several analyses of DEMETER satellite data have shown an increase of the number and intensity of the ionospheric perturbations detected before the occurrence of strong earthquakes as well as an increase of the perturbations amplitude as a function of the magnitude (Parrot, 2011). In particular, Píša et al. (2011) has pointed out a significant increase of the plasma density detected by DEMETER tens of days before the main shock of the Chile earthquake on February 27, 2010.
Li and Parrot (2012) have analyzed ion density (defined as the sum of H+, He+, O+ from IAP)) and the electron density (from ISL) data collected in the whole DEMETER activity along 6.5 years and registered only for night-time. The authors have selected 21.863 earthquakes from the USGS catalog, with magnitude grater or equal than 4.8 and distance between DEMETER and the epicentre ≤1,500 km, with a time window of 15 days before earthquake and measurements collected in quiet days (Kp < 3). In addition, observations have been tested against random dataset of earthquakes (casually shifted in time of one month, in the same season, and in longitude of 25°). The ion density perturbations mainly consist of an increase. The fraction of precursor observations increases of few percent with the earthquake magnitude. The mean number of perturbations per earthquake is larger for stronger events. Both the good detections and the number of false alarms decrease as a function of the perturbations amplitude (whatever is the magnitude of the earthquakes). This means that the amplitude of the perturbations is not well related to the magnitude. By studying the mean and median values of perturbations amplitude plotted vs. magnitude, the authors claim that: stronger earthquake apparently show larger perturbations; this effect is only evident for very large magnitude and other earthquake parameters (different from magnitude) could play a role. Results for electron density are similar to those for ion density. In order to analyze of the effect of the earthquakes location, the epicentres have been classified such as inland, below sea (water depth >1 km), and close coast (depth <1 km). The author’s conclusions are that the percentage of good detections increases with the magnitude whatever is the earthquake location. The percentage of good detections is larger for earthquake occurring below the sea. Earthquake taking place near coasts have the lowest percentage of good detections. The mean number of perturbations smoothly increase the days before the seismic event. Anyway, the authors emphasize that - beyond the spatial and temporal correlation between observations and seismic events - there is no further way to assert a causal relationship between earthquakes and observed anomalies. Ryu et al. (2014) and Ryu et al. (2016) have studied the statistical impact of earthquakes, of M > 5.0 and M ≥ 6.0 respectively, (mainly occurring in the equatorial region) on the electron density data measured by the DEMETER satellite in the period 2005–2010. By correlating the indices of daily seismic activity and the EIA (equatorial ionization anomaly) intensity, the authors obtained statistically significant values of the lagged cross-correlation function. The results show the existence of ionospheric precursors of low-latitude earthquakes and that their concur in enhancing the equatorial anomaly.
More recently, machine-learning methods have been applied for the automatic identification of earthquake precursors (Xiong et al., 2020; Xiong et al., 2021). The new research field is extremely interesting and further results can be achieved. DEMETER data have been analyzed in hundreds of publications. For a summary, we address the reader to the general review Parrot (2018) and to the specific articles (such as for example Parrot, 2012; Zlotnicki et al., 2010; Zlotnicki et al., 2013; Parrot, and Li, 2015; Liu et al., 2015; Ho et al., 2018; Parrot and Li, 2018; Parrot et al., 2021).
FIRST ANALYSES FROM THE CSES SATELLITE MISSION
As described in previous sections, after the earliest studies with not devoted satellites, the DEMETER observations have supported an increasing number of studies claiming the existence of seismo-associates ionospheric and magnetospheric perturbations occurring from two weeks up to few hours before earthquakes. In this framework, the CSES satellite is the second mission designed for investigating seismo-associated phenomena from space, which has successfully been launched on February 2018. CSES payload includes nine instruments: a particle detector from China constituted by three sub-units [the HEPP-L, -H and -X detectors (Li M. et al., 2019) for measuring low- and high-energy charged particles and X rays]; the Italian HEPD high-energy particle detector (Alfonsi et al., 2017; Ambrosi et al., 2018, 2020; Picozza et al., 2019; Bartocci et al., 2020; Sotgiu et al., 2021); two magnetometers [HPM (Cheng et al., 2018) for low and SCM (Cao et al., 2018) for high frequencies respectively]; the EFD detector (Huang et al., 2018) (for measuring electric field components); a Langmuir probe (LAP) (Yan et al., 2018a; Liu et al., 2019) and a plasma detector PAP (Liu et al., 2019b); a three bands beacon transmitter and a occultation receiver (Chen et al., 2018; Lin et al., 2018). After two years of data acquisitions, the temporal series starts to be enough long to allow carrying out statistical studies. In the following, we discuss some of the last published results.
Yan et al. (2018b) reported the observations by CSES of unusual ionospheric irregularities of (electromagnetic field, plasma, and energetic particle fluxes) over the epicentral area and before four earthquakes of magnitude greater than 7. Perturbations have been recorded by several CSES instruments (such as EFD, SCM, LAP, PAP and HEPP) during night-time orbits. The authors claim a correlation with the earthquake hypocentral depth (the deeper the earthquake hypocentre was the fewer were the anomalous irregularities observed) and with the magnitude (the greater was the magnitude, the greater were the observed electromagnetic disturbances). In the analysis, measurements gathered in geomagnetically disturbed period (i.e., Kp index greater than 3 or the Dst index lower than −20 nT) have been excluded. The studied earthquakes occurred all at low latitude on August 2018 in: New Caledonia (M = 7.1), Venezuela (M = 7.3), Fiji islands (M = 8.1) and Peru (M = 7.1). Unfortunately, for the studied earthquakes none observations have been carried out spatially and temporally near to the epicentres. Therefore, the claimed perturbations have been evaluated as anomalous with respect a background level computed with a spatial resolution of some degrees (i.e., on the basis of measurements done quite far from the epicentre) and with a poor temporal resolution (i.e., there is not a temporal series of repeated measurements before/after the events in the same place). Recently, Zhu et al. (2021) published the most up-to-date CSES data analysis (over more than 2.5 years of electron density and temperature measurements) that would support a temporal and spatial correlation between the occurrence of earthquakes with Ms ≥ 4.8 and the observation of positive variations of Ne and negative variations of Te (during nighttime hours), approximately one and two weeks before the seismic events, at a distance of less than about 200 km from the epicenters (apparently within the Dobrovolsky’s radius). However, the authors declare, similarly to other reports on earthquake precursors, the anomalous variation of parameters has not been revealed in all studied earthquakes and the perturbations seems can occur at various temporal and spatial distances from the epicentre. On the other side, the ionospheric and geomagnetic dynamics driven by the solar activity cannot rule out other possibilities as sources of the observed anomalies.
Several authors (Pulinets, 2012; Parrot, 2013; Kuo et al., 2014; Oikonomou et al., 2016) have suggested that the increase of ionization over the zone of impending earthquake (registered by ground-based TEC measurements and electron density satellite observations) could have a significant impact on the equatorial ionospheric anomaly (EIA). Marchetti et al. (2020) have studied the anomalies (defined with respect to the EIA background variability) of the electron density measured by CSES and Swarm in eight months preceding the M = 7.5 Indonesia earthquake occurred on September 28th, 2018. An increase of atmospheric (mainly in aerosol optical thickness, skin temperature and water vapor) and ionospheric anomalies were reported about 3.7 and 2.7 months respectively before the mainshock, while on August 2, 2018 an anomaly was detected simultaneously in atmosphere (aerosol content), topside ionosphere (electron density detected by CSES) and in the Swarm magnetic field. Finally, on August 19th, 2018 an enhancement of the electron density was detected by Swarm and CSES over the area of the preparing earthquake and in the conjugated zone (during nighttime). These observations confirm the DEMETER analyses of Ryu et al. (2014), Ryu et al. (2016) about the impact of the earthquake preparation phase on the EIA.
In the article Xuhui, et al. (2020) recently published, CSES measurements possibly reconciled with 12 earthquakes with magnitude M ≥ 7 have been analyzed. The authors report the observation of various anomalies of several parameters measured by the on board instruments, on different spatial and temporal scales (from days to weeks before the events). In particular, in occasion of the Ms = 7.1 earthquake - occurred in Mexico on February 17, 2018 - the authors report: 1) disturbances of low-frequency PSD of the electric field (at 155.5 and 1.405 kHz) one and two days before the seismic event; 2) fluctuations of ionospheric parameters (such as electrons density and temperature, and NO+ density) two days before the event. The article is a short report aimed at summarizing the results of the CSES program (that will be published in further specific reports) that does not allow a complete comprehension of the achieved results.
Li et al. (2020) have analyzed electron and ion oxygen density measured by ISL and IAP (Li and Parrot, 2012) on board the DEMETER mission (in about 6.5 years) and by LAP and PAP on board of the CSES satellite (in more than one year). The authors have searched for correlations with seismic events occurred within a distance less than 1,500 km from the satellite ground trace and in a time window of 15 days before the earthquakes. The authors claim that the detection rate of seismo-ionospheric perturbations increases as a function of: 1) the time resolution of satellite data acquisition and 2) the earthquake magnitude; whereas decreases as the epicentral depth of seismic events increases. They also claim that the occurrence rate of these ionospheric variations is the highest the day of the earthquake and then gradually decreases the day before. More precisely, in some areas, the observed ionospheric perturbations mainly occur about 6–7 days prior to earthquakes confirming the observations of (Akselevich and Tertyshnikov, 1995) and (Liu et al., 2009) and the analysis of Li M. et al. (2019) who found that ionospheric variations gain a high climax 3 days before the Wenchuan main event on May 12, 2008.
Even though up to now, the reported CSES analyses are not conclusive, the large amount of observations from instruments will significantly help in studying frequencies, amplitudes and characteristics of ionospheric perturbations related to earthquakes and possibly their generation mechanisms.
CONNECTING PERTURBATIONS ON GROUND AND IN SPACE
As previously mentioned the value of preseismic quasi-static electric field amplitude measured in space is of about 10 mV/m (Zhang et al., 2014) while that measured on ground is several order of magnitude higher, but never exceeding 100 V/m over an area of 100–1,000 km around the epicentre and for middle-time observations (days) Kondo (1968); Vershinin et al. (1999); Hao et al. (2000); Rulenko (2000). In order to reconcile such ground-based and space-based observations, Sorokin et al. (2001) suggested that radon gas exhalations in the atmosphere would generate a flow of large negative aerosol particles moving upward with a velocity of a few cm/s together with smaller positive aerosol particles moving at lower velocity. The difference of speeds between the two fluxes would cause a local electric field impulse of tens kV/m on a temporal scale of less than tens of minutes (Liperovsky et al., 2008b) but, because this electric field is confined between such layers of aerosols clouds, it will not affect regions external to the layers. Therefore, this mechanism would not be able to explain the quasi-static electric field observed in the ionosphere before earthquakes on the scale of hundreds or thousands of kilometres. In general, the hypothesis that ionospheric quasi-static electric field could be induced by radon emissions is highly debated. The releases of gas, aerosol and other radioactive sources can vary the local ionization - through alpha and gamma decays - which could change up to two times the conductivity of the lower layers of the atmosphere (Omori et al., 2009). Anyway, by assuming a radon exhalation of 10 Bq/m3, Omori et al. (2009) estimated an increase of the conductivity of only 1.5 times, not enough to generate a significant variation the background electric field up to about 10 mV/m observed in the ionosphere. Similarly, even doubling the ionization rate by radon will result into a variation 10% of the electric field between Earth and ionosphere (Harrison, et al., 2010).
More in general, a direct propagation of an electric field from the lithosphere up to the ionosphere seems in contradiction with observations. The value of the electric field in the ionosphere have been estimated by several authors (Kim and Hegai, 1999; Denisenko et al., 2008) by assuming a given value on ground as well as different geometries, distributions and conditions. In night-time, the intensity of quasi-static electric field on ground needed to obtain the observed intensity of 10 mV/m in space would be at least one order of magnitude higher than the maximum one observed at the surface in the preparation zone. In daytime, when the conductivity in the ionosphere is one or two orders of magnitude larger than in night-time, the electric field value in space would be of the order of 10–3 mV/m, well lower than the observed value of 10 mV/m. This conclusion seems confirmed by the estimation of the damping of the electric field from ground to the ionosphere observed about intense thunderstorm events (Park and Dejnakarintra 1973). In fact, measurements of quasi-static electric field during tropical cyclones can be of about (1–10) kV/m on ground (Park and Dejnakarintra 1973) and in space up to about 25 mV/m, as recorder at an altitude of about 950 km over intense thunderstorms by the COSMOS-1809 satellite (together with plasma density fluctuation of about 6%) (Isaev et al., 2002; Sorokin et al., 2005). Therefore, the amplitude of the quasi-static electric field on ground during intense thunderstorms is of some order of magnitude higher than the highest ever measured/claimed on ground about earthquakes.
CONCLUSION
It is extremely hard to take conclusions in a so large field with this variety of observations, methods, hypothesis, models and sometime speculations. Therefore, we will limit to draw some considerations.
• Variability of electromagnetic precursors
The interpretation of claimed electromagnetic precursors is promising, but still in some early stage: there is a large variability of the detected intensity, frequencies, spatial and temporal distribution, spreading or clustering around the epicentre or along geomagnetically connected areas, etc. After the early sparse observations, even with the most recent devoted missions such as DEMETER, CSES, and FORMOSAT the phenomenology is still barely understood.
• What transfers the information from ground to space?
Based on the observations of an enhancement of VLF fluctuations in the range of acoustic gravity waves measured before some earthquakes, the link between AW/AGW and VLF disturbances seems quite well assessed. On the other side the conclusion that the observed phenomenology has a preseismic character asks for further confirmations, because the connection is still indirect. Several reports are in favor of a LAIC due to the chain of ionization, changes of conductivity and feedback phenomena originated by radon emissions.
• Correlation between earthquake magnitude, depth and amplitude of possible precursors
The published analyses about groundwater level variations and radon gas exhalations seems suggest a correlation between the earthquakes magnitude and the amplitude and spatial/temporal distributions of their claimed precursors. Reports about electromagnetic precursors seem not univocal, but the variation of the electric field intensity at the ionospheric cut-off is more intense when the magnitude is higher (Němec et al., 2009; Píša et al. (2013). Nevertheless the vast majority (if not all) of the analyses cited in this review that found precursors were conducted on earthquakes of magnitude greater than 5, and a significant percentage of the case studies cited were for even higher magnitudes (6 or greater). This consideration - which remains generally valid for the vast literature on the subject - shows that magnitude should be a key parameter in precursor identification. A similar role is played by hypocentral depth: most reports of seismic precursors concern shallow earthquakes, although we do not have a clear or unique threshold for depth, partly because differences in the specific seismic-tectonic conditions of different areas should not be overlooked. Thus, we could summarize that the larger the magnitude and the smaller the depth of the earthquake, the greater the chances of detecting the earthquake effects at satellite altitudes. Otherwise, it would be rather difficult (if not impossible) to detect these ionospheric or magnetospheric effects. Obviously, it cannot be ignored that, the dependence from the earthquake magnitude can cause a threshold of detectability and that unfortunately, the cut on magnitude reduces significantly the statistics, which can affect the significance of the conclusions. However, a clear proportionality between the earthquake intensity and the numerousness, frequency and/or amplitude of the presumed pre-seismic anomalies is necessary to link together the two kind of phenomena. Higher-sensitivity instruments foreseen for next satellites will allow a better definition of this correlation.
• Extent of the spatial scale of the precursors
The densification of precursor observations within few hundreds of kilometres from the epicentre - i.e., near the larger earthquake deformations - seems coherent with the postulated dependence of the precursor generation mechanism from the size of the involved faults and the magnitude of the resulting earthquake. The distance of ionospheric precursors could be correlated with magnitude [see for example the model of Korsunova and Khegai (2006), Korsunova and Khegai (2008)]. However, is still missing an estimation of the area that could be involved in the generation mechanism of various (not only mechanical) earthquake-precursors as well as of the extension of detectability region in which the signal to noise ratio would allow a reliable precursors recognition.
• Temporal advance and clustering of anomalous observations
The largest electromagnetic anomalies (measured hours or days before large events) seem occur more frequently in time and with larger amplitude close to the incoming earthquake. Moreover, it is worth highlighting the recent hypothesis (and first confirmations) that also ionospheric precursors would follow Rikitake’s law that larger earthquakes should be associated with a longer precursor times. This could be reconciled with the critical nature of the process originating the earthquake in the preparation phase along the fault before the rupture.
The variety of phenomena associated with earthquakes requires the simultaneous observation of many parameters. The need for statistical studies that increase the reliability of results by reducing background effects asks for increasing the number of seismic events analyzed worldwide. Both of these requirements, for a global coverage system, can only be met from space through satellite remote sensing. In this framework will be particularly valuable the new multi-spacecraft missions.
On 2019 have been launched the six small satellites of the FORMOSAT-7/COSMIC-2 constellation (Lin et al., 2020). The satellites - initially deployed into a circular orbit at 720 km - will take about 16 months to reach the mission orbit at 550 km with 24 degrees of inclination. The satellites are equipped with a radio occultation system (TGRS) designed for 3D sounding of electron density; the IVM instrument (for in-situ observations of ion density, temperature, and drift); and a RF beacon. From IVM measurements of the ion velocity, it is also possible to estimate the electric field. The FORMOSAT-7/COSMIC-2 mission offers the unique capabilities: 1) to carry simultaneously both vertical soundings of the ionospheric and in-situ plasma observations; and 2) to provide measurements with a constellation of six satellites (Ho et al., 2020). These features will allow investigating pre-, co- and post-seismic phenomena with a high-resolution (in time and space) measurements at low latitude (Liu et al., 2020b). Some preliminary results - about the Bitung Indonesia earthquake of November 14, 2019, M7.1 (with an increase of TEC, NmF2 and HmF2 over the epicentre on 25–26 October 2019) - appear already interesting (Liu et al., 2020b).
On 2023 will be launched CSES-02, the second mission of the CSES series, with the same multi-instrumental payload and similar orbital parameters of the first satellite, that will allow reducing the revisit time between the consecutive observations of the same geographic region.
Earthquake precursors are extremely elusive and difficult to be observed, immersed as they are in a variety of other natural and anthropogenic signals - with amplitudes even orders of magnitude greater - that can cover them and easily induce erroneous interpretations. However, the set of observed precursors is remarkable and so varied to provide confidence to the efforts of the vast scientific community that deals with them. Observations from space, especially with multi-satellite missions and constellations, will be able to contribute significantly to clarifying this picture.
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