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The abnormal electromagnetic emissions recorded by DEMETER (the Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions) satellite associated with the April 6, 2010 Mw 7.8 northern Sumatra earthquake are examined in this study. The variations of wave intensities recorded through revisiting orbits from August 2009 to May 2010 indicate that some abnormal enhancements at Extremely Low Frequency range of 300–800 Hz occurred from 10 to 3 days before the main shock, while they remained a relatively smooth trend during the quiet seismic activity times. The perturbation amplitudes relative to the background map which were built by using the same-time seasonal window (February 1 to April 30) data from 2008 to 2010 further suggest strong enhancements of wave intensities during the period prior to the earthquake. We further computed the wave propagation parameters for the electromagnetic field waveform data by using the Singular Value Decomposition method, and results show that there are certain portions of the Extremely Low Frequency emissions obliquely propagating upward from the Earth toward outer space direction at 10 and 6 days before the main shock. The potential energy variation of acoustic-gravity wave suggests the possible existence of acoustic-gravity wave stability with wavelengths roughly varying from 5.5 to 9.5 km in the atmosphere at the time of the main shock. In this study, we comprehensively investigated the link between the electromagnetic emissions and the earthquake activity through a convincing observational analysis, and preliminarily explored the seismic-ionospheric disturbance coupling mechanism, which is still not fully understood at present by the scientific community.
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INTRODUCTION
The abnormal electromagnetic emissions associated with earthquake (EQ) activities, during either its preparation phase or its occurrence, have been widely documented since the last century. Both ground-based observations and lab experiments on rock-rupture-processing confirm that the electromagnetic emissions induced by EQ activities can appear over a broad frequency range from Direct Current (DC) to Ultra Low Frequency (ULF), Extremely Low Frequency (ELF), Very Low Frequency (VLF), and even up to High Frequency range (e.g., Gokhberg et al., 1982; Huang and Ikeya, 1998; Sorokin et al., 2001; Pulinets et al., 2018). With the development of space technology, by the early 1980s some satellites recorded the abnormal electromagnetic emissions, plasma parameter irregularities, as well as energetic particle precipitations over seismic fault zones (e.g., Gokhberg et al., 1982; Larkina et al., 1989; Parrot, 1989; Serebryakova et al., 1992), indicating that the possible seismic-ionospheric perturbations are likely propagating upward from lithosphere to the atmosphere and ionosphere, and in particular circumstances, even up to the inner magnetosphere. For example, Larkina et al. (1989) revealed abnormal ELF/VLF emissions at 0.1–16 kHz frequency range before strong EQs according to the observations of Intercomos-19 and Aureol-3 satellites; Serebryakova et al. (1992) presented strong ELF emissions below 450 Hz over seismic regions based on Cosmos-1809 and Aureol-3 satellites. Parrot (1994) statistically studied 325 EQs with magnitude larger than 5 based on Aureol-3 satellite, and found that the seismic ELF/VLF emissions can be observed all along the magnetic meridian passing over the epicenter. Admittedly, these ideas were not universally accepted: for example, Henderson et al. (1993) stated no clear ELF/VLF signatures related to earthquakes based on a statistical analysis on DE 2 satellite; Rodger et al. (1996) reported no significant precursory, co-seismic or post-seismic effects associated with ELF/VLF electromagnetic activities recorded by ISIS (International Satellites for Ionospheric Studies) 2 satellite.
In the early 21st century, France launched the Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) satellite mission (Lagoutte et al., 2006) which successfully operated from 2004 to 2010 and is regarded as the world’s first space platform mainly devoted to study ionospheric perturbations caused by earthquakes, volcanic eruptions and human activities (Parrot et al., 2006a). Since then, a growing number of studies have been devoted to the scientific field of seismic-ionospheric disturbances. For examples, Parrot et al. (2006b) examined the abnormal ELF waves as well as the simultaneous variations of the ionospheric plasma parameters and energetic particle precipitations occurring over several seismic zones. Bhattacharya et al. (2007) reported strong ULF/ELF emissions occurring 4 days before the 2006 Gujarat EQ with a magnitude of 5.5. Nemec et al. (2009) investigated the statistical variations of ELF/VLF wave intensity values for shallow earthquakes with magnitude over 4.8 (depth less than 40 km) occurred all over the world in the same period of DEMETER observations, and confirmed the existence of a very small but statistically significant decrease of wave intensity at 1.7 kHz about 0–4 h before the main shocks. Błeçki et al. (2010) found some abnormal ELF emissions from 11 days before the 2008 Mw 7.9 Wenchuan EQ, with the most intensive emissions from a few tens of hertz up to 350 Hz that appeared 6 days before the Wenchuan main shock. Zeng et al. (2009) further analyzed the wave propagation parameters and reported a portion of emissions at ELF 300 Hz obliquely propagating upward to the satellite’s position over the Wenchuan epicenter zone with right-handed polarization. More recently Bertello et al. (2018), using DEMETER electromagnetic data, found the appearance of anomalous electromagnetic waves at 333 Hz one day before the April 6, 2009 L’Aquila EQ. However, at present, the physical mechanism about how those abnormal signals from the seismic fault zone couple into ionosphere and how excite electromagnetic emissions or disturb the plasma parameters is still poorly understood, and the present proposed mechanism is still questionable. It is still a challenge to extract the real seismic anomaly or so called “earthquake precursor” from either ground-based or space-based observations.
This study searches for possible ionospheric electromagnetic disturbances from DEMETER satellite observations, and reports another interesting case study that is the 2010 moment magnitude 7.8 (Mw 7.8) northern Sumatra EQ, which occurred at 22:15 UT on April 6, 2010, with an epicenter at 2.38°N, 97.05°E and depth of 31 km. This Mw 7.8 EQ is the result of the Indo-Australian plates moving north-northeast relative to the Sunda plate at a velocity of about 60–65 mm/year (https://earthquake.usgs.gov/). The Sumatra region in Indonesia is located at the boundary between Indo-Australian and Sunda plates with very active fault movements, so that this area is naturally prone to strong EQs, eventually producing great disasters. In recent decades, the strong seismic activity in Sumatra region has becoming more and more frequent, the most devastating one was the December 26, 2004 Mw 9.1 EQ which resulted in the largest tsunami event in recorded history.
Previous studies on EQ activities of the Sumatra region found some clear seismic-ionospheric disturbance phenomena (e.g., Molchanov et al., 2006; Liu et al., 2010; Kumar et al., 2013; Liu et al. 2016). Kumar et al. (2013) analyzed ground-based VLF transmitter receiver network data and found that VLF radio wave amplitude decreased by about 5 dB at nighttime and 3 dB at daytime during a magnitude 5.8 shock on December 18, 2006. Molchanov et al. (2006) reported a decrease of signal to noise ratio values of VLF radio wave amplitude before the 2004 Mw 9.0 EQ based on DEMETER’s observations Heki et al. (2006) presented various waveforms and relative amplitudes changes of the shortly pre- and co-seismic-ionospheric-disturbances during the 2004 Mw 9.0 EQ by GPS-TEC (Global Positioning System, Total Electron Content) data. Liu et al. (2016) reported GPS-TEC perturbations appearing at the east part of epicenter 2 days before the 2005 Ms 7.2 Sumatra EQ, with electron density simultaneously enhanced at the altitude of 710 km over the west of the GPS-TEC perturbations due to the E × B drift effects. Marchetti et al. (2020) combined the multi-source observations from skin temperature, total column water vapor aerosol optical thickness of atmosphere, magnetic field, and electron density of ionosphere, revealed the evidence of Lithosphere-Atmosphere-Ionosphere coupling (LAIC) phenomena during the September 28, 2018 Mw 7.5 EQ in the same region.
In the present work, we report the abnormal ELF electromagnetic emissions appeared at frequencies 300–800 Hz under quiet ionosphere environment conditions preceding the April 6, 2010 northern Sumatra earthquake. This paper is organized in the following way. A brief introduction to DEMETER satellite and its associated payloads are provided in Dataset, the variations of ELF wave intensity investigated by the revisiting orbits and the background map methods are presented in Wave Intensity Analysis. Wave Vector Analysis presents wave vector analysis by using the Singular Value Decomposition method. Discussions are devoted to the possible mechanism of the abnormal seismic emissions by acoustic-gravity wave (AGW) instability evaluations, and Conclusions briefly summarizes the main results.
DATASET
In this study, we mainly utilized the ELF/VLF electromagnetic field observations from the low earth orbit satellite DEMETER. This satellite was launched on June 29, 2004 to a sun-synchronous circular orbit with an initial altitude of 710 km (before December 2005) then lowered to 660 km (after December 2005), and ended operation on December 10, 2010 (Lagoutte et al., 2006; Parrot et al., 2006a). DEMETER had a full orbit period of ∼1.6 h, i.e., it performed ∼15 orbits per day, and its measurements were operated in the region with magnetic latitudes below 65° (Parrot et al., 2006a). DEMETER is the first electromagnetic satellite aimed to detect and study the electromagnetic signals likely associated with earthquakes, volcanic eruptions, or anthropogenic activities. The scientific payloads of DEMETER included five sensors which allowed it to measure the electromagnetic fields and waves, plasma parameters (both electrons and ions), and energetic particles. In the present study, we mainly used the observations provided by the electric field experiment (ICE, Instrument Champ Electrique) (Berthelier et al., 2006) and the search coil magnetometer (IMSC, Instrument Magnetic Search Coil) (Parrot et al., 2006a). ICE consisted of four spherical electrodes with embedded preamplifiers separately installed at the end of four booms (4-m long), measuring the electric field over a wide frequency range from DC to 3.175 MHz, that is subdivided into four frequency channels, i.e., DC/ULF, ELF, VLF, and High Frequency (Berthelier et al., 2006). IMSC was a three-orthogonal magnetic antennae linked to a pre-amplifier unit with a shielded cable of 80 cm, including a permalloy core on which a main coil with several thousand turns (12,000) of copper wire, and a secondary coil with a few turns were wound (Parrot et al., 2006a).
DEMETER had two observations modes: survey and burst mode. For the ELF/VLF electromagnetic field detection, the survey mode provided the power spectral density (PSD) data for one component of the electric field and the magnetic field in frequency range from 19.5 to 20 kHz with a frequency resolution of 19.5 Hz, respectively. The burst-mode provided six components of the electromagnetic waveform data in frequency below 1.25 kHz, with a sampling rate of 2.5 kHz over the prone earthquake area or the ground-based experiments. The burst-mode waveform data is not available for the whole orbit trajectory, being very limited compared to the survey mode observations. In this study, we collected DEMETER’s survey mode observations of the variant magnetic field from 2008 to 2010, and burst-mode electromagnetic field waveform data recorded from March 20 to April 10, 2010 in the earthquake’s epicenter ±8° area (5.6°S–10.4°N, 89°E–105°E).
We used the vertical temperature profile of atmosphere, which is retrieved from the ERA-5 climate reanalysis dataset (https://confluence.ecmwf.int/) to compute the AGW instability at the moment of earthquake. ERA-5 is an assimilated climate reanalysis dataset released by European Center for Medium-Range Weather Forecasts (ECMWF). ERA-5 provides global and hourly temperature profiles with high resolution at 137 different pressure levels from near surface to 0.01 hPa (∼80-km altitude). The horizontal resolution is about 0.28° in both longitude and latitude. In this study, gridded data with a resolution of 0.3° were produced and downloaded from the ECMWF Web Applications Server (http://apps.ecmwf.int/data-catalogues/era5/).
WAVE INTENSITY ANALYSIS
Revisiting Orbits
First, we examined the wave intensity values of the variant magnetic field at different frequency ranges (200 Hz–20 kHz) from March 20 to April 10, 2010 over the Mw 7.8 northern Sumatra epicentral area by using PSD values provided by survey-mode observations of DEMETER. These results reveal that those orbits passing over the epicentral area show certain enhancement of wave intensity at ELF frequency (300–800 Hz) (Figure 1). Figure 1 displays the average PSD values of the magnetic field at frequency 300–800 Hz from March 20 to April 10, 2010 with the red star marking the epicenter (2.4°N, 97.1°E). It can be seen that the enhancement phenomena at ELF frequency band (300–800 Hz) over the seismic zone is evident. In order to exclude external origins for this enhancement (such as solar flare events, geomagnetic storms, etc.), which directly disturb the upper ionosphere, we removed all the orbits recorded under disturbed space weather conditions (Dst ≤ −30 nT; Kp ≥ 3). The Dst and Kp index are used to characterize the disturbance condition of space, Dst is derived from the equatorial geomagnetic stations, while Kp is computed by geomagnetic stations located at middle-high latitudes. The Geomagnetic Data Service (http://wdc.kugi.kyoto-u.ac.jp/index.html) provides the real time data of Dst and Kp index. The space weather conditions from March to April 2010 are presented in Figure 2. It can be seen that the 2010 Mw 7.8 northern Sumatra EQ occurred during the recovery phase of a moderate geomagnetic storm (Dst index reached a minimum of - 80 nT on April 6, 2010). For this reason, those orbits recorded during the main phase and recovery phase (mostly from April 3–8) are not illustrated in Figure 1, and data from these times were not considered in our later analysis. It can be seen that around the epicenter area +8° (denoted by the red square in Figure 1), the enhancement of wave intensity mainly occurred at those orbits passing near the epicenter area, especially at orbits No. 306891 on March 27, No. 307041 on March 28, No. 307481 on March 31, 2010, and on these days the fluctuation amplitude of Dst index varied over −30 to ∼0 nT, and Kp index remained below 3, it can be said that no significant geomagnetic external activity was present.
[image: Figure 1]FIGURE 1 | The variation of extremely low frequency magnetic field wave intensity during the 2010 April 6, Mw 7.8 Sumatra earthquake from March 20 to April 8, 2010, represented by power spectral density (PSD) values at frequency range (300–800 Hz). The red star denotes the epicenter, the red rectangle indicates the area of study. The horizontal and vertical axis represent the geo-longitude and latitude, respectively; the PSD values are color coded along the orbit trajectories.
[image: Figure 2]FIGURE 2 | The geomagnetic field disturbance index from March to April 2010 (top: Dst, bottom: Kp). The vertical red lines represent the occurrence of the main shock. The horizontal dashed blue lines represent the thresholds for data selection applied in the study (for more details, see the main text).
It is not convincing to simply relate the enhancements of those orbits to the seismic activity just according to a short space and time window including the earthquake location and occurrence. We further selected previous observations along the same orbit trajectories (i.e., revisiting orbits) to investigate the long-term variation pattern. The sun-synchronous circular orbit feature of DEMETER allows the satellite to return to the same orbit trajectory at the same local time approximately every ∼13 days in 2010 (the recursive period changes due to the slight shift of satellite position). By using this feature of revisiting orbits, we can examine a longer time window to determine the normal electromagnetic environment background trend along the same orbital trace at the same local time.
According to Figure 1, we selected five orbits showing certain enhancements before the main shock which are: No. 306891 on March 27, No. 307041 on March 28, No. 307191 on March 29, No. 307921 on April 3, and No. 308071 on April 4, 2010, respectively. Then, we selected their corresponding revisiting orbits from August 2009 to May 2010 under quiet space weather conditions (Dst ≥ −30 nT and Kp ≤ 3). We also checked the solar activity during this half year period which kept a weak and stable level revealed by the sunspot numbers and there were no strong solar proton events occurring during this time period (not shown). We finally got 25 revisiting orbits for each of those above five orbits. The trajectories of those five orbits (colored) and their revisiting orbits (gray) are shown in Figure 3. Interestingly, in this time-window (August 2009 to May 2010), there was another earthquake occurred on March 5, 2010 with a magnitude of 6.8 in the vicinity of the 2010 Mw 7.8 northern Sumatra epicenter area (https://earthquake.usgs.gov/earthquakes/map), indicating that the fault movement in Sumatra area is very active. In Figure 3, the red star represents the April 6, 2010 Mw 7.8 EQ, and the orange one denotes the March 5, 2010 Mw 6.8 EQ.
[image: Figure 3]FIGURE 3 | The trajectories of five orbits (No. 306891, 307041, 307191, 307921, and 308071, differently colored) with their revisiting orbits (gray lines) from August 2009 to May 2010. The red star represents the 2010 April 6, Mw 7.8 EQ, and the orange one denotes the 2010 March 5, Mw 6.8 EQ. The red rectangle represents the area of study.
According to the empirical equation of the earthquake preparation zone put forward by Dobrovolsky et al. (1979), the influential zone of a 7.8 magnitude earthquake in the lithosphere is a circle with a radius of 2,260 km. For convenience, considering the projection feature of satellite orbit on the ground, we chose a square area of around 1,800 km at satellite’s altitude, that is the epicenter (2.4°N, 97.1°E) ± 8° area, or (5.6°S–10.4°N, 89°E−105°E). We then extracted the PSD values at frequency (300–800 Hz) over the studied area from each revisiting orbit of the above five orbits, and re-sorted them as five sets of time-series data, and then we applied a running quartile method (Zhima et al., 2012b; Liu et al., 2013; Shen et al., 2017) to examine the long-term trend, as shown in Figure 4. The running medians, along with the inter-quartile ranges (IQR, being equal to the difference between the third and first quartiles) were computed by using the three previous and three successive orbits of the current orbit (7 orbits in total). We defined the running median PSD values as the background trend (denoted by blue lines in Figure 4), while the median PSD values of the current orbit as the current variation level (represented by red lines). The upper and lower bound were computed by the running median PSD values ± IQR values, denoted by the black and green lines, respectively. It can be seen in Figure 4 that three orbit trajectories, No. 306891, No. 307041, and No. 307921, show enhancements over the background trend before the two EQs. The recorded PSD values at frequency (300–800 Hz) along these three orbit trajectories are comparatively stable from August 2009 to February 2010, then start to fluctuate near the time of the two major shocks. However, the other two orbit traces at the west side of the epicenter (No. 307191, No. 308071, the last two panels in Figure 4) show no obvious difference between earthquake and non-earthquake time, it is difficult to identify any earthquake related abnormal signals from the variation pattern of the last two orbits, so we do not further discuss their relationship to earthquake any further.
[image: Figure 4]FIGURE 4 | The long-term variation of wave intensities at extremely low frequency (300–800 Hz) revealed by the five orbits (No. 306891, 307041, 307191, 307921, and 308071) and their revisiting orbits recorded from August 2009 to May 2010. The red lines represent the current observation values, the blue ones denote the median values computed by data from 2009 to 2010, and the black and green lines are the upper/lower bounds (median values ± IQR values) also computed by data from 2009 to 2010.
Specifically, for the orbit No. 306891 (see the first panel in Figure 4), which recorded on the east side of epicenter on March 27, 2010, the PSD values reach to ∼10–6.7 nT2/Hz before the Mw 7.8 EQ, far exceeding the background threshold (see the black and green lines). In addition, it shows a relatively smaller enhancement (∼10–7.5 nT2/Hz) within one month before the Mw 6.8 EQ. The orbit No. 307041, which is located right above the Mw 7.8 epicenter (see Figure 3) on March 28, 2010, presents a low and stable trend until the time very near to the two major shocks, then it becomes strongly disturbed (see the second panel in Figure 4), reaching maximum values of ∼10–7.8 nT2/Hz during the Mw 6.8 EQ, and ∼10–6 nT2/Hz before the Mw 7.8 EQ. Along the orbit No. 307921, which closely passed over the Mw 6.8 epicenter area (see Figure 3) on April 3, 2010, the variation keeps a relative normal background trend far before the main shock time too, mainly gets disturbed on February 23, 2010 before the Mw 6.8 EQ, and after the Mw 6.8 EQ on March 8, and become highly enhanced from 10–8.4 nT2/Hz to 10–6.3 nT2/Hz during the Mw 7.8 EQ (see the third panel in Figure 4).
In all, the variation patterns of the above three orbits indicate that the wave intensity at frequency (300–800 Hz) indeed show enhancements with the location of during the Mw 7.8 EQ, compared to other quiet seismic activity times. Specifically, on March 27, 2010, 10 days before the Mw 7.8 EQ, the wave intensities started to increase with peak value around 10–6.7 nT2/Hz on the orbit trace of No. 306891; and 3 days before the main shock, the wave intensities varied from 10–8.4 to 10–7.6 nT2/Hz along the orbit trace of No. 307921 (April 3). The strongest enhancement, of about 10–6.0 nT2/Hz, was recorded along the orbit trace closest to the epicenter (No. 307041 on March 28) of the Mw 7.8 main shock.
Background Map
To obtain more convincing evidence of these abnormal ELF emissions, the longer term observations under quiet space weather condition (Dst ≥ −30nT and Kp ≤ 3) from 2008 to 2010 were selected to build a background map over the Mw 7.8 Sumatra EQ area. We extracted the data in a same-time-window from Feb. 1 to April 30 for each year from 2008 to 2010. Through this way, the variations related to the seasonal conditions can be eliminated.
In this study, we adopted the method put forward by Zhima et al. (2012a, 2012b) to build a background map based on longer-term satellite observations over the epicenter area. First, we extracted the observations over the area ±8° about the epicenter (5.6°S–10.4°N, 89°E–105°E) from February 1 to April 30 for each year, then computed the average PSD values of wave intensity. The average PSD values were binned as a function of latitude (5.6°S–10.4°N) and longitude (89°E–105°E) in steps of 2°. With these three-year data, we computed the median value of PSD values and the standard deviation value in each 2° × 2° bin and defined these data matrixes as β2008–2010 and σ2008–2010, respectively.
For 2010, the year of Mw 7.8 EQ, we built four data sets with four time intervals Ti (i = February 1 to February 28, March 1 to March 20, March 21 to April 6, April 7 to April 30, 2010, respectively). The median PSD values in each 2° × 2° bin for these four time-intervals were computed and defined as matrixes αTi,2010, respectively. Then we define the perturbation amplitude ∆ρ by Eq. 1 below:
[image: image]
where ∆ρ is regarded as the perturbation amplitude during earthquake time Ti compared to the background map β2008–2010. The difference between the magnetic field wave intensity at earthquake time (αTi,2010) and the long-term background map (β2008–2010) is normalized by the standard deviation (σ2008–2010) in each 2° × 2° data bin. We computed the ∆ρ for different frequency ranges from 300 to 800 Hz, and found that at the frequency range (468–566 Hz) there exists strong enhancements during the earthquake impending time [March 21–April 6, 2010] as shown in Figure 5.
[image: Figure 5]FIGURE 5 | The ∆ρ distribution over the epicenter area computed by power spectral density values of magnetic field at frequency (468–566 Hz) during the 2010 Mw 7.8 Sumatra earthquake; (A) February 2 to February 28, 2010; (B) March 1 to March 20, 2010; (C) March 21 to April 6, 2010; (D) from April 7 to April 30, 2010. The star represents the 2010 Mw 7.8 Sumatra epicenter, the [image: image] means the perturbation amplitude of current time intervals (a, b, c, d) relative to the background map built by observations from 2008 to 2010 (see text for explanation). The black dashed rectangle denotes the a wide scope area of power spectral density values’ enhancement.
Figure 5 shows the variation pattern of the perturbation amplitude ∆ρ during time intervals from February 1 to April 30, 2010. It can be seen that during the February 1 to March 20 time period (Figures 5A,B), the ∆ρ values in the epicenter area remain at a relatively low level, mostly varying around 0 and the maximum value peaking about 1.2. However, during the earthquake impending time interval from March 21 to April 6 (see Figure 5C), the [image: image] gets enhanced (∼over 3), with the strongest enhancement mainly spread along the latitudinal direction of the near northwest side of the epicenter area (almost right above the epicenter). The eastern part of the epicenter gets a wide scope enhancement both along the longitudinal and latitudinal direction marked by the dashed square in Figure 5. After the main shock (Figure 5D), the [image: image] returns back to a relatively low disturbance amplitude level, mostly around 0, and maximum value 1.2, similar to the levels in Figures 5A,B. Due to the disturbed space weather conditions, the observations during the earthquake impending days from April 3 to 6, 2010 (see Figure 2) were not included in this computation, so the enhancement showed in Figure 5C is very likely attributed to the seismic activity.
WAVE VECTOR ANALYSIS
We further checked the burst-mode observations which were automatically triggered when DEMETER flies above known seismic fault zones (Parrot et al., 2006a). The electromagnetic payloads ICE and IMSC in burst-mode provide six-components of waveform data at frequency range below 1.25 kHz with sampling rate of 2.5 kHz. However, the waveform data are not available at any time of interest during this earthquake. Fortunately, the orbit No. 306891 on March 27 (10 days before the main shock), and No. 307481 on March 31, 2010 (6 days before the main shock), coincidentally triggered burst-mode observations over the epicenter zone, allowing us to compute the wave propagation parameters by wave vector analysis method. Figure 6 shows the exact burst-mode operation locations of these two orbits.
[image: Figure 6]FIGURE 6 | The available waveform data (thick lines) recorded by burst-mode observations near the seismic zone. The red rectangle is the area of study.
Figures 7A,B show the detailed electromagnetic spectral values computed by the waveform data of orbit No. 306891. It can be seen that near the epicenter area (2.38° N, 97.05°E), at the latitudes from ∼ 8° to 3.8°S, longitude from 107°E to ∼105°E, there exists electromagnetic wave activities (denoted by white arrows) mainly from 14:43 to 14:45 UT at L shells roughly from 1.4 to 1.09 where the satellite is quite near to the Mw 7.8 epicenter area.
[image: Figure 7]FIGURE 7 | The wave propagation parameters of extremely low frequency waveform recorded by orbit No. 306891. The black lines represent the local proton cyclotron frequency. From top to bottom: (A,B) the power spectral values of magnetic field and electric field, (C) the wave normal angle θ; (D) the azimuthal angles ϕ; (E) the ellipticity, (F) the planarity. The arrow indicates the time of the orbit crosses the EQ epicenter. The black rectangular box denotes the abnormal waves near the epicenter area, which wave propagation parameters are statistically analyzed in Figure 8.
To compute the wave propagation parameters of these emissions over the epicenter zone, we built a Field Aligned Coordinate (FAC) system in the orbit space of DEMETER satellite. Under this FAC coordinate system, the Z-axis is along direction of the background magnetic field B0, the Y-axis is horizontally perpendicular to the Z-axis cross the position vector of the satellite (so that the positive Y-axis is nominally eastward at the equator), and the X-axis completes the right-handed system. The background magnetic field B0 is obtained by IGRF 2000 model (Olsen et al., 2000) according to DEMETER’s position. The angles θ and ϕ are defined as the wave normal angle (polar angle) and the azimuthal angle between the B0 and the wave vector k. A value of 180° in azimuthal angle ϕ indicates that k propagates toward decreasing L shell direction, i.e., downward to the Earth direction, while 0° means that k propagates toward the increasing L shell direction in the meridian plane (i.e., from the Earth direction upward to the outer space direction). Then, the Singular Value Decomposition method put forward by Santolik et al. (2003) to compute wave propagation parameters, which has been widely used in the analysis of ELF/VLF space electromagnetic waves (Parrot et al., 2006b; Wei et al., 2007; Zhima et al., 2015a; Zhima et al., 2015b), was adopted to compute the wave normal angles, ellipticity, polarization, and planarity.
The computed wave propagation parameters from No. 306891 are shown in Figures 7C–F. The parameters computed by the low intensity waveform data (lower than 10–7.8 nT2/Hz) are not shown for a better visual inspection. The wave normal angles θ of wave vector k are displayed in Figure 7C, which varies roughly from 40° to 80°, indicating these emissions are obliquely propagating. Figure 7D shows the azimuthal angles ϕ with a wide varying range from 0° to 180°. However, it can be clearly identified that there are some portions of emissions showing azimuthal angles ϕ ∼ 0° (see the black squares) mainly at frequency from 300 to 800 Hz (even up to ∼1,100 Hz) at ∼14:43:44 to 14:44:58 UT. According to the FAC coordinate system defined above, the propagation direction of these portions of emissions points upward from the Earth direction to the outer space direction (increasing L shell), indicating that these waves come from lower altitudes than the satellite.
It is noted that the strong emissions around 400–450 Hz with wave normal angles θ ∼ 90° (Figure 7C), azimuthal angles ϕ ∼ 180° (Figure 7D), the right handed ellipticity values of 1, are obliquely propagating downward from the higher altitudes (or decreasing L shell direction) than satellite position to the Earth direction, and they are identified as ionospheric hiss waves which might originate from the plasmasphere or the inner magnetosphere (Chen et al., 2017; Zhima et al., 2017; Xia et al., 2019), these emissions are not related to the earthquake activity.
The ellipticity values are given in Figure 7E, which represent the ratio of the axes of the polarization ellipse. The value +1 of ellipticity means that the wave is right-hand polarized, while −1 indicates that the wave is left-hand polarized, while 0 is the linearly polarized. For these portions of upward propagation waves (azimuthal angles ϕ ∼ 0°) the ellipticity mainly varies around 0 at frequencies 300–400 Hz, meaning that they are linearly polarized, while at frequencies below 300 Hz or above 450–800 Hz, even up to 1,100 Hz, the waves change to the left hand polarized (ellipticity varying from 0 to −1). The planarity of waves, which represents wave propagating in a single plane (+1) or in spherical direction (0), is presented in Figure 7F, with a value mostly being +1, implying that the observed waves are coming toward the spacecraft as plane wave propagation.
We also statistically analyzed the distributions of wave propagation parameters for the waves at frequency range (300–800 Hz) marked by the black square area in Figure 7 (including the downward right-handed hiss at frequency 400–450 Hz), as shown in Figure 8. The overlapped red curves represent the fitted curves computed by the kernel density distribution function. The majority of wave normal angles θ varies below 80°. The azimuthal angles ϕ mainly peaked at 0°. The ϕ values of ±180° are mostly attributed to the downward hiss waves at 400–450 Hz. For the ellipticity, the values of -0.5 to −1 are mostly related to the upward direction waves, and +1 to the downward hiss waves. The planarity predominates at values of 1.
[image: Figure 8]FIGURE 8 | Distribution of wave propagation parameters for the waves in extremely low frequency (300–800 Hz) in the area (7.4°–3.8°S, 106.1°–105.6°E) recorded by No. 306891 at ∼14:44 to 14:45 UT, marked by the black square in Figure 7. The overlapped red lines represent fitted curves computed by a probability density function; (A) wave normal angle θ; (B) and azimuth angle ϕ of the wave vector; (C)the ellipticity; (D) planarity.
As with orbit No. 306891, the wave propagation parameters of waveform data for orbit No. 307481 at 15:08–15:10 UT on March 31, 2010 are shown in Figure 9. As can be seen from Figure 9 that the waveforms recorded at latitudes from 1.95°S to 6.8°N, longitudes from 99.29°E to 97.44°E are exactly over the epicenter zone (see Figure 5). The strong electromagnetic emissions along this orbit mainly appeared at frequencies below 500 Hz. The wave propagation parameters also show basically similar features as the waves recorded by No. 306891, although they are not as significant as the ones of No. 306891. However, it can be clearly identified that there are waves with azimuthal angles ϕ of 0°. Figure 10 shows the statistical features of the waves recorded from (1.95°S–6.89°N, 99.29°–97.44°E). For these waves, the wave normal angles θ vary at a broad range from 0° to 90°, indicating waves are obliquely propagating. The azimuthal angles ϕ have three peaks: ±180° and 0°, meaning there are waves mixed both from the Earth direction (ϕ = 0) and the outer space direction (ϕ = ±180°). The ellipticity mainly peaks around ±0.5, and the planarity is 1.
[image: Figure 9]FIGURE 9 | The wave propagation parameters of extremely low frequency waves recorded by orbit No. 307481 at 15:08 to 15:10 UT on March 31, 2010. From top to bottom: (A,B) the power spectral values of magnetic field and electric field, (C) the wave normal angle θ; (D) the azimuthal angles ϕ; (E) the ellipticity, (F) planarity.
[image: Figure 10]FIGURE 10 | Distribution of wave propagation parameters for the waves at extremely low frequency (300–800 Hz) in the area (1.95°S–6.89°N, 99.29°−97.44°E) at 15:08 to 15:10 UT recorded by No. 307481 on March 31, 2010. The overlapped red lines represent fitted curves computed by a probability density function; (A) wave normal angle θ; (B) and azimuth angle ϕ of the wave vector; (C) the ellipticity; (D) planarity.
DISCUSSIONS
The 2010 Mw 7.8 northern Sumatra EQ occurring at the equatorial area over where the equatorial ionosphere has less energetic particle precipitations compared to the high-latitude ionosphere, we do not need to consider the possibility of energetic particle precipitation induced wave activity in this study. Considering that the upper ionosphere environment space weather conditions are quiet during the studied time-window, there are two major generation sources for electromagnetic emissions we must consider: the atmosphere lightning activities and ground-based VLF transmitters.
The lightning activities from the atmosphere also serve as an embryonic source for strong ELF/VLF emissions in the upper ionosphere (Santolík et al., 2009; Shklyar et al., 2012; Zhima et al., 2017). The azimuthal angles of wave vector of lightning induced ELF/VLF emissions usually predominate around 0° (Zhima et al., 2017) in the above defined FAC coordinate system, which means that this kind of wave propagation direction points away from the Earth direction to outer space (in the increasing L shell direction). The lightning induced wave also presents either right or left handed polarization (Santolík et al., 2009), but most importantly, the lightning induced ELF/VLF emissions usually appear as a series of intensive burst spectra with vertical lines or whistler-mode falling/rising tones along the whole frequency range from a few hertz up to over 3 kHz or even 10 kHz (Zhima et al., 2017). In this study, the strong ELF emissions over the Sumatra epicenter zone appeared in a much lower frequency range (below 1,100 Hz), mainly at 300–800 Hz. Additionally, the variations of revisiting orbits also confirm that these emissions mainly get enhanced near earthquake time, while keeping a relatively smooth trend during the quiet-seismic activity time. Further, the perturbation amplitude relative to the background map also indicates that the enhancement of wave intensity at 300–800 Hz mainly occurs during the earthquake impending time intervals (see Figure 5C) but not in other time windows. So we exclude the possibility of lightning activity as the generation source for these abnormal ELF emissions.
Another kind of known electromagnetic emissions which can propagate from lithosphere to ionosphere are the artificial VLF radio waves emitted by the powerful ground-based VLF transmitters. VLF radio waves are mainly used as long-distance communication and navigation in the lithosphere-ionosphere waveguide, however, some portions of VLF radio wave energies leak into the ionosphere, propagating upward and reaching to satellite altitudes. The satellite recorded VLF radio waves usually appear at frequencies over 10 kHz to even to 30 kHz (Zhao et al., 2019), the spectra of VLF radio waves recorded by satellite usually exhibit a narrow transversal spectrum peak at the central frequency of the emitted radio waves (Shen et al., 2017; Zhang et al., 2018). Additionally, no VLF transmitter is reported near Sumatra area. So the association with VLF radio waves is excluded as a possible explanation of the observations presented here.
Previous studies (Sorokin et al., 2001; Sorokin et al., 2003; Molchanov et al., 2004; Pulinets and Ouzounov, 2011; Pulinets et al., 2018) have been undertaken to interpret the mechanism of the electromagnetic disturbances induced by earthquakes. Pulinets and Ouzounov (2011) presented the LAIC mechanism based on a complex multidisciplinary approach, trying to interpret the physical processes involved in generation of anomalous atmospheric and ionospheric phenomena associated with strong earthquakes.
First, the lithospheric rock due to tectonics plate movement, are stressed and release radon or other different kinds of gases into air (e.g., methane, helium, hydrogen, and carbon dioxide); subsequently, the radon radiation in the atmosphere changes the air conductivity resulting in a vertical electric current (see Figure 10 in Pulinets and Ouzounov (2011) and Figure 6 in Sorokin et al. (2001)). Correspondingly, the local growth of electric currents in the atmosphere develops AGW instabilities as well as a horizontal inhomogeneity of ionospheric conductivity (Sorokin et al., 2001), finally generating the magnetic field aligned currents, plasma irregularity or the ULF/ELF emissions (Sorokin et al., 2001). For example, during the 2004 Mw 9.0 Sumatra-Andaman EQ, a clear co-seismic AGW instability appeared in the atmosphere at VLF from 1.4 to 2.8 mHz with a group velocity around 300–314 m/s and amplitudes varying from ∼1 to 12 Pa (Mikumo et al., 2008).
AGW can be evaluated by the wind field and temperature data and the total wave energy (E0) of AGW can be described by the sum of kinetic (EK) and potential energies (EP) which correspond to the fluctuations in the wind field and temperature of atmosphere (Yang et al., 2019), respectively. E0 and EP energies are proportional to each other (VanZandt, 1985; de la Torre et al., 1999), so that we can examine AGW instability through EP, which is defined as (VanZandt, 1985; Yang et al., 2019):
[image: image]
where g is the gravitational acceleration constant (9.8 ms−2), [image: image] is the perturbation atmosphere temperature deviated from the background temperature [image: image]. N is the Brünt-Vaisala frequency defined as (Fritts and Alexander, 2003):
[image: image]
where N is a function of altitude and potential temperature, where [image: image] is the potential temperature, z is the altitude, P0 is the standard reference pressure (1 hPa), P is air pressure, R is the gas constant of air and cp is the specific heat capacity at a constant pressure, R/cp = 0.286 for air.
The variance term [image: image] is calculated within a layer of 2 km thickness as:
[image: image]
where zmax and zmin are the top and bottom altitudes of the layer.
Here we computed the EP variation over the 2010 Sumatra epicenter area by using the technique developed by Yang et al. (2019) with some procedures modified to fit in the ERA-5 data, as shown in Figure 11. Figure 11A shows the vertical temperature profile retrieved from ERA-5 dataset over the Sumatra EQ epicenter, and Figure 11B is the background temperature from Figure 11A filtered by a moving average of every 2 km; Figure 11C displays the temperature deviation computed by removing the background from the original temperature profile; Figure 11D represents the squared term of the Brunt-Väisälä frequency computed by Eq. 3 with the temperature profile; Figure 11E is the potential energy as calculated by Eq. 2.
[image: Figure 11]FIGURE 11 | The simulation of Acoustic Gravity Waves propagation over the 2010 Mw 7.8 Sumatra epicenter. From left to right: (A) the vertical temperature profile retrieved from ERA-5 dataset; (B) the background temperature profile filtered by an every 2 km moving average of Figure 11A; (C) the temperature deviation between Figures 11A,B; (D) the squared term N2 of the Brunt-Väisälä frequency; (E) the potential energies (EP) computed over epicenter area.
It can be seen from Figure 11E that the EP value peaks around the altitude of 17 km (the tropopause), which is a common phenomenon (Yang et al., 2019). Four wave crests can be identified in the temperature deviation profile at the altitudes of 18.23, 27.71, 36.36, and 41.82 km (denoted by arrows in Figure 11C). We computed the wavelength of a full sinusoidal period of these four wave crests in the temperature deviation but not in the EP profile. The corresponding vertical wavelengths are 9.5, 8.7, and 5.5 km for the four wave crests, which are consistent with previous understanding that the vertical wavelength of stratospheric AGW is about 2–10 km (Tsuda et al., 1994). Therefore, we suggest the possible existence of AGW wave in the atmosphere at the moment of the 2010 Sumatra EQ occurrence.
It must be admitted that through this computation, we only found the possibility of AGW generation during main shock. Because of the complicated LAIC coupling mechanism, it is impossible to build a coupling model at every key altitude (or layer) from the lithosphere to the satellite’s location, and to evaluate how the coupling processing is developing. Anyway, we can tentatively interpret the link between the AGW propagation and the electric field observations in terms of a mechanical interaction between the atmospheric pressure gradient induced by the AGW and the ionosphere which causes a local instability in the plasma distribution. Such plasma variation gives rise, in the E-layer, to a local non-stationary electric current which, successively, generates an electromagnetic (EM) wave (Yang 2019; Piersanti et al., 2020, submitted).
The interpretation of LAIC mechanism needs a multidisciplinary synergy (Pulinets and Ouzounov, 2011) with the simultaneous observational data at different altitudes in lithosphere-atmosphere-ionosphere system which are sensitive to various kinds of disturbances. The relatively very weak precursors of earthquakes can be submerged by other stronger perturbations even during quiet space weather conditions. At present, the LAIC mechanism still lacks reliable experimental evidence with direct and simultaneous observations at different layers or altitudes. It involves geophysical, chemical and even biological knowledge to interpret the mystery of seismic-ionospheric coupling. Many of the reported seismic-ionospheric case studies still require the further experimental confirmation and objective statistical studies.
CONCLUSIONS
This paper investigated the abnormal electromagnetic emissions during the 2010 April 6 Mw 7.8 Sumatra earthquake based on DEMETER satellite observations. The PSD values show that there are certain enhancements of wave intensity at frequency range (300–800 Hz) on 10–3 days before the main shock. The variation patterns along the same orbit trajectories which were computed from the revisiting orbits (August 2009 to May 2010) further indicate that the wave intensity indeed got enhanced during seismic activity time compared to the relatively stable variation patterns during quiet seismic activity time. Specifically, on March 28, 2010 (9 days before main shock), the wave intensity started to increase with peak value around 10–6.7 nT2/Hz on the orbit trace of No. 306891 (3 days before the main shock), the wave intensity varied from 10–8.4 to 10–6.3 nT2/Hz along the orbit trace of No. 307921. The strongest enhancement of 10–6.0 nT2/Hz was recorded along the orbit trace nearest to the epicenter (No. 307041).
We further investigated the perturbation amplitude relative to the background map which is built by four years’ of quiet space weather time data using the same time window (each year from February 1 to April 30), and found that the perturbation amplitude of wave intensities at frequency range (468–566 Hz) were indeed enhanced during the earthquake impending time interval (from March 21 to April 6).
We further computed the wave propagation parameters for the electromagnetic field waveform data by using Singular Value Decomposition method. Results show that there does exist some portions of ELF emissions mainly at 300–800 Hz, propagating upward from some altitudes lower than the satellite over the seismic zone. We excluded other generation sources for ELF/VLF emissions under quiet space weather conditions, such as the lightning activity and ground-based VLF transmitters. Considering the wave propagation features and their locations, we suggest that these portions of upward propagating ELF waves are very likely excited during the earthquake preparation processing.
According to the previous studies (e.g., Gokhberg et al., 1982; Larkina et al., 1989; Bhattacharya et al., 2007; Błeçki et al., 2010; Zhima et al., 2012a; Zhima et al., 2012b; Pulinets et al., 2018) and the reference therein, it is sure that the ELF electromagnetic emission is a promising tool for earthquake precursor detection. It usually appears a few days or weeks over the earthquake preparation zone, especially during the impend moment of a shock rupture in which the variation of stress on the rocks excite electromagnetic emissions at a broad band.
In this study we mainly took an approach of extraction the anomaly information before the strong earthquake by a case study. We didn’t involve the aftershock effects in this study. We will leave it for future deep research after we accumulated enough evidence for the abnormal seismic emissions from satellite observations.
For the possible mechanism, we computed the potential energy of AGW at the moment of earthquakes and results confirm the possible existence of AGW with wavelength roughly varying from 5.5 to 9.5 km in the atmosphere at the moment of the main shock. It must be admitted that in this study, we just suggest the possibility of AGW generation over the epicenter area, due to the very complicated LAIC coupling mechanism and the impossibility of building a coupling model at every key altitude (or layer) from lithosphere to ionosphere space with the present day’s science and technology levels. The comprehensive interpretation on the LAIC is beyond the scope of the present study, but we hope to explore this topic in the future.
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