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Abstract

:

Earthquakes may disturb the lower ionosphere through various coupling mechanisms during their seismogenic and coseismic periods. The VLF signal radiated from ground-based transmitters is affected when it passes near the disturbed region above the seismogenic area, and this anomaly can be recorded by ground-based VLF receivers. In this paper, the seismic anomalies before two strong earthquakes (M > 7) that occurred in western China were detected using the ground-based observation of VLF signal; the possible reasons for the anomalies were discussed using full wave simulation. The amplitude of the VLF signals observed by the link between NOV, KHA transmitter, and VLF receivers at Ya’an and Tonghai show obvious anomaly by nighttime fluctuation analysis. The simulated results demonstrate that the anomalies could have been induced by ascending/descending of the bottom height of the ionosphere, caused by depletion/increase in D region electron density. The simulated result also illustrates that terminator time shift could have been induced by descending of the bottom boundary of the ionosphere, which is due to modal interference between different wave modes.
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1. Introduction


VLF (Very Low Frequency) radio waves radiated from powerful ground based transmitters could be reflected alternately by the earth and the subionospheric layer, forming a ‘zigzag’ path between the lithosphere-ionosphere waveguide [1]. Abnormal variation in the ionosphere, especially in the lower ionosphere, could result in abnormal variation in the amplitude and phase recorded by VLF receivers [2,3,4,5].



There are mainly three kinds of seismo-lithosphere-atmosphere-ionosphere coupling mechanisms—the DC (direct current) field [6,7], AGW (Atmospheric Gravity Waves) [8,9], and electromagnetic radiation [10,11,12,13,14]. The emission of gases (mainly Radon) and particles, accompanied by the increasing stress of rock, produce an electric field/current that can disturb the ionosphere [15,16,17] in the period of earthquake preparation, which could explain the anomalies observed in the ionosphere [18,19,20,21,22]. These seismic ionospheric disturbances could induce anomalies in signals from ground-based VLF/LF transmitters [23,24,25] Therefore, by analyzing the received signal from existing known transmitters, we can detect seismic anomalies in the path between the VLF receiver and the transmitter.



There are two methods to detect pre-seismic effects on VLF navigational transmitter signals—terminator time (TT in short) shift and nighttime fluctuations (NF in short)—which have been widely used over the past years [23,26]. The TT shift corresponds to shifts in sunrise and sunset time on the continuous record of the amplitude and phase of the VLF signal before the earthquake, which reveal that variation in the D region of the ionosphere could exist before the earthquake. Research on the 1995 Kobe earthquake [27], the 2004 Sumatra earthquake [28], the 2015 Nepal earthquake [29], and other earthquakes [25] have all observed this phenomenon. Additionally, some researchers also declare that the nighttime fluctuation of VLF/LF transmitter signals could predict seismic anomalies [28,29,30,31]. Statistical analyses also demonstrate that nighttime fluctuation of the received VLF signal correlate with strong earthquakes (M > 6) [24,26].



The TT shift and NF on the amplitude or phase of VLF signals are usually attributed to the variation in the bottom boundary of the ionosphere [26,29,32,33]. As for how this variation could affect the received VLF signal needs to be demonstrated further. Lehtinen and Inan [34] proposed a full-wave finite element method to solve the electromagnetic field in the waveguide and ionosphere simultaneously [35,36], which is inherently stable against such ‘‘swamping’’ problem based on the recursive calculation of reflection coefficients and mode amplitudes. This method can be used to study the TT shift and NF of the VLF signal in the waveguide between the transmitter and the receiver. We established a similar full wave model to simulate the electromagnetic field radiated from ground-based VLF transmitters, which have been used to verify the electromagnetic data from the China Seismo-Electromagnetic satellite (CSES) [37].



Two devasting earthquakes (Ms 7.1 Yushu earthquake and Ms 7.0 Lushan earthquake) occurred on 14 April 2010 and 20 April 2013 in western China, respectively, killing thousands of lives. The electromagnetic field data from the DEMETER satellite was used to extract the earthquake-related anomalies in VLF signals from the terrestrial VLF transmitters before these strong earthquakes [38,39]. However, very few researches have delved into finding anomalies from ground-based observation. In this paper, electromagnetic anomalies before these two earthquakes were studied by examining the data of ground VLF receiver through the NF method; the factors that could induce these anomalies have been researched by full wave simulation for the first time.



Fortunately, since December 2009, we have established two ALPHA monitoring stations, which record the amplitude and phase of the electric field radiated from an ALPHA navigation system in Russia, including three ground VLF transmitters (KRA, NOV, KHA). The electric field data from these stations could be used to detect the anomalies of these two earthquakes.



In this paper, the ALPHA monitoring data was investigated to find anomalies before the Ms 7.1 Yushu earthquake in 2010 and the Ms 7.0 Lushan earthquake in 2013. We also constructed a full wave model to analyze the possible factors that could induce the VLF signal anomalies. A brief description of the instruments, data, and full-wave method are presented in Section 2. The anomalies of the observed data before the Yushu and Lushan earthquake were investigated by the NF method in Section 3. In Section 4, the full-wave model is used to simulate the possible impact factors causing the anomalies. Discussion and conclusions are presented in Section 5 and Section 6.




2. Instruments, Data, and Method


2.1. Instruments and Data


The VLF monitoring stations located at Ya’an (city in Sichuan province, China, [29.97°N, 103.01°E]) and Tonghai (city in Yunnan province, China, [24.1°N, 102.76°E]) receive the VLF signal from NOV (called main transmitter in this paper, [55.75°N, 84.43°E]), KRA (called west transmitter, [45.4°N, 38.1°E]), and KHA (called east transmitter [50.07°N, 136.6°E]), all of which transmit a signal of three frequencies (F1:11.9 kHz; F2:12.6 kHz; F3:14.9 kHz). The VLF transmitters (denoted by black square), monitoring stations (red triangle represents station in Ya’an, blue triangle represents station in Tonghai), and detection zones are shown in Figure 1. The black pentagram represents the epicenter of the Yushu earthquake ([33.22°N, 96.59°E]) and the Lushan earthquake ([30.3°N, 103.0°E]). The black dashed circle represents the preparation zone of the Yushu earthquake [40].



Six observation paths can be obtained by connecting the transmitting station and the receiving station. In addition, only the amplitude of the received signal has been used in this paper, because the phase data is interfered by environmental noise.



As shown in Figure 1, there are six detecting paths between the three transmitters and Ya’an and Tonghai, respectively, where the red and blue ellipses denote the range of the fifth Fresnel region of frequency F1(11.9kHz). As known, electromagnetic wave is transmitted through Fresnel ellipse, whose focus is located on the receiving and transmitting points. In this study the fifth Fresnel region is considered to be an effective detection region [24,41]. The maximum radius of the nth Fresnel region corresponds to the short axis of the Fresnel ellipsoid, and the expression is as follows:


   F  n m a x   = 0.5   n d λ    



(1)







d is the distance from the transmitter to the receiver, λ is the wavelength. Thus, the lower frequency corresponding to the longer wavelength indicates a larger radius of the Fresnel region and a larger detecting range, which illustrates that the detecting range of F1 (11.9 kHz) is the largest.



The instrument used in each monitoring station is called the “CJA-1 alpha amplitude and phase monitor”. It can receive three frequency signals from the NOV, KRA, and KHA transmitters at the same time respectively with high measurement accuracy. The specific working mode is described as follows. The transmit cycle of these three transmitters is 3.6 s. Every cycle is divided into 6 periods (denoted by T1-T6). The signals transmitted from KHA are in T1 (at F1) and T6 (at F2), T5 (at F3); the signal from NOV are in T4 (at F1), T5 (at F2), and T6 (at F3); the signal from KRA in T6 (at F1), T1 (at F2), and T4 (at F3). In each period, the amplitude, phase, and SNR (signal to noise ratio) of the signals are recorded. It should be noted that the instruments used Beijing time (UT + 8 h) to record the data.




2.2. Full Wave Method


A full-wave method was used to seek a solution of Maxwell equations for plane waves varying as ejwt in a horizontally stratified medium with fixed dielectric permittivity tensors    ε ^    and permeability  μ  in each layer. The solution of the Maxwell equations is given in the form of a linear combination of plane waves   ~  e  j  (   k ⊥  ⋅  r ⊥   )     , where    k ⊥    is the horizontal component of the wave vector  k , which is conserved by Snell’s law inside each layer; we have:


   {      k × E = ω  μ 0  H       k × H = − ω  ε ^  E        



(2)




where  ω  is the angular frequency,  μ  is the permeability of the medium (  μ ≡ 1   for non-magnetic medium),    ε ^    =      ε   0   (  I +  χ ^   )    is a dielectric tensor, and    χ ^    is an electric susceptibility tensor [42].    χ ^    is determined by the electron density and collision frequency in the ionosphere, as well as the geomagnetic field. In our simulation, electron density is obtained from the International Reference Ionosphere (IRI) model [43], and the electron collision frequency (denoted by V) is calculated by the exponential decay law with the height (denoted by h) increasing v = 1.8 × 1011e−0.15h. The parameters of the geomagnetic field at the location of the VLF transmitter is calculated by the International Geomagnetic Reference Field (IGRF) model [44].



Eliminating the z components from Equation (2), the following elegant form of Maxwell equations is obtained:


    dV   dz   =   jk  0   T ^  · V  



(3)




where    V    = (     E   ⊥  ,      Z   0   H ⊥   ),    Z 0    is wave impedance,    T ^    is a 4 × 4 matrix:
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(4)







Matrix    T ^    is different in every layer of the ionosphere but is the same in the waveguide. Thus, the reflection coefficient is the same in the waveguide, but the amplitude differs at different altitudes. The electromagnetic field in each layer can be obtained in the  k  (wave vector) domain by solving Equation (3) recursively [34,45], and different wave modes will be represented because of different selected k. Based on this, the electromagnetic field is solved both in waveguide and ionosphere. It should be noted that we only use a fixed dielectric permittivity and permeability in the horizontal direction in our model, because from results of the IRI model, we found that the ionospheric gradients of the lower ionosphere during night along the VLF propagation paths is small. More details of the full-wave method is described in Lehtinen and Inan [34].





3. VLF Signal Analysis from the CAJ-1 Monitoring Station


From Figure 1, we can see the epicenter of the Yushu earthquake located in the detecting region between the NOV transmitter and Ya’an and Tonghai. It is known that the detecting range is larger when the transmitting frequency is lower. Therefore, the signal with frequency F 1(11.9 kHz) is analyzed first; this is because we were trying to find anomaly that took place before the Yushu earthquake that occurred on 14 April 2010; data from 1 to 20 April 2010 are selected. For the Lushan earthquake that occurred on 20 April 2013, data from 5 to 21 April 2013 are selected. As mentioned above, only the amplitude of the electric field is analyzed, because the phase data is not good.



Two well-documented techniques (Terminator Time and Night Fluctuation) mentioned in the introduction are used to extract the seismic related anomalies from the ground-based VLF data. It is often suggested that the nighttime fluctuation method is best suited for medium and long TRGCP (Transmitter Receiver Great Circle Path), while the terminator time method is more suitable when the transmitter and the receiver are located close by (<1000 km) [26] and reference therein]. Because the distances between the VLF transmitters and the receivers exceed 1000 km in this paper, only the night fluctuation method has been used to find the seismic anomalies of these two earthquakes.



3.1. Night Fluctuation (NF) Observation of the Yushu Earthquake


For the NF analysis, we took 7 hours nighttime VLF amplitude data during 21:00 LT–04:00 LT (22:00 Beijing Time–05:00 Beijing Time) for 20 days from 1 April 2010 to 20 April 2010. As explained and used by Maurya et al. [29] for the 2015 Nepal earthquakes, we estimated a total of three statistical parameters for the NF analysis. First, we also take the running mean of data for 3 days (window length 3 days) following Maurya et al. [22] and then calculated the difference dA(t) for a particular day as dA(t) = (A(t)-<A(t)>), where A(t) is the VLF amplitude at time t on that particular day and <A(t)> is the average value at the same time t for 3 days from 1 April to 20 April in 2010. An example of A(t), <A(t)> and dA(t) in the path between NOV and Ya’an is shown in Figure 2. The red solid line represents the A(t) of current day (7 April in Figure 2); the blue solid line represents the average value (<A(t)>) of the previous three days. The black line is dA(t), and the circles in Figure 2b are the selected data during 21:00 LT–04:00 LT (22:00 Beijing Time–05:00 Beijing Time). The three parameters for NF analysis are estimated using difference dA(t) and are defined as (1) trend (T): it is the average of nighttime amplitude difference dA(t) for each day; (2) dispersion (D): it is the standard deviation of nighttime amplitude difference dA(t) for each day; and (3) nighttime fluctuation (F): it is the (dA(t))2 over relevant night hours, which gives one data for each day. It should be noted that there are some data (e.g., the nighttime data between 1:00 and 2:00 Beijing time on 12 April, see supplementary Figure S1) descends to noise level, which is because the transmitter turns off in that time, these data have been excluded in our nighttime fluctuation analysis.



First, we consider the path between NOV and Ya’an and Tonghai at F1 because the epicenter of the Yushu earthquake lies in these two paths directly. The nighttime fluctuation for Yushu earthquake on 14 April 2010 is shown in Figure 3. Figure 3a–f show the trend (T), dispersion (D), and fluctuation (F) for these two paths, respectively. The horizontal line in each panel denotes the 2 standard deviation criteria (2*σ. As known, in the normal distribution, the probability of a value exceeds the mean value plus 2 standard deviation is less than 5%, which means the probability of anomaly occurs is less than 5%) to define the anomalous day. The parameter fluctuation (F, Figure 3c,f) exhibits an increase exceeding the 2σF criterion line on 7 April 2010 at both two paths between NOV and Ya’an and Tonghai. The parameters T and D (Figure 3a,b,e) also exhibit similar increase exceeding the 2σT and 2σD criterion. It should be noted that the trend in the path between NOV and Ya’an in Figure 3d is small and does not exceed 2 σT. This is because the amplitude during 22:00–24:00 BJT is less than the running mean value (negative in dA(t)), but is greater than the running mean value during 0:00–5:00 BJT (positive in dA(t), (as shown in Figure 2), which makes the average of dA(t) (Trend between NOV and Ya’an) small during 22:00–05:00 BJT on 7 April. The possibility of this phenomena has been demonstrated by our simulation in Section 4. These anomalies have also been detected on these two paths at F2 and F3 on the same day by nighttime fluctuation analysis (Supplementary Figure S2).



We also check the Kp and Dst index for 1–20 April (Figure 4). The red dashed lines denote the Kp = 3 and Dst =−30, and the green histograms and curves indicate high geomagnetic activities and space weather activities. As we can see, there is a moderate storm (−100 nT < Dst < −50 nT) during 5–7 April. Generally, such moderate storms are very unlikely to affect the D region of the ionosphere [29]. The study by Kumar and Kumar [46] on geomagnetic storm effects demonstrated that a storm with Dst < −140 nT has no effect on VLF signals. We have checked VLF signals during storms from 2010 to 2012—there were no obvious anomalies detected by the NF method. For the event that occurred on 6 and 7 April, we also used the COSMIC data to obtain the electron density in the lower ionosphere and check its possible effect on the D region. The results of the COSMIC data show no obvious anomalies in the lower ionosphere in the nighttime on 6 and 7 April. In addition, we also conducted nighttime fluctuation analysis excluding data of the geomagnetic storms (6–7 April and 12 April). The results show that an anomaly occurred on 8 April (see Supplementary Figure S3) in detecting the path between NOV and Ya’an, Tonghai. This indicates that the possible seismic anomalies may have started on 6 April and lasted till 8 April. Thus, in sum, we can speculate that the anomalies of the ground VLF signal on 7 April are not related to geomagnetic and space weather activities, and were possibly are caused by seismic activity. The other factors that could induce the anomalies are discussed in Section 5.1.



According to the formula by Dobrovolsky [40], the preparation zone of the earthquake can reach ρ = 100.43M with unit of km. For the Yushu earthquake, it could be reach 1000 km. According to the distribution of transmitters and receivers in Figure 1 and considering that the signal to noise is lower between KRA and Ya’an, Tonghai, we only selected the path between KHA and Ya’an to analyze seismic anomalies. The nighttime fluctuation analysis of this path is shown in Figure 5. The parameter fluctuation (F, Figure 5c) exhibits an increase exceeding the 2σF criterion line on 10 April 2010 at F1. The parameter T (Figure 5a) also exhibits a similar increase exceeding 2σT criterion. The parameter D (Figure 5b) is close to 2σD, which does not strictly exceed the 2σ criterion. However, the parameter D is not so effective to determine the anomalies in a period, because it only represents the dispersion of dA(t) in one day.



The parameter fluctuation of KHA-Ya’an at F2 and F3 (Figure 5f,i) exhibit increases exceeding the 2σF criterion on 12 April 2010. The other parameters T and D (Figure 5d,e,g,h,) also exhibit similar increase exceeding 2σ, which have been depicted by red arrows in Figure 5.




3.2. Night Fluctuation (NF) Observation of the Lushan Earthquake


For the NF analysis of the Lushan earthquake, we used 7 hours nighttime VLF amplitude data during 21:00 LT–04:00 LT (22:00 Beijing Time–05:00 Beijing Time) for 16 days from 5 April 2013 to 21 April 2013.



Because there are no recorded data from Tonghai station, we only consider the path between NOV and Ya’an. Fortunately, the Ya’an station is very close to the epicenter of the Lushan earthquake, so we were able to observe that the electromagnetic anomalies were remarkable on the night before the Lushan earthquake, as shown in Figure 6. The red rectangular box denotes the nighttime fluctuation and the red vertical bar represents the time of the Lushan earthquake. We also conduct the same NF analysis as the previous section. The nighttime fluctuation for the Lushan earthquake on 20 April 2013, is shown in Figure 7. Figure 7a–c show the trend (T), dispersion (D), and fluctuation (F), respectively. The parameters (T,D,F) exhibit an increase exceeding the 2σ criterion line on 19 and 20 April 2013, at the path between NOV and Ya’an, which correspond to the fluctuation on the night of 19 April and before dawn of 20 April. The anomalies detected in the Lushan earthquake is much more significant than that of the Yushu earthquake, which is probably because the receiver is very close to the epicenter of the Lushan earthquake.



We also checked the Kp and Dst index for 5–25 April 2013 (Figure 8). The pink dashed lines denote the Kp = 3 and Dst = −30, and the green histograms and curves indicate high geomagnetic activities and space weather activities. As can be seen, it is in the geomagnetic quiet period before the Lushan earthquake, which illustrates that the detected anomalies are not related to geomagnetic activities and space weather activities, and are high likely related to the Lushan earthquake.





4. The Possible Reasons Causing the Anomalies


In this section, the full wave model was used to find the possible reason causing the anomalies. It has been concluded that the largest anomaly occurs in the path between NOV and Ya’an at F1 (11.9 kHz) and F3 (14.9 kHz) of these two earthquakes according to the results in Section 3. Thus, in this section, we conduct simulation in this path at 11.9 kHz to research the possible explanation for these anomalies (the simulated result at 14.9 kHz is the same as the result at 11.9 kHz).



Firstly, we simulate the Ez (vertical component of electric field) amplitude for the 24 h of 9 April to compare with the observed data. The top panel of Figure 9 shows the continuous amplitude of Ez observed by CJA-1 on 9 April 2010. It shows that the electric field is stronger at nighttime. There are two obvious troughs of amplitude at about 7:00 and 20:00, which are denoted by terminator time corresponding to sunrise and sunset. The characteristic minima around the sunrise and sunset of local time is generated by the modal interference between the different modes [29]. The bottom panel shows the calculated Ez at 2700 km (comparable with the distance between NOV and Ya’an) away from the NOV transmitter on the same day. The calculated result also illustrates that the electric field is stronger at nighttime, and the difference is about 1 dB between nighttime and daytime, which is slightly smaller than the variation of the observed value between nighttime and daytime in the top panel (it should be noted the observation of the instrument is not the actual value of the electric field). The simulated terminator time is LT 3:00 and 21:00 under the original IRI profile, shown as a blue solid line in the bottom panel of Figure 9, which is because the daytime electron density referenced from IRI is from 4:00 to 20:00 LT (the bottom height of the ionosphere is 65 km). If we change the bottom height of the ionosphere to 80 km from LT 4:00 to 7:00 of IRI profile, it is equal to shifting the sunrise time to LT 7:00. We can see a simulated terminator time shift to LT 7:00 (red solid line with pentagrams in the bottom panel of Figure 9), which indicates that the bottom boundary of the ionosphere may control the terminator time shift. Details of the terminator time shift will be discussed in Section 5.2.



Secondly, we conduct a simulation to check that factors that could induce the nighttime fluctuation. Figure 2, Figure 3, Figure 5 and Figure 7 show anomalies of the Ez component using the nighttime fluctuation method before the Yushu and Lushan earthquakes. Generally, this abnormal fluctuation is attributed to ionospheric disturbance, which could have been due to two possible reasons. One is the variation in reflection height of the waveguide (bottom height of ionosphere), that is because the variation in D region electron density makes the bottom boundary of the ionosphere lower or higher. The bottom boundary descent could be because electron density increases, and the ascent could have been induced by electron density depletion in the D region of the ionosphere. Another possible factor is electron density variation in the ionosphere, which maybe be validated by variation in TEC and f0F2 results.



First, we set a different bottom height of the ionosphere (reflection height of waveguide) to simulate the variation in electric field at ground receivers, and then check the influence of this kind of disturbance on the nighttime ground electric field.



The bottom height of the lower ionosphere electron density obtained from IRI is 65 km from 4:00 to 20:00 LT, which corresponds to a daytime electron density profile. The bottom height of the lower ionosphere is 80 km during 0:00–3:00 and 21:00–24:00 LT. Generally, the variation in effective reflection height for VLF waves is almost 2 km. Thus, in our simulation, we set the bottom height of the lower ionosphere to 78 km and 82 km during 22:00–02:00 LT to simulate the Ez components, which correspond to a 2-km variation in effective reflection height of the lower ionosphere. Figure 10 shows the simulated Ez 2700 km away from NOV (comparable with the distance between NOV and Ya’an) on 7 April 2010, under different reflection heights of the ionosphere during 22:00–2:00 LT. The blue solid line in Figure 10 is obtained under the original IRI profile (bottom height of ionosphere is 80 km). The red solid line with pentagrams in Figure 10 is obtained under a reflection height set at 82 km, which means that the depletion in D region electron density makes the bottom boundary of ionosphere higher. The black solid line with asterisks in Figure 10 is obtained when reflection height is set to 78 km, which means that an increase in D region electron density lowers the bottom boundary of the ionosphere. As can be seen, when the reflection height descends to 78 km, the electric field decreases during 22:00–00:00 LT but increases from 0:00 to 02:00 at this observation point; this simulated result is similar to the observation in Figure 3a. However, when the reflection height ascends to 82 km, the electric field decreases in all the simulated nighttimes.



Furthermore, we calculate the difference in Ez amplitude between the changed bottom height of the ionosphere and the original ionosphere profile (Figure 11). The black solid line with asterisks is the difference in Ez amplitude when the bottom height of the ionosphere is set to 78 km and the original is 80 km. The difference of Ez is less than 0 in 22:00–24:00 (represents less than the original background value) and then increases in 0:00–2:00 LT and become greater than 0 from 1:00–2:00 LT, when the bottom height of the ionosphere descends 2 km. Because the original nighttime IRI profile is during 21:00–3:00 LT (7 h), we only simulate the electric field during 22:00–2:00 LT (5 h); the electric field after 02:00 is not simulated. We see that the difference is less than 0 in the early night and becomes greater than 0 before dawn. This changing trend is similar to the observation in Figure 11b, which the dA(t) (difference between observed value of current day and value of background) is less than 0 in the early night and becomes greater than 0 before dawn. The red solid line with asterisks is the difference in Ez amplitude when the bottom height of ionosphere is set to 82 km and the original is 80 km. The difference is always less than 0 under this setting. Thus, a more plausible explanation in this event is that the anomaly is induced by an increase in D region electron density caused by seismogenic activity, which lowers the bottom height of the lower ionosphere; however, this needs to be confirmed by more observations in future study.



Second, we set different electron densities of the ionosphere to simulate variation in electric field at ground receivers, and then check the influence of this kind of disturbance on the nighttime ground electric field. Here, we set the electron density increase and decrease (from 100 km altitude to F2 region) thrice, compared to the original electron density from IRI during 22:00–02:00 LT. Although this is a dramatic variation for nighttime electron density, the variation in Ez amplitude is not so significant, compared with the results when ionosphere bottom height changes. The electron density increases, and the amplitude decreases at this observation point (2700 km from the NOV transmitter), and vice versa (Figure 12). These simulated results also illustrate that the anomalies detected by nighttime fluctuation could be induced by an increase in D region electron density, which lower the bottom height of the lower ionosphere.




5. Discussion


5.1. Other Factors May Induce Disturbance in the Ionosphere


Lightning, geomagnetic storms, solar flares, and other natural sources may induce disturbance in the lower ionosphere [29,47,48,49]. From the index of Dst and Kp (Figure 3), we can see that there were two moderate geomagnetic storms (−100 nT < Dst < −50 nT) before the Yushu earthquake. Generally, moderate storms are highly unlikely to affect the D region of the ionosphere [29,49]. A study by Kumar and Kumar [46] on geomagnetic storm effects demonstrated that a storm with Dst < −140 nT has no effect on VLF signals. In this research, the minimum Dst during geomagnetic storms is −80 nT, which means that this storm is highly unlikely to affect the D region of the ionosphere. We also use COSMIC data to obtain the electron density in the lower ionosphere; the results show no obvious anomalies in the lower ionosphere on the nighttime of 7 April. Furthermore, we also conducted nighttime fluctuation analysis excluding data during geomagnetic storms (6–7 April and 12 April 2010). The results show that an anomaly occurred on 8 April (see Supplementary Figure S3). Thus indicates that possible seismic anomalies may have started on 6 April and lasted until 8 April 2010. Thus, the above characteristics illustrate that the anomaly of nighttime fluctuation analysis on the Yushu earthquake should be unconcerned with geomagnetic storms. In addition, geomagnetic and space weather activities were very quiet before the Lushan earthquake; the anomalies before the Lushan earthquake should, thus, be unconcerned with geomagnetic storms.



The early/fast events of lightning flashes produce a vertical electric filed, which could be projected to the lower ionosphere and lower its effective reflection height for VLF waves [50]. A lightning flash is very rare in our research region (only four events from February 2010 to April 2010, with almost no events in April 2013 in the detecting path between NOV and Ya’an, which was sourced from the following website (https://lightning.nsstc.nasa.gov/nlisib/nlissearch.pl?coords=?579,18)); thus, the effect of lightning can be ignored in this study.



As is known, solar flare can induce ionospheric D region perturbations that influence the subionospheric VLF/LF propagation as an anomaly in amplitude and/or in phase [5,51]. We checked solar activity from 1–20 April and did not find any X-ray flux burst (http://rwcc.bao.ac.cn/history/index.jsp). Thus, the anomaly detected in this study could not induced by solar activities.




5.2. Simulation of Terminator Time Shift


Many researches have introduced the method of terminator time shift to predict the anomalies of earthquakes. Some researchers have declared that a possible reason is the increase in D region electron density, which lowers the boundary of the ionosphere [33]. The lowering of D region boundary changes the condition for modal interference to result in a shift in the VLF signal minima [29]. We also conducted a simulation to check for this phenomenon. We selected an NWC transmitter with transmitting frequency 19.8 kHz, which has maximum power in the southern hemisphere as the source; the electron density and geomagnetic parameters are obtained at the NWC location (114°E, 22°S). The bottom height of the ionosphere was 65 km during LT 6:00–18:00 corresponding to the daytime, which is 80 km for another time corresponding to the nighttime. The blue solid line in Figure 13 shows the simulated Z component of the electric field 1,350 km from NWC under this IRI profile. We can see that a terminator time exists at LT 5:00 and 19:00, which corresponds to sunrise and sunset, respectively. When we lower the bottom height of the ionosphere from 80 km to 66 km at LT 5:00 and 19:00, the calculated result shows that a sunrise terminator time exists at LT 4:00 (shown as the red solid line with pentagrams in Figure 13), which indicates that the terminator time shift an hour forward. The sunset terminator time exists at LT 20:00 (shown as a red solid line with pentagrams in Figure 13), indicating that the terminator time shift an hour backward. The simulated result demonstrates that the terminator time shift could have been induced by lowering of the boundary of the ionosphere. The reason for this could be modal interference of the VLF wave in the waveguide.




5.3. The Simulated Result at Other Locations


As is known, the amplitude of an electric field at different ground locations will be different, owing to modal interference in the waveguide. Figure 14a,b shows the simulated Ez of the electric field 2400 km and 3000 km away from the NOV transmitter. The intensity of Ez is different at different locations. The terminator time is slightly different because of different modal interferences, but the main characteristics of sunrise and sunset have been shown in the figure. The electric field at these locations could also be disturbed by variation in bottom boundary of the ionosphere at the different locations (the red solid line with pentagrams shown in Figure 14a,b). The red solid line with pentagrams in Figure 14a shows the Ez components increased when the bottom height of the ionosphere descends to 63 km at LT 11:00. The simulated increasing amplitude of the electric field could be possible in a longer propagating path with descending reflection height, which was illustrated by Mcrae and Thomson [51] using observed data from the NLK transmitter to the VLF receiver located at Dunedin. The red solid line with pentagrams in Figure 14b shows the Ez components decrease 3000 km from NOV when the bottom height of the ionosphere descends to 63 km at LT 11:00, compared to the original IRI profile.





6. Conclusions


In this paper, the instruments and data format of ALPHA monitoring stations were detailed. The amplitude of electric field recorded by the stations were investigated to detect precursors to the Ms 7.1 Yushu earthquake on 14 April 2010, and the Ms 7.0 Lushan earthquake on 20 April 2013. A full wave model was used to research the possible factors that could induce seismic anomalies on the received VLF electric field.



	(1)

	
The results of the nighttime fluctuation analysis show that there was an obvious anomaly on 7 April (7 days before the Yushu earthquake) between the transmitter (NOV) and the receivers (Ya’an, Tonghai).




	(2)

	
The results of the nighttime fluctuation analysis show that there was a remarkable anomaly on the night of 19 April and before dawn of 20 April (1 days before the Lushan earthquake) between the transmitter (NOV) and the receivers (Ya’an).




	(3)

	
The anomaly is much more significant for the Lushan earthquake, which may be attributed to the VLF receiver being much closer to the epicenter of the earthquake.




	(4)

	
The results of the nighttime fluctuation analysis also show two obvious anomalies on 10 April (4 days before Yushu earthquake) and 12 April (2 days before Yushu earthquake) between the transmitter (KHA) and the receivers (Ya’an).




	(5)

	
The simulated result illustrates that the received electric field from the VLF transmitters could change abnormally because of variation in bottom boundary of the ionosphere or variation in electron density in the ionosphere. However, the change induced by variation in bottom boundary of the ionosphere is remarkable. The same conclusion was obtained from the simulated results at different locations of ground receivers.




	(6)

	
Combining the observation and simulation, we conclude that the more plausible explanation is that the anomalies are induced by a depletion in D region caused by seismogenic activity, which lowers the effective height of the ionosphere in this event.




	(7)

	
Our simulation has demonstrated that terminator time shift could be induced by the descending of the bottom boundary of the ionosphere, which is due to the modal interference between different modes.







In this study, based on the analysis of sub-ionospheric VLF signals, the possible precursor activity of two strong earthquakes that occurred in western China (Yushu earthquake and Lushan earthquake) has been found. The difference in effective detection range determined by different detecting paths and different frequency signals may provide the basis for identifying the location of the ionospheric disturbance of the earthquake, which should be studied in detail in future. The full wave model was used to provide possible explanations into precursors that occurred prior to the Yushu and Lushan earthquakes.
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Figure 1. A sketch of the observation region. The three VLF transmitters in Russia denoted by black square, three receivers in China denoted by triangles (red for Ya’an, blue for Tonghai), the black pentagram represents the epicenter of the Yushu earthquake and the Lushan earthquake, the black dashed circle represents the preparation zone of the Yushu earthquake. The red and blue ellipse denotes the 5th fifth Fresnel region of frequency F1 (11.9 kHz). 
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Figure 2. (a) The A(t) represents current Ez amplitude between NOV and Ya’an on 7 April, the <A(t)> represents the average Ez amplitude of background (3 days). (b) shows the difference of Ez amplitude of A(t) and <A(t)> on 7 April, the black circles mark the selected nighttime data. 
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Figure 3. Nighttime fluctuation analysis around the Yushu earthquake on 14 April 2010 in red. The trend (T) (a,d), dispersion (D) (b,e), and fluctuation (F) (c,f) between NOV-Tonghai and Ya’an at F1 are shown separately. The horizontal line in each panel depicts the 2σ deviation criterion to define the anomalous day. 
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Figure 4. The Kp and Dst index during 1–20 April; the green histogram and curve indicate high geomagnetic activities and space weather activities and the pink dashed line denotes the original time of the Yushu earthquake. 
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Figure 5. Nighttime fluctuation analysis of KHA-Ya’an at F1, F2, and F3 around the Yushu earthquake on 14 April 2010, shown in red. The trend (T) (a,d,g), dispersion (D) (b,e,h), and fluctuation (F) (c,f,i) of the three frequencies are shown separately. The horizontal line in each panel depicts the 2σ deviation criterion to define the anomalous day; the red arrows mark the anomaly. 






Figure 5. Nighttime fluctuation analysis of KHA-Ya’an at F1, F2, and F3 around the Yushu earthquake on 14 April 2010, shown in red. The trend (T) (a,d,g), dispersion (D) (b,e,h), and fluctuation (F) (c,f,i) of the three frequencies are shown separately. The horizontal line in each panel depicts the 2σ deviation criterion to define the anomalous day; the red arrows mark the anomaly.



[image: Remotesensing 12 03563 g005]







[image: Remotesensing 12 03563 g006 550] 





Figure 6. The continuous amplitude of Ez (vertical component of electric field) observed during 8 April–21 April; the red rectangular box denotes the night time fluctuation and the red vertical bar represents the time of the Lushan earthquake. 
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Figure 7. Nighttime fluctuation analysis for the Lushan earthquake on 20 April 2013 is shown in red. The trend (T) (a), dispersion (D) (b), and fluctuation (F) (c) between NOV and Ya’an at F3 are shown separately. The horizontal line in each panel depicts the 2σ deviation criterion that defines the anomalous day. 
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Figure 8. The Kp and Dst index during 5–25 April 2013; the green histogram and curve indicate high geomagnetic activities and space weather activities, and the pink dashed line denotes the actual time of the Lushan earthquake. 
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Figure 9. The top panel (a) represents the continuous amplitude of Ez (vertical component of electric field) observed on 9 April. The bottom panel (b) shows the calculated Ez 2700 km away from the NOV transmitter. In (b), the blue solid line shows the calculated Ez under the original IRI profile on 9 April, when sunrise was LT 4:00; the red solid line with pentagrams shows the calculated Ez under the modified IRI profile, when the sunrise time shifted to LT 7:00. 
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Figure 10. The simulated Ez amplitude under three different bottom heights of ionosphere during 22-02 LT. The blue solid line represents the Ez amplitude under the original IRI profile (bottom height of the ionosphere is 80 km), the red solid line with pentagrams represents the Ez amplitude when the bottom height of the ionosphere ascends to 82 km, the blue solid line with asterisks represents the Ez amplitude when the bottom height of the ionosphere descends to 78 km. 
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Figure 11. (a) The red solid line with asterisks represents the difference in Ez amplitude when the bottom height of the ionosphere is 82 and 80 km, the black solid line with asterisks represents the difference in Ez amplitude when the bottom height of the ionosphere is 78 and 80 km. (b) shows the difference in Ez components between 7 April (A(t)) and the running mean(<A(t)>). The black circles mark the selected nighttime data. 
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Figure 12. The red solid line with asterisks represents the difference in Ez amplitude between the electron density (from 100 km to F2 region) set thrice and the original IRI profile. The blue solid line with asterisks represents the difference in Ez amplitude when electron density (from 100 km to F2 region) is set as 1/3 times and the original IRI profile. 
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Figure 13. The calculated Ez component of the electric field 1,350 km away from the NWC transmitter with 19.8 kHz. The blue solid line shows the simulated result when the sunrise time was set at LT 5:00 and sunset was at LT 19:00. The red solid line with pentagrams shows the simulated result when the sunrise time was set at LT 4:00 and the sunset time was at LT 20:00. 
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Figure 14. The figure shows the calculated Ez component of the electric field 2400 km (a) and 3000 km (b) from the NOV transmitter at 11.9 kHz. In (a), the blue solid line shows the simulated result under the original IRI profile; the red solid line with pentagrams shows the simulated result when the bottom height of the ionosphere descends at LT 11:00 2400 km from the NOV transmitter. In (b), the blue solid line shows the simulated result under the original IRI profile; the red solid line with pentagrams shows the simulated result when the bottom height of the ionosphere ascends at LT 11:00 3000 km from the NOV transmitter. 
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