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To quantitatively investigate the relationship between earthquakes and ionospheric anomalies, this paper presents a statistical study of pre-earthquake vertical total electron content (VTEC) variations. A total of 1522 shallow (≤60 km) strong (Mw≥6.0) earthquakes in the global area during 2000-2020 are selected, and classified according to different magnitudes, latitudes and focal depths. A quartile-based process with different lengths of sliding windows, equaling 10 days, 15 days and 27 days, respectively, has been utilized to detect VTEC anomalies. The abnormal level is first defined, and then VTEC anomalies occurrence probabilities ([image: image]) and occurrence rates ([image: image]) within 1-10 days before 1522 earthquakes have been calculated. Besides, VTEC anomalies occurrence rates of the background days (PN) are also calculated. The results show that the significant correlation between Po and epicentral latitudinal locations could be observed within 1-10 days before earthquakes. The values of Po increase with larger magnitudes in the equatorial and low-latitude regions, but decrease with greater magnitudes in the mid- and high-latitude regions to some degree. Within 1-5 days before earthquakes, the overall trend of [image: image] shows an increase with larger magnitudes, but the correlation between the values of [image: image] and magnitudes is relatively weak in the southern mid- and high-latitude regions. There is no evident causality between PN and the magnitude, and most of the values of [image: image] are larger than 1, indicating that VTEC anomalies within a few days before earthquakes are probably related with the forthcoming earthquakes. Moreover, when the abnormal level exceeds 60%, different sliding window lengths have a significant impact on the values of [image: image] and [image: image] in the mid- and high-latitude regions. In particular, there are obvious systematic deviations between the values of [image: image] obtained from different sliding windows in the southern mid- and high-latitude regions. However, the selection of the optimal sliding window needs to be further studied.
Keywords: shallow strong earthquakes, seismo-ionospheric anomaly, VTEC, statistical analysis, different lengths of sliding window
1 INTRODUCTION
The seismic process is not only confined to the lithosphere, but also has impacts on the troposphere, ionosphere and even magnetosphere through the electromagnetic fields effect. The ionospheric anomalies within a few days before the earthquakes are relatively stable at short time scales, and have been studied widely in the field of earthquake prediction (Pulinets and Boyarchuk, 2004; Liperovsky et al., 2008; Pulinets and Ouzounov, 2011). A large number of studies have shown that ionospheric perturbations before many earthquakes could be identified (e.g., Liu et al., 2001; Le et al., 2011; Zhu et al., 2014; Tang et al., 2015; Sun et al., 2016; Parrot and Li, 2018; Pulinets et al., 2021). The possible earthquake-related NmF2 (F2 layer peak electron density) and TEC anomalies have been widely discussed in recent decades (e.g., Nishihashi et al., 2009; Ma et al., 2014). Especially, because of the development of the Global Navigation Satellite system (GNSS), GNSS VTEC have attracted more and more attention in the investigation of the ionospheric variations prior to large earthquakes (Liu et al., 2004; Shah and Jin, 2015). For the first time, Liu et al. (2001) used GNSS(GPS) VTEC to study the ionospheric disturbance before the Chi-Chi earthquake, and found that the VTEC over the epicenter decreased significantly 1, 3 and 4 days before the earthquake. Later on, more and more scientists began to focus on GNSS VTEC variations before earthquakes, aiming to detect the potential ionospheric anomalies related to the forthcoming earthquakes. For example, Yao et al. (2012) analyzed ionospheric variations prior to the 2011 Mw9.0 Japan earthquake, and indicated that ionospheric anomalies occurring on 8 March might be a precursor of the earthquake; Ho et al. (2013) showed that TEC increased 9–19 days before the 2010 M8.8 Chile earthquake and specifically over the epicenter; Su et al. (2013) investigated ionospheric TEC variations before the Hector Mine earthquake, and found that ionospheric disturbance appeared just above the epicenter 5 days before the earthquake. These studies show that the GNSS TEC anomalies appear a few days before the earthquake with different magnitude and focal depth.
Over about 50 years of research, no consensus in the scientific community has been formed on the existence of ionospheric earthquake precursors (Rishbeth, 2006; Dautermann et al., 2007; Masci, 2012; Ovalle et al., 2013; Masci and Thomas, 2014; Zolotov et al., 2019). Dautermann et al. (2007) indicated that there was no statistically significant correlation between TEC anomalies and earthquakes in Southern California during 2003–2004; Kon et al. (2011) selected M≥6.0 earthquakes in Japan during 1998–2010, and found that significant positive TEC anomalies within 1000 km above the epicenter appeared within 1–5 days before the earthquakes. According to Masci (2012), the analysis of Kon et al. (2011) was not reliable because of the influence of global geomagnetic events. Ovalle et al. (2013) concluded that it remained controversial whether the observed NmF2 and TEC anomalies were unambiguously related to the 2010 M8.8 Chile earthquake. Background geomagnetic events may impact revealing the relationship between TEC anomalies and earthquakes.
To validate the relationship between ionospheric anomalies and earthquakes in response to the controversy, many scientists have undertaken a multitude of studies on the physical mechanism of generating ionospheric anomalies. Firstly, the morphological characteristics of ionospheric anomalies before a large number of earthquakes are summarized. For instance, Liu et al. (2004) analyzed Ms5.0+ earthquakes in Taiwan from 1999 to 2002, and found that obvious negative TEC anomalies occurred 5 days before the earthquakes. Le et al. (2011) made a statistical study of global 736 M≥6.0 earthquakes during 2002–2010, and proposed that occurrence rates of abnormal days are larger for earthquakes with greater magnitude and lower depth. De Santis et al. (2019) analyzed the electron density and magnetic field data from 3 Swarm satellites to detect possible anomalies associated with 1312 M≥5.5 shallow earthquakes from January 2014 to August 2018, and the results showed that anomalies occurred between a few days and 80 days before the earthquakes with larger peaks at around 10, 20 and 80 days, and supported the Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) with clear statistical significance. Shah et al. (2020) studied the ionospheric anomalies before the global Mw≥5.0 earthquakes from 1998 to 2019, and the results revealed that prominent ionospheric anomalies appeared within 5 days before and after the earthquakes. Based on the characteristics of ionospheric anomalies prior to a large number of earthquakes, the physical mechanisms of seismic LAIC have been extensively studied (Freund, 2011; Klimenko et al., 2012; Pulinets, 2012; Zolotov et al., 2012). For example, Freund (2011) proposed that positive holes released by stressed rocks are highly mobile and can reach the Earth’s surface, and then ionize the atmosphere and change the vertical electric field between the ground and the lower edge of the ionosphere. In addition, a large number of studies have shown that anomalous atmospheric electric field variations in the earthquake preparation zone are likely to be the main cause of ionospheric disturbance (Zhang et al., 2014; Jiang et al., 2017; Pulinets and Davidenko, 2018; Davidenko and Pulinets, 2019). For example, Namgaladze et al. (2009) proposed that vertical plasma motion in the ionospheric F2 region under the action of the zonal electric field is the main disturbance formation factor, and ionospheric anomalies before strong earthquakes at middle and low latitudes verified this mechanism. Liu et al. (2010) studied the crest of equatorial ionization anomaly (EIA) variations before 150 M≥5.0 earthquakes in Taiwan, and the results implied that the weak atmospheric electric field a few days before the earthquakes may cause the EIA crest anomalies.
Both the characteristics of ionospheric anomalies and the physical mechanisms of lithosphere-atmosphere-ionosphere coupling present diversity and complexity, and the influence factors may include magnitudes, focal depths, latitude and longitude of the epicenter, focal mechanisms, the weather, the season, solar and geomagnetic activity and so on. However, many studies focused on a single large earthquake, and there are relatively few statistical results based on a large number of earthquakes. The corresponding characteristics of the ionospheric anomalies are still not fully understood. In addition, a quartile-based process is the most common method for extracting ionospheric VTEC anomalies, but different authors use different numbers of days as the lengths of the sliding windows, such as, 10 days (e.g., Zhou et al., 2009; Zhu et al., 2014), 15 days (e.g., Liu et al., 2010; Ke et al., 2016; Liu and Xu, 2017), 27 days (e.g., Xu et al., 2011; Guo et al., 2015), etc. It should be noted that the effects of different sliding windows on the ionospheric anomalies are rarely studied (Zolotov et al., 2019). To solve the above problems, this study uses GIM VTEC to carry out a statistical analysis by studying the VTEC anomalies within 1–10 days before 1522 global shallow (≤60 km) Mw≥6.0 earthquakes during 2000–2020. The factors, including the magnitude, focal depth and the latitude of the epicenter are considered for all the earthquakes, and the effects of different sliding windows on ionospheric anomalies are investigated. Moreover, ionospheric anomalies during background days are also analyzed to compare with those prior to the earthquakes. This study aims at helping the research on the physical mechanisms of lithosphere-atmosphere-ionosphere coupling by summarizing the characteristics of ionospheric anomalies comprehensively, and determining whether different lengths of sliding windows affect ionospheric anomalies features.
2 DATA AND METHOD
2.1 Data source
The worldwide Mw≥6.0 earthquakes during 2000–2020 are selected to analyze ionospheric anomalies in this study. The data are retrieved from the Global Centroid Moment Tensor (CMT) Project (http://www.globalcmt.org/). The earthquakes selected in this study are declustered from aftershocks following the method of Michael (2011), and the earthquakes occurring at the similar location but with the short interval (<10 days) from the previous ones are also excluded to avoid possible confounded effects from adjacent earthquakes. Finally, 1522 shallow (≤60 km) earthquakes are selected, and Figure 1 illustrates epicenter locations of these earthquakes.
[image: Figure 1]FIGURE 1 | Locations of global 1522 Mw≥6.0 earthquakes during 2000–2020.
The GIM VTEC is derived using the observations from hundreds of global GNSS stations (Hernández-Pajares et al., 2009). The GIM covers [image: image] latitude and [image: image] longitude ranges with spatial resolutions of [image: image] and [image: image], respectively, and the time interval of the VTEC is 2 h. For each earthquake, the cell including the epicenter was selected as the point to analyze ionospheric VTEC anomalies. According to Dobrovolsky, (1979), the radius of the M6.0 earthquake preparation zone is about 380 km, corresponding to [image: image]. Therefore, the spatial resolution of GIM VTEC is sufficient to extract ionospheric anomalies using the nearest grid to the epicenter.
The equatorial geomagnetic activity index (Dst) data provided by the World Data Center for Geomagnetism, Kyoto (https://wdc.kugi.kyoto-u.ac.jp/) are used to represent the geomagnetic activity.
2.2 Statistical method
In this study, a quartile-based process is performed to detect ionospheric VTEC anomalies within 1–10 days prior to each earthquake. As the length of sliding window is limited by the seasonal variability of the ionosphere at longer timescales, 10, 15, and 27 days are chosen as the candidate lengths of sliding windows based on the previous studies. At each time point on any day, the median [image: image] is computed using the VTEC at the same time point within 10, 15, and 27 days before this day as the background value, respectively, and the associated inter-quartile range [image: image] is also obtained to construct the upper or lower bound [image: image]. If VTEC continuously exceeds the associated upper or lower bounds for at least 6 h during a day, this day would be considered as an anomalous day. Moreover, the abnormal level (AL) is defined as the percentage of the largest deviation from the median (Le et al., 2011). Ionospheric anomalies with AL<20% are regarded as the daily effects of solar activities (Le et al., 2011, Personal Communication), therefore, only ionospheric anomalies with AL>20% are analyzed in this study. In addition, the ionospheric anomalies with AL>40% and AL>60% (i.e., [image: image] with [image: image]) are also checked for the purpose of studying whether the characteristics of ionospheric anomalies are similar with different AL. If a day with Dst≤−40 nT or Dst≥40nT, this day and the following 3 days are excluded to avoid the interference of the magnetic disturbed activity. After removing the effects of daily solar activity and geomagnetic disturbance, ionospheric anomalies occurring on 1 day are recorded as the seismo-ionospheric anomalies.
After the analysis of seismo-ionospheric anomalies for each event, 1522 earthquakes are divided into three different latitudinal zones (as shown in Figure 1), and VTEC anomalies occurrence probabilities ([image: image]) and occurrence rates ([image: image]) will be investigated respectively. For each zone, the earthquakes are firstly classified by magnitudes in increments of 0.1 or by depths in increments of 20km, and then we calculate [image: image] and [image: image] of each group. [image: image] can be computed as the ratio of the number of earthquakes with seismo-ionospheric anomalies and the total number of earthquakes (Fujiwara et al., 2004), as shown in Eq. 1. In this equation, [image: image] and [image: image] are the number of earthquakes with seismo-ionospheric anomalies and the total number of all the earthquakes in each group, respectively. For example, in the group (Mw ≥ 6.5 in Zone A with AL>20%), [image: image] is the number of earthquakes with seismo-ionospheric anomalies divided by the total number of earthquakes.
[image: image]
The occurrence rates for the [image: image] th earthquake [image: image] can be calculated as the ratio of the number of the seismo-ionospheric abnormal days and the total quiet days: [image: image], and [image: image] is defined as the mean of [image: image], as shown in Eq. 2, derived from Le et al. (2011). In this equation, [image: image] is the number of earthquakes in each group (for example, Mw ≥ 6.5 in Zone A with AL>20%); [image: image] is the number of seismo-ionospheric days with different AL (for example, AL>20%) within the [image: image] days before the [image: image] th earthquake, and [image: image]; [image: image] is the number of magnetic disturbed days during the 1–10 days before the [image: image] th earthquake; [image: image] is the number of the seismo-ionospheric abnormal days divided by the number of the total quiet days before the [image: image] th earthquake.
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3 RESULTS AND DISCUSSIONS
3.1 Seismo-ionospheric anomalies occurrence probabilities
According to the method described above, we calculated [image: image] for earthquakes with different magnitudes and depths. Figure 2 shows [image: image] with AL > 20%, 40%, and 60% within 1–10 days before different magnitude earthquakes with the depth ≤20, ≤40, and ≤60 km, respectively. It can be seen from Figure 2 (left), there is no significant correlation between the values of [image: image] and the magnitude for the earthquakes of 6.0≤Mw < 6.5 in all three zones. There are larger values of [image: image] in Zone A for larger magnitude earthquakes of Mw≥6.5, but the values of [image: image] decrease with the magnitudes increasing in Zone B and C for Mw≥6.5 earthquakes to some extent. The values of [image: image] in Zone A are higher than those in the other zones for Mw≥6.7 earthquakes, and all the results in Zone A are larger than those in the other zones with AL>20% and AL>40%. Ionospheric enhancements in equatorial regions may be the main reason (Liu et al., 2010; Shah et al., 2020). However, the results in Zone C for 6.0≤Mw < 6.7 earthquakes are higher than those in the other two zones with AL>60%. It needs to note that for the earthquakes in the mid- and high-latitude regions, other magnetic indices are not considered except the Dst index. So we compared the variations of the Kp index and Dst index, and found that if Kp=4 is chosen as the threshold value, the impact of not considering Kp can be ignored. But for the earthquakes in the high-latitude regions (as shown in Table 1), the number of disturbed day based on the AE index (>500 nT) is larger than that based on Dst. That is, external magnetic fields contamination is still probably not excluded in this study for these 51 earthquakes in Zone B and Zone C. However, the most of values of [image: image] in Zone A are still higher than those in other zones. It indicates that the latitude of the epicenter has a significant influence on the [image: image], that is, the results of the low-latitude and equatorial regions are higher than those of the mid- and high-latitude regions. To a certain extent, [image: image] increases with the magnitude increasing in the low-latitude and equatorial region, while [image: image] decreases with the magnitude increasing in the mid- and high-latitude region.
[image: Figure 2]FIGURE 2 | Seismo-ionospheric anomalies occurrence probabilities of AL>20%, 40%, and 60% with different magnitudes (A, C, E) and depths (B, D, F), respectively (15-day sliding window). (A, C) are the results in Zone A. (C, D) are the results in Zone B. (E, F) are the results in Zone C.
TABLE 1 | The difference of disturbed days based on Dst and AE before 51 Earthquakes at high latitudes.
[image: Table 1]According to Figure 2 (right), one can find that the values of [image: image] decrease in Zone A and C, and increase in Zone B slightly, with depths increasing. The maximum difference of [image: image] between different depths in Zone A, B and C was 0.0075, 0.0372 and 0.0291, respectively. Therefore, it reveals that for shallow earthquakes (≤60 km), the influence of depths on [image: image] could be ignored. For the case of AL>20% or AL>40%, the results of Zone A are the largest, followed by those of Zone B. For the case of AL>60%, the results of Zone C are the largest, while the rest two zones have no significant difference. Therefore, selecting different AL has an obvious impact on [image: image] in different zones with different magnitudes and depths. Considering that all the earthquakes in this study are shallow earthquakes, the impact of different depths will not be further investigated in the following sections.
To study the effects of different lengths of the sliding windows on [image: image], Figure 3 shows the differences between the results of different sliding windows, indicating the effect of sliding window length on latitudinal zones, that is, the most affected zones are Zone C, B and A in decreasing order. For the earthquakes in the southern mid- and high-latitude region (Zone C), compared with the results of 15-day sliding window: 1) the results of 10-day or 27-day sliding window are systematically increased, and the differences are larger using 27-day sliding window; 2) For the cases of AL>20% or AL>40%, most of the relative changes are less than 20%, while the maximum difference and relative change can reach 0.16% and 80%, respectively with AL>60%. Moreover, the differences increase with the increase of the magnitude selecting AL>60%.
[image: Figure 3]FIGURE 3 | The differences and relative changes of seismo-ionospheric anomalies occurrence probabilities between the results of different sliding windows. (A, C, E) show the difference between the results of 10-day and 15-day sliding windows in Zone A, Zone B and Zone C, respectively. (B, D, F) show the difference between the results of 27-day and 15-day sliding windows in Zone A, Zone B and Zone C, respectively.
For the earthquakes in the northern mid- and high-latitude region (Zone B), compared with the results of 15-day sliding window: 1) most differences are random, and are also greater using 27-day sliding window; 2) For the cases of AL>20% or AL>40%, most relative changes are between −6% and 10%. For the cases of AL>60%, the 27-day results increase systematically, and the maximum difference and relative change can reach 0.092% and 35.71%, respectively.
For the earthquakes in the low-latitude and equatorial region (Zone A), compared with the results of 15-day sliding window: 1) the results vary systematically using the 27-day sliding window; 2) For the cases of AL> 20% or AL>40%, most relative changes are between −8% and 8%. For the cases of AL>60%, the 27-day results increase systematically and the differences decrease with the magnitude increasing, with the maximum difference and relative change reaching 0.039% and 19.59%, respectively.
When AL > 20% or AL > 40% is selected to extract seismo-ionospheric anomalies, most of the relative changes of different sliding window are under 20%. In this study, GIM produced by the Jet Propulsion Laboratory (JPL) is used, and the error of VTEC estimation during the creating process of global maps by JPL is about 10%–17% (Zakharenkova et al., 2008). Therefore, for the case of AL > 20% or AL > 40%, different lengths of sliding windows have a statistically insignificant influence on [image: image]. When AL>60% is selected, different lengths of sliding windows have non-negligible impacts on [image: image] in the mid- and high-latitude region, particularly in the southern Hemisphere where there are obvious systematic deviations between the results of different sliding windows. The reasons for the observed systematic deviations may include: 1) the real effects of different lengths of sliding windows; 2) the number of GNSS stations in the southern Hemisphere is smaller than those in the northern Hemisphere, resulting in larger error of VTEC in the southern Hemisphere; 3) the number of earthquakes in Zone C is the smallest. 4) external magnetic fields contamination is still probably not excluded in this study for some earthquakes in Zone B and Zone C (Table 1). However, it can be noted that in Zone A, there are also obvious systematic deviations between the results of 15-day and 27-day sliding windows, indicating the influence of different sliding window lengths cannot be ignored.
Figure 4 shows the Index Number in percentage of the seismo-ionospheric anomalies within 1–10 days before the earthquakes. The Index Number is calculated as the ratio of the cumulative number of seismo-ionospheric anomalies in a single day and the total number of seismo-ionospheric anomalies (Shah et al., 2020). The Index Number enhances within 5 days before the earthquakes in all the three zones, especially in Zone A and B. Figures 5, 6 show the differences and relative changes between the results of different sliding windows. It can be seen that the differences between the results of different sliding windows are random, and are larger between the results of 15-day and 27-day sliding windows. The differences are smallest in Zone A, followed by Zone B. The differences raise with AL increasing. For the case of AL>20% or AL>40%, compared with the results of 15-day sliding window, the most of relative changes are between −20% and 25%. For the case of AL > 60%, the differences are more significant, as the relative changes can exceed 50% in all the three zones. So when AL>60% is selected, the impacts of different sliding windows on the Index Number can not be neglected.
[image: Figure 4]FIGURE 4 | The Index Numbers of the seismo-ionospheric anomalies within 1-10 days before the global earthquakes during 2000-2020 (15-day sliding window). (A, C, E) are the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) are the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
[image: Figure 5]FIGURE 5 | The differences and relative changes of the Index Numbers of the seismo-ionospheric anomalies between the results of 10-day and 15-day sliding windows. (A, C, E) represent the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) represent the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
[image: Figure 6]FIGURE 6 | The differences and relative changes of the Index Numbers of the seismo-ionospheric anomalies between the results of 27-day and 15-day sliding windows. (A, C, E) represent the results of 6.0≤Mw<6.5 in Zone A, Zone B and Zone C, respectively. (B, D, F) represent the results of Mw≥6.5 in Zone A, Zone B and Zone C, respectively.
3.2 Seismo-ionospheric anomalies occurrence rates
According to Eq. 2, seismo-ionospheric anomalies occurrence rates [image: image] are obtained for all the three zones. Figure 7 shows [image: image] with AL>20%, AL>40% and AL>60% within 1–10 days before different magnitude earthquakes. We found that the larger magnitude of earthquakes and the closer prior to the earthquake occurrence, the larger values of [image: image]. For instance, the value of [image: image] increases from 26.82% for Mw≥6.0 earthquakes to 31.29% for Mw≥7.0 earthquakes 1 day before the earthquakes. It can be seen that the correlation is not obvious between the values of [image: image] in Zone C and the magnitude with AL>60%. It needs to be taken into account with the time (for example, 1–5 days prior to the earthquakes) and the latitude of the epicenter (for example, in the low-latitude and equatorial region) that the values of [image: image] increase with the magnitude increasing. In addition, as mentioned in the previous section, the number of earthquakes is smaller and the errors of VTEC are larger in Zone C, so the results in Zone C could be biased to some extent. Besides, the effects of external magnetic fields contamination for some earthquakes in Zone B and Zone C may not be excluded, which would also bias the results.
[image: Figure 7]FIGURE 7 | Seismo-ionospheric anomalies occurrence rates of AL>20%, 40%, and 60% within 1-10 days before earthquakes of Zone A (A, D, G), Zone B (B, E, H), and Zone C (C, F, I), respectively (15-day sliding window).
Figures 8, 9 represent the [image: image] differences of the results using different sliding windows. For Zone A, different sliding window lengths have little influence. For Zone B, compared with the results of the 15-day sliding window, the values of [image: image] significantly increase for Mw≥6.7 earthquakes using 27-day sliding window. For Zone C, the differences of the results of different sliding windows are larger than those in the other zones without systematic pattern. Therefore, it indicates that the impacts of sliding window lengths are related to the latitude of the epicenter. Different sliding windows should be selected to investigate the earthquakes in different zones. For Zone A, 10-day, 15-day and 27-day sliding windows may be selected arbitrarily. For Zone B, 27-day sliding window may be a better choice. But the selection of the optimal sliding window for Zone C still needs further research in the future.
[image: Figure 8]FIGURE 8 | The differences of seismo-ionospheric anomalies occurrence rates between the results of 10-day and 15-day sliding windows. (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
[image: Figure 9]FIGURE 9 | The differences of seismo-ionospheric anomalies occurrence rates between the results of 27-day and 15-day sliding windows. (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
To compare the difference between the seimo-ionospheric anomalies a few days before the earthquakes and the day-to-day ionospheric variation, the ionospheric anomalies occurrence rates during background days [image: image], as shown in Eq. 3, derived from Le et al. (2011), are also calculated. For each earthquake, 61–300 days before this earthquake are selected as the background days, and disturbed days [image: image] by geomagnetic storms and by the Mw≥6.0 earthquakes at the adjacent places are also excluded.
[image: image]
In this equation, [image: image] is the number of earthquakes in each group (for example, Mw ≥ 6.5 in Zone A with AL>20%); [image: image] is the number of seismo-ionospheric days with different AL (for example, AL>20%) during the 61–300 days before the [image: image] th earthquake; [image: image] is the number of disturbed days.
Figure 10A shows the values of [image: image] for different magnitude earthquakes. The results are smaller than those of [image: image], and seem to decrease very slightly with the magnitude increasing. The effects of different latitudinal locations and AL on the values of [image: image] is insignificant. Figures 10B, C) presents the differences of [image: image] derived from different sliding window lengths are obviously systematic, and are related to AL. For example, when AL > 20% is assumed, all the results of 27-day sliding window are reduced compared with those of 15-day sliding window. Therefore, different sliding window lengths have a systematic effect on the values of [image: image].
[image: Figure 10]FIGURE 10 | (A) Ionospheric anomalies occurrence rates of A >20%, 40%, and 6% during background days; (B) The differences of ionospheric anomalies occurrence rates between the results of 10-day and 15-day sliding windows; (C) The differences of ionospheric anomalies occurrence rates between the results of 27-day and 15-day sliding windows.
Figure 11 shows the ratio of [image: image] and [image: image] with different magnitude using 15-day sliding window. The results show that most of the values of [image: image] are larger than 1, indicating large differences of the occurrence rates between the days prior to earthquakes and the background days.
[image: Figure 11]FIGURE 11 | The ratio of the seimo-ionospheric anomalies occurrence rates within 1-10 days before the earthquakes to the ionospheric anomalies occurrence rates during background days (15-day sliding window). (A, D, G) represent the results in Zone A. (B, E, H) represent the results in Zone B. (C, F, I) represent the results in Zone C.
4 CONCLUSION
Both the latitude of the epicenter and the magnitude can affect the characteristics of seismo-ionospheric anomalies before shallow earthquakes. In terms of seismo-ionospheric anomalies occurrence probabilities [image: image], ionospheric enhancement in the low-latitude and equatorial region is more significant (Zone A), and their [image: image] are larger with the magnitude increasing, especially for Mw≥6.6 earthquakes; in the mid- and high-latitude region (Zone B and C), a slight negative correlation is presented between the values of [image: image] and the magnitude. In terms of seismo-ionospheric anomalies occurrence rates [image: image], the values of [image: image] increase with the magnitude increasing in all the three zones, but the correlation between the values of [image: image] and the magnitude is faint in Zone C. Because of the small number of earthquakes and the low accuracy of VTEC in Zone C, the reliability of the results still needs to be further studied and confirmed.
Both the number of days before earthquakes and the AL can affect the characteristics of seismo-ionospheric anomalies before shallow earthquakes. The number of seismo-ionospheric anomalies within 1–5 days before the earthquakes increases significantly in all the three zones, and the positive correlation between the values of [image: image] and the magnitude is more strong within 1–5 days before the earthquakes. For the case of AL>20% and AL>40%, the values of [image: image] in the low-latitude and equatorial region are higher than those in the mid- and high-latitude region; For the case of AL>60%, the values of [image: image] in the southern mid- and high-latitude region are higher than those in the other zones before 6.0≤Mw < 6.7 earthquakes. Therefore, when seismo-ionospheric anomalies in different regions are analyzed, the choice of AL may affect the outcome significantly.
For the mid- and high-latitude region, the effects of different lengths of sliding windows on seismo-ionospheric anomalies can not be ignored. For the case of AL>60%, different sliding windows have a significant impact on the values of [image: image] and [image: image], and there are systematic deviations between the values of [image: image] using different sliding windows in the southern mid- and high-latitude region. However, the selection of the optimal sliding window needs to be further studied, especially for the Zone C.
Moreover, there are large differences between the seismo-ionospheric anomalies occurrence rates [image: image] 1–10 days prior to the earthquakes and ionospheric anomalies occurrence rates [image: image] during the background days, indicating that the seismo-ionospheric anomalies within just a few days before the earthquakes are probably related with the forthcoming earthquakes. The 1522 earthquakes in this study are divided into multiple groups, resulting in the small number of earthquakes in some groups, and the accuracy of VTEC in different regions is uneven, which may bias the results in this study. Although the earthquakes occurring at the similar location but with the short interval (<10 days) from the previous ones are excluded, some earthquakes occurring close to their boundaries in two confining zones may also have some confounded effects on the results. Besides, whether a pixel of [image: image] is appropriate for the earthquakes larger than Mw6.0 needs to be further studied.
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