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Cosmic rays (CRs) are considered the primary energetic particle source of atmospheric ionization on Earth. Under the modulation of severe solar eruption events, CR variations are further speculated to impact the Earth's lightning activities. Previous researches show that CR intensity and lightning incidence are positively correlated on the time scale of several days to decades. However, to our knowledge, the global lightning response to short-term CR variation has not been studied in the literature. Ground level enhancements (GLEs) provide the opportunity to study such a possible link. As a small fraction of solar energetic particle events that could reach the energy level of several GeVs, GLEs can thus generate atmospheric cascades that could be recorded by ground-based neutron monitors. Furthermore, as GLEs generally take place within several 10 min to an hour, the lightning variations caused by potential meteorological factors could be maximally diminished in such a short time. During the operational period of the World Wide Lightning Location Network (Aug 2004 to now), three typical GLEs with the intensity >15% are analyzed from the International GLE Database, namely #69 (Jan 20, 2005), #70 (Dec 13, 2006), and #71 (May 17, 2012). For each GLE event, the global lightning incidence presents a positive response to GLE (i.e., a significant enhancement within 20 min right after the GLE onset). Meanwhile, the relative amplitude of lightning response seems to be in direct proportion to GLE intensity (i.e., the more intensive the GLE is, the more obvious the increase in the lightning incidence is), which is further verified to be statistically significant by Monte Carlo test. By comparing lightning responses in different latitudinal zones, we find that more intensive lightning responses to GLEs seem to be at higher latitudes.
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INTRODUCTION

The influence of space weather variation on the Earth's atmospheric electrical environment has consistently captured attention in recent years. Cosmic rays (CRs), including Galactic Cosmic Rays (GCRs) and Solar Energetic Particles (SEPs), are considered the primary source of energetic particle originating from the extraterrestrial space and impinging upon the Earth's atmosphere [1]. GCRs, modulated by solar activities, are found to be the main source of atmospheric ionization, which continually interact with atomic nuclei in the air and generate secondary particles [2]. A small fraction of SEP events, which are identified as Ground Level Enhancements (GLEs), tend to affect atmospheric ionization by sporadic penetrations into the atmosphere during explosive energy releases of severe solar activities.

A GLE event generally possesses the energy of several GeV and generates atmospheric cascades which could be recorded by ground-based neutron monitor (NM) stations [3]. A series of studies by Mishev et al. [4–7] demonstrate that GLEs, especially the most extreme ones, have a significantly positive effect on the short-time variation of the atmospheric ionization at high-altitudes of around 12–18 km in polar and sub-polar regions. Moderate or even negative responses are found at middle- and low-latitudes due to the accompanying Forbush Decreases (FDs). Similar results are found by Usoskin et al. [8] and Velinov et al. [9]. In addition to atmospheric ionization, the major GLEs are also claimed to result in a larger air conductivity and further create significant variations in the strength of the electric field, especially in its vertical component [10–14]. Recently, Golubenko et al. [15] find that an extreme SEP event could lead to a large increase in fair-weather downward current density on a global scale. Such variations do not only exist in the upper atmosphere above thunderstorms, but also extend down to the ground level. Changes in atmospheric ionization and electric field resulting from GLEs may eventually apply to the global electric circuit by inferred effects on cloud microphysics, thunderstorms, and other climate parameters, etc. [16–20].

Lightning is a proxy for the variation in the Earth's atmospheric electrical environment. Although primarily maintained by meteorological factors, lightning is also speculated to be positively modulated by GCRs [21–24]. Most studies mainly focused on the timescale of several days to several decades, especially on FDs [25, 26]. However, to our knowledge, lightning response to short-term CR variation has not been studied in the literature. GLEs provide a good opportunity to focus on such a possible link between CRs and atmospheric processes. On one hand, GLEs present the increasing phases of CR variation, which could be in contrast with the decreasing phases presented by FDs. On the other hand, as GLEs generally occur within several 10 min to an hour, the potential effects of meteorological factors on lightning could be maximally diminished within such a short time.

In this study, we focus on the responses of lightning incidence to SEP intensity during GLE events. The GLE events are selected from the International GLE database and the lightning data are obtained from the World Wide Lightning Location Network (WWLLN). Section 2 introduces the data sets and methodology. Section 3 gives the results of the lightning responses to GLEs and Monte Carlo tests, including some brief discussions. Section conclusion summarizes our work.



DATA SETS AND METHODOLOGY

The WWLLN1 has been continuously providing global lightning detection at ground level since August 2004. Being operated by the University of Washington (USA) and the University of Otago (New Zealand), it currently has over 70 sensors which are generally uniformly distributed at distances over thousands of kilometers around the globe. These sensors identify lightning transients and process sferic wave packets in the very-low-frequency band (100 Hz−24 kHz) [27]. Using Time of Group Arrival (TOGA) analysis, each lightning stroke location requires the TOGA from at least five sensors [28]. Typically, only about 15–30% of lightning strokes detected by one sensor are detected by five or more [29]. In addition, the detection efficiency of the WWLLN is in direct proportion to the peak current intensity of lighting return strokes [30], which is now up to 80% of the strokes above 50 kA peak current. Thus, the following results are mainly valid for the lightning strokes with the peak current above 50 kA.

The International GLE database2 collects and archives neutron counting rates concerning GLEs from the worldwide NM network [31]. The NM network has been successively monitoring GLEs since the 1950's. The first and strongest event detected on Feb 23, 1956 was recorded as GLE number 5 (#5). The following events are numbered consecutively. There are five identified GLEs during the operational period of the WWLLN, namely #68 (Jan 17, 2005), #69 (Jan 20, 2005), #70 (Dec 13, 2006), #71 (May 17, 2012), and #72 (Sep 10, 2017). In this study, only the GLEs satisfying the following criteria are analyzed:

1. The largest enhancement in neutron counting rate observed by some NM station during the GLE event is required to be >15%.

2. The increasing phase of the GLE event is evident, and its rising time is required to be <30 min.

Thus, three GLEs, #69 (Jan 20, 2005), #70 (Dec 13, 2006), and #71 (May 17, 2012), are selected and analyzed in this study. The largest enhancement in neutron counting rate is 4808.95% (#69, observed by SOPB), 92.1% (#70, observed by OULU), and 17.3% (#71, observed by SOPO), respectively. The corresponding rising time is 10, 20, and 20 min, respectively.

To present the general variation characteristics of a GLE event, we further use the average neutron counting rate of several NM stations which are close to the areas with a high incidence of lightning during each GLE. The GLE intensity, defined as the average enhancement in neutron counting rate observed by these selected NM stations, is 40.0% (#69), 9.5% (#70), and 3.9% (#71), respectively. Since both the lightning distribution and NM stations in operation change over time, the stations used for each GLE event are different, as listed in Table 1.


Table 1. NM stations used to determine the average SEP variation for the three GLEs.
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Relative variations of lightning incidence in 1.5 h for these three GLEs are investigated, from 20 min before the GLE onset to 70 min later than that. During this period, relative variations of lightning incidence are obtained by dividing the number of lightning strokes in every 10 min by the value in the first 10-min after the GLE onset. Similarly, relative variations of the neutron counting rate are obtained with a temporal resolution of 5 min. To maximally reduce the potential effects of meteorological factors, we focus on the lightning response within 20 min after the GLE onset and define the value in the second 10-min after the GLE onset as the lightning response intensity.



RESULTS


Case Analysis

Figure 1A shows the results during GLE #69. The relative variation in SEP, represented by the red line, rapidly increases to its peak value within 15 min after the GLE onset at 06:55, giving the GLE intensity of 40.0%. After the GLE onset, the lightning incidence histogram also presents a significant enhancement within 20 min, giving the lightning response intensity of 1.37. During the SEP recovery, the lightning incidence presents some relatively minor fluctuations. This indicates that short-term SEP intensity enhancement during a GLE event may lead to a sharp and timely increase in global lightning incidence.


[image: Figure 1]
FIGURE 1. (A) Lightning response during GLE #69 (Jan 20, 2005). The red line represents the relative change of 5-min neutron counting rates, the gray bars represent the relative variation of 10-min lightning incidence. (B) Results of the Monte Carlo test in 2005. The total number of tests is 9,000. The blue solid line represents the mean value, the blue dotted line represents the value at 95% confidence level, and the red dashed line represents the observed lightning response intensity.


To further verify the reliability of the above lightning response to GLE #69, a Monte Carlo test is conducted as follows. Firstly, we randomly select a 20-min interval in 2005. Secondly, we determine the relative change of global lightning in this interval. Thirdly, we repeat such processes by 9,000 times, getting the histogram distribution of relative change of lightning incidence in 2005, as shown in Figure 1B. The relative change in lightning incidence is generally between 0.6 and 1.4, with both the peak and mean value close to unity, presenting a normal distribution. The lightning response intensity during GLE #69 is 1.37, satisfying the requirement of the 95% confidence level (1.25) to a fairly large extent. Thus, such a positive response of lightning incidence to GLE #69 is statistically significant.

Lightning variations during GLE #70 and #71 are analyzed in the same way. As shown in Figure 2A, the corresponding intensity of GLE #70 is about 9.5%. The onset time is 03:05, with an increasing phase of about 25 min. During this period, the lightning incidence also increases simultaneously until 03:35, with a more rapid growth within the first 20 min, giving the lightning response intensity of 1.11. After that, the lightning incidence generally presents a similar decreasing trend following the recovery of SEP despite some fluctuations. Overall, there is a relatively evident positive response of lightning during GLE #70. Similarly, a Monte Carlo test is performed for this event and further demonstrates the statistical significance of this relation. As shown in Figure 2B, the lightning response intensity of GLE #70 satisfies the requirement of the 85% confidence level.


[image: Figure 2]
FIGURE 2. (A) Lightning response during GLE #70 (Dec 13, 2006). (B) Results of the Monte Carlo test in 2006. The blue dotted line represents the value at 85% confidence level.


As shown in Figure 3A, the onset time of GLE #71 is 01:55. During this event, the relative change in SEP reaches its maximum of 3.9% within 25 min after the GLE onset. Global lightning incidence keeps increasing until 02:35, giving the response intensity of 1.03. It then presents minor fluctuations during GLE recovery. Similarly, the positive response of lightning is further verified by the Monte Carlo test. As shown in Figure 3B, the lightning response intensity of GLE #71 also satisfies the requirement of the 80% confidence level.


[image: Figure 3]
FIGURE 3. (A) Lightning response during GLE #71 (May 17, 2012). (B) Results of the Monte Carlo test in 2012. The blue dotted line represents the value at 80% confidence level.


According to the case analysis for the three GLEs, global lightning incidence presents a positive response to SEP rapid enhancement during a GLE event. Meanwhile, as the GLE intensity varies from 40.0% (#69) to 9.5% (#70), and then to 3.9% (#71), the corresponding lightning response intensity decreases from 1.37 to 1.11, and then to 1.03, so does the satisfied confidence level of each Monte Carlo test (95, 85, and 80%). This indicates that the lightning response intensity seems to be in direct proportion to the GLE intensity. A plausible physical mechanism is speculated as follows. The atmospheric ionization rate during GLEs increases through the avalanche of particles with high energies [e.g., [4, 5]], which further intensifies the air conductivity and the atmospheric electric field [e.g., [10, 12, 14, 15]]. Such variations in the atmosphere might eventually apply to the global electric circuit [e.g., [18–20]]. As an essential part of the electric circuit, lightning strokes are thus more likely to be triggered during GLEs.



Latitudinal Effect

To investigate the latitudinal effect, we study the lightning response intensities in different latitudinal zones. For the three GLE events, most of the lightning strokes (94.0–99.5%) locate between 40°S and 40°N. To make the comparison of sufficient statistical significance, we roughly divide the global lightning activity into two latitudinal zones. One is at low latitudes (20°S-20°N), the other is at the middle to high latitudes (>20°S or >20°N).

Table 2 gives the results of lightning response intensity in different latitudinal zones. For GLE #69, the lightning response intensity is 1.14 at low latitudes and increases to 1.86 at higher latitudes. For GLE #70 and GLE #71, the values are 1.05 vs. 1.32 and 1.02 vs. 1.05, respectively. The lightning response intensity is greater at higher latitudes.


Table 2. Lightning response intensities in different latitudinal zones for the three GLEs.
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SEP flux during GLEs is subject to the cutoff rigidity varying in phase with the Earth's geomagnetic latitude. The larger SEP flux at higher latitudes is more likely to affect the lightning activity accordingly. As shown in Figure 4, the GLE intensity for the three GLEs indeed generally increases with the geomagnetic latitude of NM stations. Thus, it is reasonable to find lightning responses more intensively at higher latitudes during GLEs. As for the low latitudes, we speculate that GLEs might indirectly affect the lightning activity through the global electric circuit, which still needs to be verified in the future.


[image: Figure 4]
FIGURE 4. Relation between geomagnetic latitude and GLE intensity for (A) GLE #69, (B) GLE #70 and (C) GLE #71. The black points represent all the NM stations which observed the corresponding GLE event. The black dashed line represents the linear fitting relation between geomagnetic latitude and GLE intensity for each event.





CONCLUSION

GLEs generally take place within several 10 min to an hour. During such a short time, the interferences of potential meteorological factors could be maximally diminished when studying the effect of CRs on global lightning activities. To our knowledge, no previous works have been done in the literature focusing on the short-term lightning response to GLEs. In this study, we investigate the lightning responses to three typical GLEs (#69, #70, and #71), aiming to provide some new observational evidence for the possible link between CRs and atmospheric processes. The major results are summarized as follows:

(1) Global lightning incidence presents a significant enhancement within 20 min right after the GLE onset.

(2) The relative amplitude of lightning response seems to be in direct proportion to GLE intensity, which is further verified to be statistically significant by the Monte Carlo test.

(3) Lightning response to GLE seems to be more intensive at higher latitudes.

As the detection efficiency of the WWLLN is up to 80% of the lightning strokes above 50 kA peak current [30], our results are mainly valid for the lightning strokes with a peak current above 50 kA. Meanwhile, only three GLE events with the relative intensity >15% and the rising time <30 min are studied during the operational period of the WWLLN. To further verify the effect of GLEs on the global lightning activities in the timescale of several 10 min, a comprehensive statistical survey is needed in the future. Besides, regional lightning responses during GLEs are worthy of specialized investigations as well.
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