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Abstract

:

Gravity waves (GWs) generated in the lower atmosphere can propagate upwards to ionospheric height. In this study, we investigated the correlation between ionospheric GWs detected by Global Navigation Satellite System (GNSS)-derived total electron content data and thunderstorm events recorded by a local lightning-detection network in the low-latitude region of Southern China during a four-year period, from 2014 to 2017. Ionospheric GWs were detected on both thunderstorm and non-thunderstorm days. Daytime ionospheric GW activity on high-thunderstorm days showed a similar convex-function-like diurnal variation to thunderstorm activity, which is different to the concave-function-like pattern on non-thunderstorm days. Daytime ionospheric GW activity on low-thunderstorm days showed an approximately linear rising trend and was of a larger magnitude than that of high-thunderstorm days, suggesting it may be mixed by non-thunderstorm origins. Night-time enhancement of ionospheric GW activity was observed on thunderstorm days but not on non-thunderstorm days. Furthermore, ionospheric GW activity on thunderstorm days showed a positive correlation to solar activity. These findings can effectively distinguish thunderstorm-related ionospheric GWs from those of non-thunderstorm origins and provide more comprehensive knowledge of thunderstorm–ionosphere coupling in low-latitude areas.
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1. Introduction


Gravity waves (GWs) are a crucial part of the dynamics process of the atmosphere [1]. GWs influence the distribution of atmospheric winds and temperature by transferring energy and momentum between different atmospheric layers [2,3]. When they propagate upwards to ionospheric height and interact with ionospheric plasma, the plasma density is perturbed (electron density is also changed on the basis of the charge conservation law) and generates so-called ionospheric disturbances [4,5]. Here, we call the GW signals of ionospheric disturbances ionospheric GWs. Studies have shown that various origins, including solid earth events, such as earthquakes and tsunamis [6,7,8,9], and tropospheric weather events, such as typhoons, penetrative convections, and jet streams [10,11,12], can trigger GWs and propagate upwards to ionospheric height.



Thunderstorms, as a kind of commonly occurring tropospheric weather event, have attracted the focus of scientific communities associated with the generation and distribution of ionospheric GWs. Pierce and Coroniti [13] first associated GWs with thunderstorm–ionosphere coupling in the 1960s. In recent decades, with the development of ionospheric detection technologies, especially the high spatial and temporal resolution of the Global Navigation Satellite System’s (GNSS) total electron content (TEC) data, many thunderstorm-related ionospheric GWs have been reported. Thunderstorm-related ionospheric GWs were reported at different altitudes in the D [14,15,16] and F regions [17,18,19], and at different latitudes, including both middle-latitude [20,21] and low-latitude [22] areas.



Most reported studies on thunderstorm-related ionospheric GWs are based on single or several cases. In order to better understand the correlation between ionospheric GWs and thunderstorm events, a statistical study using large amounts of data is necessary. Lay et al. [23] performed three months of statistical research comparing ionospheric GWs observed by GNSS TEC with Next Generation Weather Radar thunderstorm measurements in the middle-latitude Great Plains of the United States. They indicated that the disturbed coverage and amplitude of ionospheric GWs scaled with thunderstorm activity, both high and low activities. In addition, Lay [24] employed a similar method to a low-latitude area in South America and concluded that thunderstorms can exert a noticeable effect on the coverage and magnitude of ionospheric GWs. Statistical studies with several months of data by Lay et al. [23] and Lay [24] showed a correlation between ionospheric GWs and thunderstorm events. However, more long-term data, not only on thunderstorm days (high thunderstorms and low thunderstorms) but also on non-thunderstorm days, should be analyzed to strengthen this correlation, especially in low-latitude areas, due to complex plasma dynamics. In addition, the study area in the low latitudes of the northern hemisphere was not involved.



In this study, we investigated the correlation between ionospheric GWs and thunderstorm events in the low latitudes of the northern hemisphere using four-year GNSS TEC data and thunderstorm data from Southern China. According to a local lightning-detection network, this area has tremendous thunderstorm events in spring and summer.




2. Data and Methods


2.1. Data


Thunderstorm and GNSS data from 2014 to 2017 were employed in the study. According to the solar-flux index, 2014 was a high activity year and 2017 was a low activity year (https://www.swpc.noaa.gov/). Thunderstorm data were detected by a local lightning-detection network that we developed and established in Southern China (magenta points in Figure 1a). The lightning-detection network can provide the location and magnitude of thunderstorm activity. The GNSS observation data with a 30 s sampling were collected from the public website of the Hong Kong Geodetic Survey Services (https://www.geodetic.gov.hk/; red points in Figure 1b). Here, multi-system GNSS data, including Global Positioning System (GPS) and GLObal NAvigation Satellite System (GLONASS), were employed to increase data coverage. BeiDou System (BDS) data have been available since 2016 and were not used in this study to maintain data-coverage consistency across all years [25,26]. Considering that the distance between adjacent stations was only about 8–15 km, only three stations, HKKT, HKNP, and HKOH, located in the north, west, and east of the network, were selected. The study area is located in the low latitudes of the northern hemisphere, from 106° to 122° East, and 14° to 30° North (red rectangle in Figure 1a), which was selected according to data coverage.




2.2. Methods


The ionospheric TEC series was calculated by the geometry-free combination of dual-frequency GNSS carrier phases for each satellite–receiver pair [27]. The cut-off elevation angle was set as 20° for each satellite–receiver pair. A single-layer model in Schaer [28] with a height of 350 km was used to compute the ionospheric pierce point position. We employed the second-order center difference method to eliminate the background trend in the TEC series and extracted the ionospheric disturbance series [29].



The amplitude of a wave with period T is multiplied by 4sin4(πτ/T) after the difference process, where τ represents the difference step [30]. The amplitude ratio factor can serve as a band-pass filter. Setting τ = 5 min is suitable for the detection of ionospheric GWs, because the amplitude of a wave with a period scope 6.6–20 min is amplified (ratio factor is larger than 1). The unit of TEC and dTEC is TEC unit (TECU); 1 TECU = 1016 el/m2. Here, an amplitude threshold of 0.15 TECU was chosen for ionospheric GWs according to noise level (generally less than 0.1 TECU). Note that the 2τ time-period data at the beginning and end of each arc are missing in the difference process.



A method described by Lay et al. [23] was employed in the statistical analysis. The study area was gridded onto a 0.5° × 0.5° longitude–latitude grid, and the time interval was set to 30 min. Thunderstorm coverage and ionospheric GW coverage during each 30 min time period were recorded. We used the effective grid counts to represent the coverage. If a grid cell surpassed 3 lightning stroke counts, then that cell was effective [24]; if a grid cell surpassed the amplitude threshold of ionospheric GWs, then that cell was effective. Furthermore, the maximum amplitude of each effective grid cell for ionospheric GWs during each 30 min time period was also recorded, and the average maximum amplitudes of the effective grid cells during each 30 min time period were computed (Figure 2). In the following, we use “coverage” and “amplitude” to simply represent the recorded parameters.



In the study area, the plasma bubble occurs frequently, especially at night, and could significantly change the amplitude and distribution coverage of ionospheric GWs [31]. We therefore eliminated days with a plasma bubble. In addition, days with high geomagnetic activity (kp > 4) were excluded.





3. Results


Figure 3 presents an example of thunderstorm stroke counts per hour recorded by the local lightning network and ionospheric dTEC series observed by the GNSS station, HKKT, in 2014 (other years had similar results). Days with a plasma bubble or high geomagnetic activity were not plotted. As shown in Figure 3, thunderstorm events mainly occurred from March to September, while ionospheric GWs were detected in all months. This means that there are frequently occurring ionospheric GWs triggered by non-thunderstorm origins. In the following analysis, days of each year were divided into high-thunderstorm (HS, daily maximum number of effective grid cells ≥20), low-thunderstorm (LS, daily maximum number of effective grid cells <20 and >0), and non-thunderstorm (NS, the number of effective grid cells is zero) days. Table 1 lists the effective number of HS, LS, and NS days in each year.



We compared the diurnal averages of thunderstorm activity (coverage) on HS and LS days to the diurnal averages of ionospheric GW activity (amplitude and coverage) on HS, LS, and NS days for each year. Diurnally averaged results are shown in Figure 4. Thunderstorm activity and ionospheric GW activity in different circumstances were all plotted in one figure for quantitative comparison. The left vertical axis represents thunderstorm activity (blue line with points for HS and dark green line for LS); the right vertical axis indicates ionospheric GW activity (bold red, cyan, and magenta lines for HS, LS, and NS days, respectively) in each panel. The top two panels (Figure 4a,b) show the diurnally averaged thunderstorm coverage (Tarea) versus ionospheric GW amplitude (Gamp), and thunderstorm coverage versus ionospheric GW coverage (Garea), in 2014, respectively. The next two panels (Figure 4c,d) show the same plots in 2015. The next two panels (Figure 4e,f) show the same plots in 2016. The bottom two panels (Figure 4g,h) show the same plots in 2017. The average coverage of ionospheric GWs on all days during the first and last 30 min time periods was significantly smaller than that of adjacent time periods (Figure 4b,d,f,h). This is due to data missing for 20 min by the second-order center difference method.



As shown in Figure 4, thunderstorm activity presented an obvious diurnal variation on HS days for each year. Thunderstorm coverage slowly increased at the beginning, began to accelerate at about 11:00 LT (local time), and peaked at around 15:00–17:00 LT. From there, it began to decline with an approximately symmetric pattern. The diurnal variation curve is like a convex function. Thunderstorm activity on LS days showed a similar diurnal pattern to that of HS days, although coverage was very low. It was apparent that ionospheric GW activity also presented a diurnal variation on all days for each year.



The amplitude of ionospheric GWs showed diurnal variation with two significant crests on HS days (four left panels in Figure 4). It presented a similar convex-function-like pattern to thunderstorm coverage in the rising phase at daytime. The first crest was at around 18:00–19:00 LT, which had an approximate 2–3 h delay compared to that of thunderstorm coverage. At about 21:00–22:00 LT, the ionospheric GW amplitude rose again and reached the second crest at around 00:00–01:00 LT. After the time of the crest, it began to decline, with a trough at dawn. Coverage of ionospheric GWs showed a similar diurnal variation pattern to that of amplitude on HS days (four right panels in Figure 4).



The diurnal variation pattern of ionospheric GW activity on NS days, including amplitude (four left panels in Figure 4) and coverage (four right panels in Figure 4), was different to that of thunderstorm activity. It increased quickly at the beginning and slowed down at about 11:00 LT, with an unobvious crest at around 16:00–18:00 LT, which was like a concave function. At night-time, ionospheric GW activity on NS days did not show night-time enhancement and kept declining until dawn. Due to a lack of night-time enhancement, the magnitude of ionospheric GW activity on NS days was significantly smaller than that of HS and LS days.



Ionospheric GW activity on LS days did not present a convex-function-like pattern at daytime but had a similar variation at night-time, compared to ionospheric GW activity on HS days. The daytime rising pattern on LS days took the approximate shape of a line, especially for coverage (four right panels in Figure 4). Amplitude in 2014 and 2015 was a mixture of concave and convex functions (Figure 4a,c). Generally, it seemed to be a mixed effect, by the convex-function-like pattern of HS days and the concave-function-like variation pattern of NS days. Interestingly, the quantitative values of the ionospheric GW activity could further support the existence of a mixed effect. As shown in Figure 4, the magnitude of ionospheric GW amplitude and coverage on NS days was larger than that of HS days at daytime. The magnitude of ionospheric GW amplitude and coverage on LS days was essentially between the magnitude of ionospheric GW activity on NS days and the magnitude of ionospheric GW on HS days. At night-time, the amplitude of ionospheric GWs on LS days had a similar enhancement to that of HS days, although the magnitude was smaller. Coverage on LS days in 2014 and 2015 did not have an observable crest, but the magnitude was enhanced during this time according to the variation trend.



To compare the annual variation of thunderstorm activity and ionospheric GW activity, we replotted Figure 4 and put each activity during the four years into one figure. The corresponding results are shown in Figure 5. Different colors in all panels distinguish the years. The top two panels (Figure 5a,b) show the diurnally averaged thunderstorm coverage on HS and LS days, respectively. Figure 5c presents the diurnally averaged amplitude of ionospheric GWs on HS days, and Figure 5d presents the diurnally averaged coverage of ionospheric GWs on HS days. The next two panels (Figure 5e,f) show the same plots for ionospheric GWs on LS days. The bottom two panels (Figure 5g,h) show the same plots for ionospheric GWs on NS days.



As seen in Figure 5, the magnitude of thunderstorm activity and ionospheric GW activity varied each year. The magnitude of thunderstorm activity on HS days, especially during the daytime, is positively related to solar activity (Figure 5a). This correlation is unapparent on LS days (Figure 5b), which can be attributed to daytime classification. The magnitude of ionospheric GW activity on HS days has a significant positive correlation with solar activity during nearly all times of the day (Figure 5c). For example, the magnitude of ionospheric GWs at night-time in 2016 (low solar activity) was lower than that of 2014 and 2015 (high solar activity), although the magnitude of thunderstorm activity reverses (Figure 5a). In addition, the magnitude of ionospheric GW activity on LS days had an approximately positive correlation to solar activity, although there was no apparent correlation to thunderstorm activity (Figure 5e,f). This solar activity correlation was also suitable for ionospheric GW activity on NS days (Figure 5g,h).




4. Discussion


Daytime ionospheric GW activity on HS days showed a similar convex-function-like diurnal variation pattern to thunderstorm activity, with a 2–3 h delay in crest time. Theoretical research shows that GWs generated in the lower atmosphere need one to several hours (depending on period and speed) to propagate upwards to an ionospheric height of 350 km [32]. As such, a 2–3 h delay between ionospheric GW activity and thunderstorm activity is reasonable. In addition, ionospheric GW activity on NS days showed a concave-function-like variation pattern, especially in the rising phase, compared to that of thunderstorm activity. The above results provide evidence that daytime ionospheric GW activity on HS days is triggered by thunderstorm activity.



Daytime ionospheric GW activity on LS days presents an approximately linear diurnal variation before the time of the crest, which is different to that of HS days. Furthermore, the magnitude of ionospheric GW activity (amplitude and coverage) on LS days is generally larger than that of HS days. The difference in background TEC is unlikely to cause abnormal phenomena when LS days have more significant ionospheric GW activity than HS days in the daytime. Both HS activity and LS activity occur in spring and summer (Figure 3a), so background TEC is not significantly different. In addition, normal results at night-time can support this explanation. Considering the magnitude and diurnal variation patterns of ionospheric GW activity on NS days, it is very likely that multiple origins, including thunderstorm activity and non-thunderstorm activity, trigger ionospheric GWs on LS days. Thunderstorm-related GWs are mixed with non-thunderstorm-related GWs, and the original variation pattern is changed.



The diurnal variation of daytime ionospheric GW activity on LS days in this study area is different to that of South America in the southern hemisphere, as reported by Lay [24]. According to Lay [24], the diurnal variation pattern on LS days is similar to that on HS days, and the magnitude of the former is always smaller than that of the latter. These distinct results may be attributed to the different study areas and employed data. Ionospheric GW activity may show differences based on longitudinal differences between the southern region of China and South America, even though both are in low latitudes. In addition, only 11 days were used by Lay to calculate the diurnal averages of thunderstorm activity on LS days [24], while over 50 days in each year were used in this study (Table 1). Non-thunderstorm events during the 11 LS days in Lay’s study [24] could have been unnoticeable, so the original variation pattern was preserved.



Night-time enhancement of ionospheric GW activity on both HS and LS days seems to be related to thunderstorm activity because it only occurs on thunderstorm days and is correlated with the magnitude of thunderstorm activity. The night-time enhancement of ionospheric GW activity on thunderstorm days was also reported in other areas, including low-latitude areas in South America [24] and the Great Plains in the United States, which is a middle-latitude area of the northern hemisphere [18]. These observed results are conducive to intensifying the relationship between night-time enhancement of ionospheric GW activity and thunderstorm activity. The mechanism for night-time enhancement is still unclear at present. One possible cause is thunderstorm-induced Perkins instability [33], a common factor in triggering medium-scale ionospheric disturbances at night. In addition, electric changes produced by lightning discharges could be a factor in the anomaly [34].



The variation of ionospheric GW activity on both HS and LS days showed a positive correlation to solar activity. This is in line with the fact that ionospheric TEC is high in a high solar activity year and vice versa, and the magnitude of ionospheric GWs is proportional to background TEC [5]. Furthermore, thunderstorm activity had a positive correlation with solar activity. Thus, it is the combined action of solar and thunderstorm activity that drives the variations in ionospheric GWs.




5. Conclusions


In this study, we investigated the amplitude and coverage of thunderstorm-related ionospheric GWs above the low latitude of the northern hemisphere using GNSS ionospheric TEC and lightning data observed in Southern China from the high solar activity year of 2014 to the low solar activity year of 2017. Compared to previous studies, the statistical analysis of long-term data in this study provided support for the correlation between thunderstorm events and ionospheric GWs. Furthermore, the observed results show that the diurnal variations of daytime ionospheric GW activity on LS days in this study area are different to those on HS days. It is very likely that thunderstorm-induced ionospheric GWs are mixed with other non-thunderstorm activity on LS days. Ionospheric GW activity on thunderstorm days shows a positive correlation to solar activity, which can be attributed to the combined action of solar and thunderstorm activity. These findings provide more comprehensive knowledge about thunderstorm–ionosphere coupling in low-latitude areas. In the future, more work is needed to discuss the night-time enhancement mechanism of thunderstorm-related ionospheric GWs and the mixed effect of ionospheric GWs on LS days in other study areas. In addition, more GNSS satellites, including BDS and Galileo, could be employed to further increase data coverage for more reliable results.
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Figure 1. (a) Locations of the lightning network (magenta points) and Global Navigation Satellite System (GNSS) network (black rectangle). The white line shows the magnetic equator. The red rectangle indicates the study area. (b) Large-scale map for locations of the GNSS network (red points). Three stations— HKKT, HKNP, and HKOH, were employed in this study. 
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Figure 2. Diagram for the computation of statistical parameters. 
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Figure 3. (a) Thunderstorm stroke counts recorded by a local lightning network in 2014; (b) ionospheric dTEC series observed by the GNSS station, HKKT, in 2014. 
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Figure 4. Diurnal averages of thunderstorm activity and ionospheric gravity wave (GW) activity from 2014 to 2017. The line with points represents thunderstorm activity (blue for HS and dark green for LS). The bold line represents ionospheric GW activity (red for HS, cyan for LS, and magenta for NS). (a) Thunderstorm coverage versus ionospheric GW amplitude in 2014; (b) thunderstorm coverage versus ionospheric GW coverage in 2014; (c) thunderstorm coverage versus ionospheric GW amplitude in 2015; (d) thunderstorm coverage versus ionospheric GW coverage in 2015; (e) thunderstorm coverage versus ionospheric GW amplitude in 2016; (f) thunderstorm coverage versus ionospheric GW coverage in 2016; (g) thunderstorm coverage versus ionospheric GW amplitude in 2017; (h) thunderstorm coverage versus ionospheric GW coverage in 2017. 
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Figure 5. Annual variation of diurnal averages of thunderstorm activity and ionospheric GW activity. (a) Thunderstorm coverage on HS days; (b) thunderstorm coverage on LS days; (c) ionospheric GW magnitude on HS days; (d) ionospheric GW coverage on HS days; (e) ionospheric GW magnitude on LS days; (f) ionospheric GW coverage on LS days; (g) ionospheric GW magnitude on NS days; (h) ionospheric GW coverage on NS days. 
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Table 1. Effective numbers of high-thunderstorm (HS), low-thunderstorm (LS), and non-thunderstorm (NS) days in each year.






Table 1. Effective numbers of high-thunderstorm (HS), low-thunderstorm (LS), and non-thunderstorm (NS) days in each year.





	Year
	HS
	LS
	NS





	2014
	88
	54
	105



	2015
	77
	75
	82



	2016
	105
	92
	99



	2017
	86
	86
	146
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