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Abstract

:

Perturbations from thunderstorms can play a notable role in the dynamics of the ionosphere. In this work, ionospheric perturbation effects due to thunderstorms were extracted and studied. Thunderstorm-associated lightning activities and their locations were detected by the World-Wide Lightning Location Network (WWLLN). The mechanical components of ionospheric perturbations due to thunderstorms were extracted from the total electron content (TEC), which was measured at selected thunderstorm locations using the polynomial filtering method. Further analyses were conducted using wavelet analysis and Discrete Fourier Transform (DFT) to study the frequency modes and periodicities of TEC deviation. It was revealed that the highest magnitudes of TEC deviations could reach up to ~2.2 TECUs, with dominant modes of frequency in the range of ~0.2 mHz to ~1.2 mHz, falling within the gravity wave range and the second dominant mode in the acoustic range of >1 mHz to <7.5 mHz. Additionally, a 20–60 min time delay was observed between the sprite events, the other high-energy electrical discharges, and the time of occurrence at the highest peak of acoustic-gravity wave perturbations extracted from TEC deviations. The possible mechanism responsible for this phenomenon is further proposed and discussed.
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1. Introduction


The effect of thunderstorms on the ionosphere is one of the most important gateways to understanding the influence of the tropospheric/lower atmosphere on the ionosphere. The effect of thunderstorms on the ionosphere is an aspect of the study that has attracted attention in recent times [1,2,3,4,5,6,7]. The thunderstorm, which comprises both a mechanical component and the electrical component, has been described as impacting ionospheric dynamics in diverse ways [6,7,8,9,10,11]. The effect of the two mentioned components has been revealed to appear on the ionosphere in various ways. However, to understand the total effect of thunderstorms on the dynamics of the ionosphere, it is important to study the components of the ionosphere as an open dynamic system that respond to external influence in different ways. According to findings from previous works [5,12,13,14,15], the ionosphere is influenced by the electrical components of thunderstorms, such as lightning and Transient Luminous Events (TLEs).



The electromagnetic components of thunderstorms (lightning and TLEs) have been reported to have an impact on the ionosphere in various ways. The effects of lightning have been reported to include D-layer heating and E-layer perturbations. Evidence from previous works has revealed the heating effect of thunderstorms’ quasi-electrostatic fields on the D-layer [11,12,15], particularly the direct heating effects of electromagnetic energy from lightning pulses on the D-layer [11,12]. Additionally, modeling the results of ionospheric perturbations and attempting to describe the thunderstorm-induced heating of the lower ionosphere can be correlated with the experimental results [1,8]. Electromagnetic pulses have been inferred to produce intense ionospheric perturbations during thunderstorms and lightning events [16]. The simultaneous effect of a vertical electrical discharge and atmospheric gravity waves (AGW) have been inferred to perturb the E-layer [17]. TLEs such as sprites and gigantic jets, which are associated in most cases with stratiform regions and extremely high energy lightning occurrences [18,19,20,21], have been reported to influence the background dynamics of the ionosphere by creating perturbations in a localized system of the ionosphere [22,23].



Investigations have shown the impact of acoustic and gravity waves resulting from the convective region of thunderstorms. An initial study on the influence of thunderstorms on the ionospheric total electron content (TEC) revealed responsive TEC deviations based on associated gravity wave effects [2,3,4,11]. Ogunsua et al. (2020) showed significant daytime TEC perturbations with notable gravity wave effects during equatorial thunderstorms [11]. The observed perturbation effect of thunderstorm-associated gravity waves was found to modify the ionosphere above the region of the thunderstorm occurrence during the day, while the nighttime gravity wave was invisible due to the irregularities of the equatorial ionosphere [11].



In this work, a further step was taken to consider the various contributions of these components during thunderstorms and to consider the temporal variation in the different components as they impact the ionosphere. It is also important to consider the possible lag between the components at their highest peaks of impact and the distinct aspects of the ionosphere when affected by each component. It is also important to understand the effect of thunderstorms on the ionospheric TEC around the Northeastern China/Yellow Sea region (see Figure 1) in comparison with other regions of the Globe, which could be seen from previous works [2,3,4,9,11]. A further investigation into the understanding of the midlatitude ionospheric responses to thunderstorms is important, considering a recent finding by Ogunsua et al. (2020) that thunderstorm-associated gravity wave signatures are invisible in ionospheric variations during nocturnal thunderstorms due to nighttime equatorial irregularities, which contradicts the findings of Lay et al., (2013, 2015) [5,9]. New results obtained from this work provide a clearer insight into the difference between low latitude/equatorial ionospheric responses to thunderstorm effects compared to midlatitude ionospheric responses. These results will also provide additional information for the modeling of ionospheric responses to thunderstorms.




2. Materials and Methods


In this work, the sets of data used were selected based on thunderstorm events. The selected events were based on two categories: the first category of events was associated with high-energy lightning, and the second was associated with TLEs (such as sprites). Additionally, 5 strong convection-associated events were selected. In selecting these events, special caution was taken to exclude cases that coincided with the dates of geomagnetic storms or strong solar activity occurrences to avoid the influence of space weather impacts.



2.1. Lightning Data


First, thunderstorms in the selected area were mapped using data from Worldwide Lightning Location Network (WWLLN) to identify the highest concentration area of the thunderstorm event. The WWLLN is a global network of sensors that can measure the very low frequencies emitted during lightning events [24,25,26,27] and provide the locations of strong lightning flashes, their timings, and energy. In general, the detection efficiency of the WWLLN is about 10–20% of total lightning occurrences [25,26]. Similarly, the performance of WWLLN around Beijing was obtained at around 20% with a relatively short baseline network [27].



The study area spanned the northeastern part of China close to the Yellow Sea area and selected parts of South Korea close to the Korean Bay (see Figure 1). Severe thunderstorms, such as squall lines and hailstorms, frequently occur in this region in the summertime [28,29,30,31,32] and produce active lightning discharges [33,34,35,36].




2.2. TEC Data Extraction


To investigate the relative ionospheric TEC deviation around the North-eastern China region along the Yellow Sea and the Korean region close to the Korean Bay, the dataset from the ground based on the global navigation satellite system (GNSS) receiver stations at the geographic coordinates (latitudes: 30.5–43.79°; longitudes: 114.49–125.53°) were used (see Table 1). The selected International GNSS service (IGS) network TEC stations were also chosen based on the availability of GNSS data from the receiver stations during the period of the thunderstorm events.



The data obtained from the GNSS measurement stations were primarily archived in the Receiver Independent Exchange (RINEX) format, which comprised double compressions for optimal storage. The compressed data were decompressed using Hatanaka and gun zip software in a readable format. The ionospheric TEC has been estimated in previous works using dual-frequency GNSS receivers [37,38]. The first carrier frequency, f1, was centred at 1575.42 MHz, and the second carrier frequency, f2, was centred at 1227.60 MHz. Carrier phase measurements obtained from GNSS were used to estimate the slant TEC (sTEC) along the signal path from the satellite to the receiver as follows [37]:


  s T E C = −    f 1 2   f 2 2    40.3  (   f 1 2  −  f 1 2   )     [   (   λ 2   L 2  −  λ 1   L 1   )  −  (   λ 1   A 1  +  λ 2   A 2  +  ε L   )   ]   



(1)




where L1 is the carrier phase measurement on frequency f1 (cycles), L2 is the carrier phase measurement on frequency f2 (cycles), A1 is the ambiguity integer measure on the carrier phase on L1 frequency (cycles), A2 is the ambiguity integer measure on the carrier phase on L2 frequency (cycles),    ε L    is the noise and multipath associated with carrier phase measurements (cycles), and λ1 and λ2 are the wavelengths (m) corresponding to f1 and f2, respectively.



The carrier phase measurements used to compute sTEC sometimes exhibit cycle slips [38]. These cycle slips are the discontinuities in the time series of carrier phase measurements because the GNSS receiver loses its lock on the carrier of a GNSS signal during tracking due to signal blockage or other factors. Cycle slips were detected in the GNSS sets data using Ciraolo’s calibration algorithm techniques (GNSS_TEC Sep2015Beta version) [38].



As sTEC is dependent on ray path geometry through the ionosphere, it is necessary to calculate an equivalent vertical TEC (VTEC) value that is independent of the elevation of the ray path. Hence, VTEC was computed by taking the projection from the slant to vertical using a mapping function (MF) as presented in previous works [39,40]:


  v T E C = s T E C × M F  



(2)




where   M F =    [  1 −    (     R e  cos ( θ )    R e  +  h  m a x      )   2   ]     1 2      and Re is the mean earth radius; 6371 km, θ is the elevation angle of the satellite in degrees, where hmax is the maximum height above the surface of the Earth assumed for the ionospheric pierce point (IPP). A height of 400 km was taken to the be hmax value because, at this height, the ionosphere can be assumed to be spatially uniform and simplified as a thin layer. Hence, this is considered to be the height of maximum electron density at the F2 peak [40,41]. In respect of the lower region (Bottom-side ionosphere close to E and lower parts of the F region) of the ionosphere, where we intended to examine the thunderstorm effects of internal mechanical forcing, a 200 km height was considered for the computation of TEC along the satellite paths.




2.3. Analysis


Lightning data were obtained from the WWLLN. Using the lightning flashes over the observation region, a density map was prepared in per-hour time slots with a grid size of 10 square km. Based on the changes in the position of the density and identified boundaries, the thunderstorm directions were observed. More details about boundary identification and thunderstorm tracking using lightning data can be found in the literature [42]. The timing and location of lightning associated with thunderstorms were tracked using the WWLLN data sets by creating the thunderstorm cell, as explained above.



The TEC data obtained were analyzed based on satellite visibility at the point of the thunderstorm event. The GPS satellites’ Pseudo Random Noise (PRN) was used for the identification of visible GPS satellites. TEC deviations during the thunderstorm were extracted from the computed TEC obtained from the visible PRN with the highest angle of elevation at the time of the event. Angles of elevation between 65° and 80° were mostly considered in this work. Additionally, we ensured that the GPS satellite that was tracked within the duration of the peak of events fell within the angle of 60–90 degrees. The method of polynomial filtering was used for the extraction of TEC deviations. A polynomial of order 6 was fit to the TEC to extract the disturbed TEC from the measured TEC for the period of the selected events [4,11,43]. The computation of the TEC deviation using the polynomial order 6 is as follows:



Given a time series   X  ( t )    function from the measured series    x 1  ,  x 2  ,  x 3  , … … ,  x i   , we can obtain a polynomial    P n   ( X )  =  q 1   (   X n   )  +  q 2   (   X  n − 1    )  +   … … +  q n   ( X )  +  q  n + 1    , where    q n    are quantities derived based on P. The TEC deviation    T  d e v     can be given as:


   T  d e v   = X  ( t )  −  P 6   ( X )   



(3)







The extracted TEC deviations were compared between stations based on their proximity to the point of thunderstorm events. The extracted TEC variations were further analyzed to obtain spatial and time variations. The TEC deviation data were further subjected to Fast Fourier Transform (FFT) and Discrete Fourier Transform (DFT) analysis to evaluate all the possible frequency spectra for the ionospheric TEC deviations. Similarly, wavelet analysis was conducted to evaluate the dominant frequencies present in TEC deviation samples.





3. Results


3.1. Thunderstorm Effects and Large TEC Response


In this work, the response of the ionosphere to thunderstorm effects was evaluated to understand the magnitude of the impact of the thunderstorm effect on the ionospheric TEC and the characteristics of the thunderstorm signatures. In this section, we attempt to clearly present the linear and spatial response of TEC to different thunderstorm cases. The TEC deviations were computed for selected thunderstorm locations to study the impact of the thunderstorm (See Figure 2 for TEC deviation illustrations).



On the 21st of June 2016, there were strong convective thunderstorm systems with high lightning flash rates observed in Beijing, Shanghai, Wuhan, and various parts of Northern China (see Figure 3). However, the most intense thunderstorms were observed in Shanghai with exceptionally high flash rates and high energy flashes, which were mostly up to ~280 kJ, with a daily average of about 2.643 kJ (see Table 2).



Convective activities in this region were also characterized by large flash rates in Shanghai (up to 1500 flashes per hour) and lower flash rates in Beijing (see Figure 3a,c). As a consequence of these convective activities, very large TEC deviations were computed for Shanghai and other areas with high proximity to the storm region. The spatial variation in TEC deviations over the region at the time of the storm was evaluated through the interpolation and extrapolation of the absolute peak TEC deviations in different locations during the event. The spatial variation in the absolute peak TEC also showed that the Shanghai and Beijing area experienced TEC perturbations of the highest magnitudes in this region (Figure 3a–d). Uniformed line plots of TEC deviations from June 2016 (see Figure 3b) show the wavelike perturbations of TEC for the stations closest to the storm event (such as the stations at Shanghai and Beijing), with the highest stroke count coinciding with the largest TEC deviations at 15:00 UT. As observed from Figure 3b,d, the TEC deviation in these regions was up to 2 TECU in magnitude, which is similar to results from other cases examined. The observed largest TEC deviations were (TEC measured at an ionospheric height of 200 km) from ~2 to ~2.2 TECUs accounted more than ~14% of the daily TEC average, in which the peak value for the average daily TEC was about 13 TECUs. Based on our initial examination of the TEC signatures obtained, the signal properties appeared to demonstrate that the dynamics of the ionospheric were being modified by acoustic and gravity wave dynamics associated with thunderstorm events. More findings are presented on the periodic and frequency domain analysis in Section 3.3. The flash counts for the thunderstorm events around Shanghai were particularly large, with the number of lightning strokes well above 1300 flashes per hour, which accounted for only 20% of the total flashes, based on the WWLLN detection method. This type of intense flash rate usually characterizes large convective activity. Considering the ionospheric TEC deviations, the highest deviations were recorded at about the same time as the largest stroke count. The TEC deviation at Shanghai was slightly greater than 2 TECUs, which was higher than the TEC deviation observed from the other stations.



The mesoscale convective system observed on the 31st of July 2013 (see Figure 4) was identified as the strongest thunderstorm characterized by the strongest intensity of = cloud-to-ground lightning associated with red sprites [15,44].



In addition to the system of overlapping sprites during the thunderstorm and the large-scale flashes (see Figure 4a), the tracing of the storm cell system using WWLLN also revealed a large-scale system around Shanghai. The resulting TEC deviation could be seen in the observation displayed in Figure 4b, which revealed a large TEC deviation during the periods with a large flash rate.



The lightning strikes with the highest intensity for this event were also associated with sprites. However, the connective system in Shanghai tended to be stronger, with a higher flash count rate per grid (see Figure 4c). The intensity of the flash, as indicated in the kilojoules of energy discharged, was found to be at an average of ~6 kJ, with maximum energy up to ~860 kJ (see Table 2). The intensity of the lightning flashes observed during the convective processes appeared to correlate with the flash count per hour, with the highest flash rate and highest energy discharge occurring at about the same hour. The response of the ionosphere was revealed in the form of exceptionally large TEC deviations with absolute Peak TEC values up to 2 TECUs (Figure 4b), which accounted for ~10% of the daily TEC average in this case, as the highest TEC deviation was ~20 TECUs.



The ionospheric response to the thunderstorm, which was reflected by TEC deviations, could also be observed in the TEC deviation along the satellite path (see Figure 5). TEC deviations along the satellite path for the thunderstorm event that occurred on the 21st of June 2016 and on the 31st of July 2013 are represented in Figure 5 (left panel, right pane). The TEC along the satellite path shows the difference in TEC deviation for various locations.



The thunderstorm with a large flash rate in the northeastern part of China on the 4 June 2012 is another example of a highly intense event with responses of TEC (see Figure 6). Although the event took place along a 37° to 45° latitude and between 120° and 129° longitude (see Figure 6 upper panel), the average daily stroke count for that day was about 500–600 strokes per hour (see Figure 6 bottom left panel), which depicted active convective and microphysical processes. The convective activity and storm impact appeared to be directed southwestwards. The event, which took place mainly in the northeastern part of China, revealed the concentration of cells around the northeastern city of Changchun and its environs (see Figure 6 upper panel). Even though there was no record of convection in other areas of the region, the impact of the thunderstorm was found to have traveled southwards beyond Beijing and toward the Shanghai region. Even though there was no appearance of convective activity southwards after a 37° latitude, the propagation of the impact on the convective activity could be observed in the southwestern parts of this region, as TEC deviations obtained from this region reflected the direction and impact of the storm (see Figure 6 bottom right panel). The impact on the TEC revealed high magnitude perturbations on the TEC measured within the storm region, such that the TEC deviations obtained in the southwestern direction at Beijing, Shanghai, and other stations in the region revealed the degree of impact relative to their proximity to the convective region.



Even though the findings from this work show that there are large TEC deviations due to the effects of thunderstorms, there can also be large TEC deviations due to other factors in the absence of thunderstorms. The effect of space weather events can result in such TEC deviations. However, in most cases, thunderstorms can result in large TEC deviations in the absence of solar activities (further clarifications and results of the analysis for days without thunderstorms can be found in the Supplementary Materials to this work).



Considering that the months of June, July, and August were continually characterized by thunderstorms and lightning flashes, the days without thunderstorms were not noticed after careful analysis for June 2016 and July 2013. However, a close examination of the days around thunderstorms revealed that the day with the highest flash rates was also associated with the largest TEC deviation (please refer to Supplementary Figures S7–S10). Even though the highest TEC deviations mostly coincided with the highest flash rates, the presence of day-to-day thunderstorms was also responsible for the relatively high TEC deviation signatures observed for the days around the thunderstorm. This further substantiated the effect of the thunderstorm on ionospheric dynamics.




3.2. Low Amplitude TEC Responses during Large Thunderstorms with TLEs


The thunderstorm event on 8 August 2017 was associated with high-energy flashes and sprites with a high intensity flash rate per square kilometer. The sprites, on 8 August 2017, were reported in a previously published work [44]. Although this thunderstorm was characterized by a highly intense number of flashes with associated TLEs, the energy dynamics based on the gravity wave intensity did not show a high-intensity impact on the ionosphere (see Figure 7), considering that ionospheric TEC deviations values were not as high as the TEC deviations recorded for other storm cases (without the occurrence of sprites) of a similar magnitude. A possible explanation for this may include the fact that there could be a wave-breaking occurrence in a situation whereby a large wave is being transported upwards. The breaking of waves could have occurred before reaching the thermosphere, hence the lower amplitude. The dissipation of gravity waves in the upper atmosphere, particularly in the thermospheric region, has been discussed in previous works [45,46,47,48]; the gravity wave dissipation is usually preceded by wave breaking. Another possible explanation could be that the intensity and the nature of the flashes may not always be associated with the size of the storm. That is, the highest flash rates may not necessarily result from the highest convective process, and hence, gravity wave energy might be independent of the flash rates [11].



Additionally, a 20–30 min delay was observed between the TEC deviations and the intense sprite occurrences in different cases. This is because sprites were mostly produced in the stratiform region of the precipitation system [18,19,45], and high-magnitude gravity waves were mostly produced during the convective segments of the precipitation region [46,47,48,49]. A group of investigators reported that more than 80% (more than four out of five) of the sprites recorded in their work occurred in the stratiform phase of convective systems observed in their work [50]. This implies that the gravity wave was produced during the active lightning period of the mature stage of the thunderstorm, while sprites are produced later after the active lightning period and were associated with the convective region because sprites are usually associated with positive lightning that is produced from the stratiform region, in the late stage of the thunderstorm. Hence, the possibility of a delay between the observed gravity wave impact on the ionosphere and the sprite occurrence could exist.




3.3. Gravity and Acoustic Waves


The results of the frequency spectrum and wavelet analysis show that TEC deviations were reactions to the dominant effect of gravity waves on the ionosphere in all cases (Figure 8, Figure 9, Figure 10 and Figure 11). The dominant gravity wave spectrum can be seen in Figure 8, showing the extracted gravity wave from the TEC deviations recorded for 8 August 2017.



The wave analysis of TEC deviations reveals the oscillation of the TEC perturbations oscillates within the gravity wave range between ~16 min and ~80 min (which is from a frequency range of about 0.2 millihertz to about 1 millihertz) for 8 August 2017. Gravity waves propagate in the upper atmosphere (within the ionospheric and tropospheric regions) and could range from a period of ~10 min to ~90 min [51]. Considering the event at Changchun, TEC deviations showed a multi-ripple variation in the TEC signal (see Figure 9), which could be seen as a superposition of a dominant gravity wave with less dominant acoustic waves (see Figure 9 upper panel), a large depletion of the TEC and a continuous ripple of small perturbations in TEC values within the time variation as the TEC measurements.



The TEC deviations at Changchun revealed gravity wave variations ranging periodically from 8 min to about 90 min. As observed in the power spectrum plot (see Figure 9 Lower panel) and for the frequency domain analysis of TEC deviations obtained at some of the stations, there was sometimes a burst of acoustic and gravity wave frequencies. The illustration in Figure 9 shows that the power spectrum for the TEC deviation measured by PRN 17 on the 4th of June 2012 revealed that the dominant energy peaked at 0.169 mHz, which is at a gravity wave range. The second energy peak, 1.9 mHz, occurred approaching the acoustic wave range. The frequencies of the measured TEC deviations usually ranged from about 0.12 mHz to 2 mHz for most of the cases considered.



From the wavelet analysis (see example in Figure 10), we could observe that the main dominant frequencies for which the highest magnitude was observed in most cases ranged between 0.3 mHz and ~1.2 mHz, which accounted for a 13 min to 55 min periodic range. The second set of dominant periodic ranges obtained from the wavelet analysis was from 7 min to 13 min, and another less dominant but visible periodic range was 2–7 min. These frequency ranges are within the gravity wave, acoustic-gravity wave, and acoustic wave ranges, respectively, with the most dominant being in the gravity wave range.



To further ascertain this result using the DFT method, a spectrum analysis of derived TEC variations at the time of the thunderstorm was performed (Figure 9 and Figure 11). The spectrum analysis showed that the dominant frequency of the TEC deviation waveform was in the gravity wave frequency range (see Figure 9). The second most dominant frequency based on the DFT analysis was found to be in the acoustic wave frequency with periods ranging from about 2 min (8 mHz) to 8 min; 20 s (2 mHz) (see Figure 11).





4. Discussion


This work demonstrates the progress in understanding the dynamics of the ionosphere during extreme thunderstorms with high lightning flash rates. In previous works, it was affirmed that gravity waves were associated with the thunderstorm mechanism for energy transfer into the upper atmosphere. In a similar manner as with previous works, gravity wave effects were measured indirectly from ionospheric TEC deviations during the period of the thunderstorm event. In this work, the thunderstorm events and the time of the event were observed by tracing convective processes through the lightning location method and using the data from WWLLN.



Although the mechanism responsible for gravity waves associated with thunderstorms was not related directly to the lightning activities that occurred during the thunderstorm, they could be related to the cloud movements system above the location and the total electric field. The lightning flashes from the convection cells, which were associated with the thunderstorm, could help us to track the location of the storm and its intensity [52,53,54].



Gravity waves from thunderstorms have been linked to traveling ionospheric disturbances (TIDs). TIDs are wavelike undulations that occur in ionospheres due to external influences that produce AGWs. Large-scale AGWs have been found to oscillate between about 10 min and 90 min [51]. The wide range of oscillation frequencies (or period of oscillation) could be due to the superposition of the traveling disturbances generated as GWs of different frequencies during the convective process. A continuous impact of the vertical propagation of AGWs could result in such undulations found in the ionosphere [55].



Gravity waves resulting from thunderstorm events are mostly propagated vertically from the troposphere through the stratosphere and the mesosphere to the lower parts of the thermosphere at oscillation periods ranging from about 10 min to about 90 min. The AGW, in different instances, propagates vertically to lower thermospheric heights and horizontally at the thermosphere through secondary waves. The forcing mechanism between the mesosphere and the thermosphere layers sometimes results in the breaking of waves (see Figure 12) into secondary waves, which can spread horizontally in the lower thermosphere [48,51].



Gravity wave transportation from the troposphere all the way to the mesosphere/thermosphere is an indication of the coupling dynamics and energy transfer between the troposphere and the ionosphere during extreme events. The generated gravity waves function as a medium for the propagation of energy and momentum from the troposphere to the ionosphere. The transfer of energy through the layers of the atmosphere results in momentum propagation from the next layer, and hence, the wave propagation continues in the next atmospheric layer until it travels through the mesosphere into the thermosphere from 90 kilometers upward in the region where the ionosphere exists.



In relation to previous works, the investigations conducted around the equator showed the most significant perturbation effect of the gravity waves on the daytime equatorial ionosphere, with the physical evidence of gravity and signatures in the form of an exceedingly large TEC deviation during the day, whereas the gravity wave signature on the ionosphere at night was unnoticeable [11]. Findings from the equatorial investigation revealed that the difference between the visibility of gravity waves during the day compared to the night-time was due to the Equatorial ionospheric anomalies [11]. The invisible gravity wave effect at night might be due to plasma instabilities due to the scintillation effect and the effects of electromagnetic Rayleigh–Taylor modes [56,57,58,59]. Other investigations have shown the effect of sporadic E and other factors that are responsible for transient night-time TEC depletions and enhancement could be responsible for the plasma variation in the equatorial region [58,59,60,61]. In contrast to this, we found in this work that gravity wave signatures were visible both during the daytime and night-time, in as much as there was a tangible amount of the electron in the ionosphere at the time of the day. This is because our study area, which is in the mid-latitude, is not characterised by the type of irregularities found in the low-latitude Equatorial region.



Similar to previous works, the thunderstorm influence on the ionosphere over the region shows the presence of gravity waves in the range of 10–60 min. We also observed the concentric mode wave propagation based on diagrams and video frames. Based on this outcome, we could attribute these observed patterns to the influence of concentric gravity waves (CGWs). A series of CGWs over northern China were consistently observed within the summer months of 2012 to 2014, from June to September [6], and the observed CGWs could be attributed to convective plumes that usually result in thunderstorms [46,49].



Although it is evident that transient luminous emissions (TLEs) can be associated with the mesoscale to large-scale convective processes [15,44], the results from this work show that large TEC deviations may result from gravity waves that may not necessarily occur during TLE events. The absence of a correlation between the TLEs and the TEC deviations due to the thunderstorm events shows that the TEC deviation relies on convective processes, despite the presence of TLEs such as sprites as in the case of 8 August 2017, which was not as large as the TEC deviation on 21 June.



The only possible inference that could be drawn from these observations is that the effect of TLEs on TEC is negligible. Even though this might be attributed to the elevated level and the dominance of the gravity waves. It can be affirmed here that the rate of ionization that resulted from TLE pulses was not active enough to produce bulk TEC displacements in TEC at a magnitude as high as the TEC displacement due to acoustic waves not to mention the magnitude of the TEC displacement by gravity waves. The required energy for photoionization in the ionosphere is usually up to 40–100 eV, whereas the photon energy from sprites is usually within the range of 1.5–3.5 eV [62], by which we can speculate that the photon energy from sprites can barely contribute to a bulk increase in the ionospheric electron density. In addition to this, we strongly believe that the contribution of TLEs to the ionosphere would be mostly based on their impact on the ionospheric current and its resultant magnetic field, considering that the ionosphere is part of the global electric circuit [15]. This observation cannot discredit the fact that TLEs can influence ionospheric dynamics, but our inference is that the TLEs events would mostly have a far stronger effect on the ionospheric current system than on TEC. An investigation that showed the influence of TLEs on the ionosphere was conducted using magnetic (B)-field measurements [15,44]; this has been suggested to be related to the ionospheric current when producing the magnetic field (see Figure 12).



The effect of lightning and TLEs resulting from thunderstorms could drive the ionospheric dynamics in other forms; reports have shown that sporadic E-layer enhancement could be driven by lightning-stroke energy. Evidence has shown that the Es layer can be enhanced with an increase in the critical frequency   δ  f 0  E   during lightning events [10,17]. The evidence of this influence of lightning on the ionosphere, which has been reported to possess metallic species such as Na, Mg, and k, shows that there is an enhancement in the neutral Na layer above thunderstorms at a height of up to 100 km and above [5,63].



Although, in different cases, the dynamics of the ionospheric thunderstorm effect might involve the horizontal propagation of resulting perturbations [11], it has been reported that the propagation of ionospheric disturbances can be mostly propagated in a specific direction. In this work, however, there was no visible propagation direction except for the concentric perturbations evident in the spatial plots and video frames. We can infer that the gravity waves were mostly directed vertically and resulted in undulating perturbations and, hence, the coupling between the two atmospheric layers. Based on the results obtained from our investigations (See Figure 3d and Figure 4d), there was a concentric propagation of waves at the area of the event. In support of this, the lightning cell grids produced by WWLLN for the thunderstorms appeared to be almost stationary without any given direction for the shorter duration, or that might be due to slow movement. The only explanation for this point is that the energy transfer was mostly vertical.



The observed and extracted dynamical variations based on the thunderstorm dynamics showed particularly large ionospheric responses to these events in the Northern China Yellow Sea region for thunderstorm events at different locations. The large TEC dynamics could be attributed to the frequent deep convective systems frequently observed in this region. The concentric mode disturbance observed in our spatial analysis shows that our observations are in tandem with previous works, as mentioned earlier [6,46,49]. The observed periodic disturbances were mostly found to oscillate within the acoustic-gravity wave range. Our results clearly exhibit the effects of the response of the ionosphere to extreme atmospheric events. This gives further clarity to the existing knowledge of tropospheric–ionospheric interactions during extreme lower atmospheric events. The continuation of this research should include more investigations and inquisition into this area of study to further understand the time lag between gravity wave variations and the electromagnetic components of thunderstorm events and to further differentiate between the impact of these two components. Further research may also help to establish the true response of the ionospheric dynamics to the effect of extreme tropospheric weather and other transient high-energy atmospheric conditions.




5. Conclusions


The responses of the ionosphere to perturbations resulting from thunderstorm events were examined in this work to observe their acoustic and mechanical responses. To accomplish this, ionospheric TEC deviations were extracted from GPS satellite measurements and analyzed further using two periodic and frequency domain analytical methods, which were DFT for the frequency spectrum analysis and wavelet analysis to observe the dominant frequency ranges of TEC deviations. These findings, when compared to previous works show that night-time variations were more visible around the region examined, contrary to previous works involving the equator [11].



The following observations were found to be the highlights of this work:




	
Large variations of about a 10–15% TEC increase/depletion in comparison with average diurnal peak TECs demonstrated severe impacts on the ionosphere.



	
Spatial concentric ionospheric gravity wave signatures were observed with a 2–60 min period and dominant oscillations between 16 and 60 min.



	
About a 30 min delay between the Peak TEC deviation and the time of sprite occurrence was observed.








These observations emphasize the importance of the study of the coupling dynamics between the troposphere and ionosphere during extreme tropospheric events. Our findings are an indication for a further examination of the responses of the ionosphere due to these events. Additionally, the findings from this work can open more possible pathways to modeling the ionospheric responses to tropospheric responses. In the future, more work is required on the coupling dynamics of the lower atmosphere and the ionosphere, particularly during extreme events. Additionally, the effect of sprites on the ionosphere should be further explored.
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Figure 1. Selected stations in the study area around the North Easter China-Yellow Sea Region (courtesy IGS). 
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Figure 2. TEC deviations along the lines of best fit for Beijing (upper panel) and Wuhan (lower panel) for TECs measured along PRN 2 satellite path between 10:46 UT and 16:03 UT on 21 June 2016. 
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Figure 3. The storm on 21 June 2016: (a) The hourly flash count showing the lowest and highest flash counts. (b) The deviation showing responses to the thunderstorm between 13:40 UT and 15:30 UT, with the highest stroke count and TEC deviation around 15:00 UT. (c) Spatial distribution of the flashes showing the highest intensity near Shanghai (d) Contour of extrapolated absolute peak TEC showing highest TEC near the location of the highest storm at Shanghai. 
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Figure 4. The thunderstorm on 31 July 2013: (a) The hourly flash count showing the lowest and highest flash counts. (b) The deviation showing responses to the thunderstorm between 12:00 UT and 14:00 UT. (c) Spatial distribution of the flashes showing the highest intensity near Shanghai (d) Contour of extrapolated absolute peak TEC showing the highest TEC near the location of the highest storm at Shanghai. 
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Figure 5. TEC deviation during the thunderstorm event on the satellite paths for PRN 2 (left panel) and PRN 4 (right panel), respectively, for the thunderstorm occurrence on the 21st of June 2021. 
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Figure 6. Event summary for the thunderstorm recorded on 4 June 2012. Upper Panel: Spatial distribution of flash cells in the northeast of China. Bottom Left: TEC deviation for PRN 17 measured at Changchun (Red line); stroke counts per hour at the same region. Bottom Right: Uniformed plots of TEC deviations for stations within the region. 
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Figure 7. Stroke count associated with the thunderstorm on the 8th of August 2017 (upper panel), TEC deviations ( δTEC) between 13:00 and 15:00 on the 8th of August for PRN 15 (middle panel) and PRN 18 (bottom panel), respectively, with the largest TEC deviation between 13:00 and 15:00 UT during the main phase of the storm. 
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Figure 8. Upper Panel. The TEC deviations for 8 August 2017 (Left) and its power spectrum (Right). Lower Panel. Filtered TEC deviations in the gravity wave range ~16 min to ~80 min for 8 August 2017 (Left) and its power spectrum (Right). 
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Figure 9. Upper Panel: The gravity wave effects obtained from the ionospheric TEC deviation measured for PRN 17 at Changchun on the 4th of June 2012 showing multi-ripple effects. Lower Panel: The power spectrum showing the peaks of frequency burst at 0.169 mHz and 1.9 mHz. 
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Figure 10. Wavelets show the dominant frequencies for different TEC magnitudes. Panels (A,B): Wavelet with “Cone of Influence (dotted line)” for TEC deviation PRN 15 and PRN 18, respectively, measured on 8 August at Shanghai. Panels (C,D): Wavelet “Cone of Influence (dotted line)” for TEC deviation PRN 2 and PRN 5, respectively, measured on 21 June 2016, at Shanghai. 
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Figure 11. Filtered TEC deviations in the acoustic wave range (2–8) min for 8 August 2017 (Upper panel); its power spectrum (Lower Panel). 
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Figure 12. Details of the timeline of a precipitation system showing the convective gravity wave momentum and energy transfer from the convective region and the production of sprites due to interactions between the ionosphere around the mesosphere and stratiform clouds. 
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Table 1. GPS receiver stations and their locations (all stations are part of the IGS network).
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	Station Code
	City/Location Name
	Latitude
	Longitude
	Magnetic Latitude





	SHAO
	Shanghai Observatory
	31.100
	121.200
	24.68356



	WUH2
	Wuhan City
	30.532
	114.357
	24.29664



	BJFS
	Beijing (Fangshan)
	39.609
	115.892
	34.12889



	BJNM
	Beijing
	40.245
	116.224
	34.94217



	CHAN
	Changchun
	43.791
	125.443
	38.86885



	SUWN
	Suwon-Shi
	37.276
	127.054
	31.27664



	DAEJ
	Deajeon
	36.399
	127.374
	30.60097
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Table 2. Table showing the dates of occurrence, highest energy level, time of occurrence and the daily averages.






Table 2. Table showing the dates of occurrence, highest energy level, time of occurrence and the daily averages.





	Date
	Energy (KJ)
	Time
	Daily Average (J)





	21 June 2016
	280
	9 UTC
	2643.4



	31 July 2013
	863
	13 UTC
	6368.6



	4 June 2012
	9000
	7 UTC
	2585.5



	8 August 2017
	68.7
	13 UTC
	900.8
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