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Abstract

:

By employing the finite-difference time-domain method, the processes of electric field variation and morphological development of the optical radiation field of ELVEs and sprite halos were simulated in this article. Simulations of ELVEs show two optical radiation field centers, with a concentrated luminous zone from 85 to 100 km and an inner weaker optical radiation center. The electric field exhibits an obvious sparse and dense ripple pattern induced by the concentric gravity waves (CGWs) at altitudes of 90–100 km, which mainly occurs during the decline period of electric field with a shallow steepness. The alternating distance of the variations in the sparse and dense patterns is about 40 km, which corresponds to the horizontal wavelength of the electric field. The CGWs induce significant deformation of the inner optical radiation field, even splitting into multiple luminous regions. Simulations of sprite halos indicate that the horizontal range of the electrical field generated by lightning current is within 50 km, and a strong local electric field formed in the region right above the lightning channel is due to the small-scale breakdown current. Thus, the increased electron density shields the upper regions and reduces the electrical field’s strength. The sprite halos luminous zone is pancake-shaped, and it originates at 85 km along with a downward developing trend. The disturbance of sprite halos’ luminescence caused by CGWs mainly occurs at about 80–100 km directly above the lightning channel, and the primary deformation zone is located within 30 km of the lightning channel, which is also the region with the most recognizable electric field disturbance.
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1. Introduction


Transient luminous events (TLEs) at mid-to-high altitudes are the luminescence caused by the disruptive discharge of the neutral rarefied atmosphere, which are induced by the electromagnetic pulse (EMP) generated by the tropospheric lightning activity [1,2]. This electromagnetic activities in the stratosphere and mesosphere may have potential influences on global circuits, atmospheric photochemical effects at high altitudes, electrodynamic coupling effects between the troposphere and mesosphere, and radio signal propagation in the lower ionosphere [3,4,5,6,7].



Red sprites (including sprite halos), blue jets, gigantic jets and emissions of light, and very low frequency (VLF) perturbation due to electromagnetic pulse Sources (ELVEs), are four common types of TLEs [8,9]. ELVEs circular disk or cyclic infrared radiation phenomenon, for a short duration of less than ~1 ms, is the most frequent TLE (six-times that of sprites) in the world, with the highest occurrence position of 90–100 km and the largest horizontal scale of 200–600 km [10]. Based on observations, Taranenko et al. [11] have found that a fraction of strong electromagnetic pulses triggered by the lightning-return-stroke large-current process in the troposphere can penetrate the lower ionosphere and induce electronic disturbance, then the electrons are heated to produce ELVEs. Sprite halos (referred to halos) tend to be born at an altitude of 70–85 km, resembling a thin pancake red diffuse glow, lasting approximately 1 ms [12]. In addition, halos can emerge alone, and when the distribution of electron density is uneven at the bottom of the ionosphere, the sprites will occur simultaneously. Existing research results show that the trigger mechanisms of ELVEs and sprites are mainly determined by two key factors: the strong electromagnetic pulse excited by the tropospheric lightning and the uneven electron density at the bottom of the ionosphere [13,14,15]. In the same electromagnetic environment, the increase of partial electron density (or inhomogeneous plasma density), is conducive to the formation of partial strong electric field, and then generating air breakdown discharge [16,17,18,19,20]. Moreover, the reduction of neutral air molecular density will significantly reduce the breakdown threshold due to the air breakdown discharge. After observations, Siefring et al. [21] pointed out that the TLEs frequently appear at the trough of OH airglow gravity waves at 80–90 km (corresponding to the trough of air density), and the smaller the air density, the more prone to breakdown discharge. Concentric gravity waves (CGWs) triggered by tropospheric thunderstorm activities can propagate upward to the lower ionosphere at 80–90 km, causing fluctuations in the spatial distribution of atmospheric electrical parameters in the present zone, which directly modulate the mid-to-high altitude TLEs (including ELVEs and sprite halos) occurring around current altitude [2,22,23,24].



At present, the modulation effect of gravity waves on the TLEs still remains at the theoretical research level. In 2015, Yue and Lyons [25] synchronously observed a typical case of thunderstorm concentric gravity waves propagating to the mid-to-high altitude regions and then conducted its parameterization analysis. Meanwhile, they also found that the CGWs had a profound modulation effect on ELVEs, forming striped ELVEs. Subsequently, Marshall et al. [26] simulated the effect of gravity waves on ELVEs phenomenon for the first time through an electromagnetic radiation model, which further confirmed that the striped ELVEs were the results of the modulation effect of gravity waves. Owing to the low capture probability and the difficulty of synchronous observation for the TLEs, few studies have systematically focused on the actual TLEs’ observations. Of particular note, the numerical simulation is still an effective method to analyze the modulation effect of gravity waves on TLEs. The electromagnetic pulse (EMP) model can accurately simulate the excitation process of ELVEs and halos by the electromagnetic radiation of the millisecond scale lightning return stroke [2].



Therefore, this article will establish the troposphere-middle upper altitudes EMP model based on the finite-difference time-domain method (FDTD). The simulation of the effects of gravity waves propagating to the mid-to-high altitude regions on the optical radiation phenomenon of ELVEs and sprite halos, and the space lightning electromagnetic field, will provide a theoretical reference to explain the correlation between gravity waves and the TLEs.




2. Establishment of Tropospheric Mid-to-High Altitude EMP Model


2.1. Introduction of 2D FDTD EMP Model


FDTD is an effective method to calculate the electromagnetic field of lightning. Since Yee [27] proposed the FDTD algorithm, the developed and improved FDTD algorithm has been widely applied to lightning electromagnetic field due to its flexible parameter setting and concise programming. Based on the time-domain Maxwell equation, the Yee cell which is the smallest unit of spatial meshwork, is taken as a spatial unit to discretize each component of the spatial electromagnetic field in time and space by means of the method of central difference. The obtained FDTD equation is iterated in time domain to solve the spatial electromagnetic field.



In this study, the FDTD algorithm is used to simulate the phenomenon of TLEs excited by the tropospheric lightning at mid-to-high altitudes, considering the effect of typical CGWs on the TLEs. As illustrated in Figure 1, due to the symmetry of the model, it can be established in two-dimensional cylindrical coordinates. The Radius r = 400 km, height z = 120 km, space step Δr = Δz = 1 km, and time step Δt = 16 ns of the whole simulated space satisfy the Courant stability conditions. The lightning return channel is located on the axis and the channel height H = 10 km. The model boundary adopts the first-order Mur absorption boundary.



For the atmosphere above a height of 60 km, owing to the gradual ionization of the solar radiation with height, the air conductivity gradually increases. Therefore, the simulation of the ionospheric areas needs to consider the influence of the air conductivity ( σ ) in the lower-temperature plasma on the medium constitutive relation. Thus, in the two-dimensional FDTD model, the time-domain Maxwell equation is as follows [28,29]:


   {      ∇ ×  E →  = −   ∂  B →    ∂ t                                           ∇ ×  B →  =  μ 0   ε 0    ∂  E →    ∂ t   +  μ 0   J →         J →  = σ  E →  +    J s   →                                          ,  



(1)




where   E →   and   B →   denote the electric field strength and magnetic induction strength respectively,   J →   is the total current density,      J s   →    the current density of excitation source (current density of lightning return stroke),  σ  the air conductivity, and    ε 0    and    μ 0    are the permittivity and permeability in vacuum, respectively. As shown in Figure 2, the three components of Er, Ez, and Bφ in the cylindrical coordinates are discretized by using the central difference method, and Equation (2) is obtained, which takes the form of:


   {        ∂  E z    ∂ t   =  c 2   1 r    ∂  (  r  B φ   )    ∂ r   −    J s     ε 0    −   σ  E z     ε 0            ∂  E r    ∂ t   = −  c 2    ∂  B φ    ∂ z   −   σ  E r     ε 0                                  ∂  B φ    ∂ t   =   ∂  E z    ∂ r   −   ∂  E r    ∂ z                                               ,  



(2)




where    E r    and    E Z    denote horizontal and vertical electric field components, respectively,    B φ    indicates the horizontal component of magnetic induction, c is the velocity of light in vacuum. The solution of Maxwell’s equations based on the iteration of Equation (2) is similar to that of a general FDTD algorithm. The distinction only lies in the calculation of the space conductivity. This parameter is not only related to the altitude, but also with the complicated nonlinear relationship. The interaction between various charged particles and electromagnetic fields in the ionosphere are eventually coupled into Maxwell’s equations through electrical conductivity. The calculation of conductivity involves ionospheric electrical parameters, such as electron density, electron mobility, ionization rate, and absorption rate, which will be introduced in detail in the following sections.




2.2. Calculation of Ionospheric Parameters


Under the influence of solar radiation, lower ionospheric air is a kind of lower-temperature plasma with weak ionization, and the air conductivity is produced by different charged particles, including ionic conductivity and electronic conductivity (  σ =  σ i  +  σ e   ). The ionic conductivity dominates the atmospheric conductivity below the altitude of 60 km, and its spatial distribution generally increases exponentially with altitude [30]. In this article,    σ i  = 6 ×   10   − 13    e  z / 11 km     S / m  , where z represents altitude (units: km). In the lower ionospheric regions above 60 km, atmospheric conductivity is mainly composed of electronic conductivity, which takes the form of:


   σ e  =  q e   N e   μ e   



(3)







In Equation (3),    q e    indicates the amount of electron charge,    N e    denotes the electron number density, and    μ e    is the electron mobility [31].



The electron number density satisfies the continuity equation, which can be expressed as:


    d  N e    d t   =  (   v i  −  v a   )   N e  .  



(4)







In this continuity equation, the initial value of electron number density is    N e   ( z )  = 1.43 ×   10   13    e   (  − 0.15  z ′   )     e   (  β − 0.15  )   (  z −  z ′   )     , where   β = 0.5      km    − 1     and reference height    z ′  = 85    km   , as shown in Figure 3. Besides,    v i    and    v a    represent the ionization coefficient and the absorption coefficient, respectively, both of which are nonlinear functions of electric fields [32].



As illustrated in Figure 4, computational expression of ionization coefficient    v i    is as follows:


   {       v i  = 0 ,   E  N 0  / N < 1.122 ×   10   6     V / m                                                v i  =  (   N   N 0     )    10     ∑  0 3   b i   y i    ,   E  N 0  / N ≥ 1.122 ×   10   6     V / m       ,  



(5)




where   y =   log   10    (  E  N 0  / N  )   ,    b 0  = − 624.68  ,    b 1  = 249.60  ,    b 2  = − 32.878  ,    b 3  = 1.4546  , and    N 0    and  N  denote the atmospheric number density at the sea level and actual altitude respectively.    N 0  = 2.688 ×   10   25      m  − 3    , and  N  is taken from the NRLMSISE-00 atmospheric parameter model.



The expression of absorption coefficient    v a    is [11]:


   {       v a  =  (   N   N 0     )    10     ∑  0 4   c i   x i    ,   E  N 0  / N ≥ 3.162 ×   10   5     V / m        v a  = 0 ,   E  N 0  / N < 3.162 ×   10   5     V / m                                               ,  



(6)




where   x =   log   10    (  E  N 0  / N  )   ,    c 0  = − 3567.0  ,    c 1  = 1992.68  ,    c 2  = − 416.601  ,    c 3  = 38.729  , and    c 4  = − 1.35113  .



As shown in Figure 5, neutral air density is closely related to air breakdown threshold (   E k   ). Based on the    E k  = 3.2 ×   10  6  N /  N 0    [33], the smaller the neutral air density is, the lower the breakdown threshold is, and the more easily air is broken down.



Electron mobility    μ e   , as shown in Figure 6, varies non-linearly under the influence of electric fields [29].


   {        log   10    (   μ e  N  )  =   ∑   i = 0  2   a i   x i  ,   E  N 0  / N ≥ 1.62 ×   10   3     V / m          μ e  N = 1.36  N 0  ,     E  N 0  / N < 1.62 ×   10   3     V / m                                         .  



(7)







In Equation (7),   x =   log   10    (  E / N  )   ,    a 0  = 50.97  ,    a 1  = 3.026  , and    a 2  = 8.4733 ×   10   − 2    .




2.3. Calculation of Optical Radiation


As mentioned above, the spatial distribution characteristics of the lightning electromagnetic field affected by the ionospheric nonlinear effect can be calculated. Most of the actual TLEs’ phenomena at mid-to-high altitudes were observed by optical equipment, such as a low luminosity camera, etc. Thus, this study further simulates and calculates the optical radiation phenomenon for TLEs at the mid-to-high altitudes. The basic physical process is, the intense electric fields generated by lightning excite the atmospheric molecules, and when it returns to the ground state, the energy is transferred out by the optical radiation. Previous studies have revealed that the optical radiation effect of the first positive waveband of nitrogen molecules is dominant in the optical radiation of TLEs [2,10]. Therefore, only the first positive band of nitrogen molecules is calculated in this article.



Based on the calculation method of optical radiation given by Pasko et al. [8], the excitation rate    v k    is firstly calculated, which is related to electric field  E  and neutral air density  N . Taranenko et al. [11] proposed an accurate analytical expression based on the experimental results, and its calculation formula is:


  log  (     v k   N 0   N   )    ∑   i = 0  3   d i   x i  ,  



(8)




where   x =   log   10   ( E  N 0  / N )   and    N 0  = 2.688 ×   10   25      m  − 3    , the coefficient of the first positive band of the nitrogen molecule    d 0  = − 1301.0  ,    d 1  = 563.03  ,    d 2  = − 80.715  , and    d 3  = 3.8647   [34]. Then the molecular number densities in different bands during the excited state of k will be calculated, and the continuity equation is as follows:


    ∂  n k    ∂ t   = −    n k     τ k    +  v k   N e  ,  



(9)




where    τ k  =    [   A k  +  α 1   N   N 2    +  α 2   N   o 2     ]    − 1     indicates the duration of excited state of k,    A k  = 1.7 ×   10   5      s  − 1     denotes the transition coefficient,    N   N 2      and    N   O 2      are the number densities of N2 and O2, respectively,    α 1    and    α 2    are the quenching coefficients induced by the molecule colliding with N2 and O2, where    α 1  =   10   − 17        m   3       s    − 1    ,    α 2  = 0      m   3       s    − 1    .    v k   N e    represents the excitation process of electrons. Based on the calculated    n k   , the photon emission intensity (   φ k  =  A k   N k   ) can be calculated, whose unit is   photon /  m 3  / s   [35].




2.4. Parameterization of CGWs


Considering the disturbance induced by atmospheric gravity waves to the lower ionospheric atmosphere, various studies pointed out different loading methods for this disturbance. For example, Qin et al. [36] have indicated that gravity waves could cause the nonuniformity and disturbance to the space electron density; Marshall et al. [26] have revealed that the middle and upper atmosphere density, particularly the neutral air density, would be disturbed by gravity waves. Rowland et al. [37] and Liu et al. [38] believed that the gravity waves would lead to the uneven distribution of ionization rates in the ionospheric atmosphere. The parameterization scheme of gravity waves spatial distribution proposed by Marshall et al. [26] based on the actual observations is applied to the loading of the gravity wave disturbance in current study. Introducing the effect of gravity waves by altering the spatial distribution of neutral air density, the neutral air density can be calculated by the equation as follows:


  N  (  r , z  )  =  N 0   ( z )   [  1 + A    e  z / 2 H      e   h  max   / 2 H     cos  (   k r  r +  k z  z  )   ]  .  



(10)







In Equation (10),    N 0   ( z )    denotes the background neutral air density, obtained from the NRLMSISE-00 atmospheric parameterization model.    h  max   = 85   km   represents the peak altitude of disturbance,   H = 7.6    km    is the atmospheric elevation, and    k i  = 2 π /  λ i    denotes the wave numbers of gravity waves in the direction of i (r or z). In the model of the current article,    λ r  = 40   km   and    λ z  = 15   km   represent the horizontal and vertical wavelengths being 40 and 15 km, respectively, which were observed by Yue and Lyons [25] and are used in the parameterized processing of the gravity wave by Marshall et al. [26]. A is the disturbance amplitude, and the value range is 0~40%. The perturbation method of electron density    N e    at mid-to-high altitudes by gravity wave is the same as that of    N d   . Figure 7 shows the spatial distribution of the relative variation of neutral air density N disturbed by atmospheric gravity wave when A = 20% (  N /  N 0  − 1  ). Here, this article define that the relative variation of atmospheric density is A and −A correspond to the crest and trough of a gravity wave, respectively.




2.5. Algorithm Accuracy Verification


To verify the calculation accuracy of the 2-D FDTD electromagnetic radiation model, the contrastive analysis of simulation results, in this study and other existing studies, will be expounded. The peak value of lightning current is 120 kA, the waveform of rising edge time of 30 μs increased linearly, and the waveform of falling edge time of 60 μs decreased exponentially. The other parameters settings are as described above. Figure 8 presents the comparison results of the spatial distribution results of electric fields at different moments calculated by the 2-D model in this article and CP Barrington-Leigh [39] model, which shows a good consistency between these two models, confirming that the numerical model established in this article shows an accurate simulation accuracy.





3. Effect of Gravity Wave Disturbance on Mid-to-High Altitude ELVEs


3.1. Selection of Lightning Excitation Source


The phenomenon of ELVEs occurs at an altitude of about 85–95 km, for a short duration of less than ~1 ms. The formation of such a phenomenon is primarily due to air breakdown caused by the propagation of the radiation field toward mid-to-high altitudes, which is generated by the ground flashback. Thus, when simulating ELVEs, the lightning current waveform, which has a relatively large amplitude and distinct steepness, should be selected as the excitation source. This paper refers to the parametrization scheme of the 2D model of CP Barrington-Leigh [39] and adopts a lightning current waveform that increases linearly to a peak value and then exponentially decays, which takes the form of:


  I  ( t )  =  {       I 0  ·  (  t /  τ f   )  ,   0 ≤ t ≤  τ f                                 I 0  · e x p  (  − t /  τ d   )  ,    τ f  ≤ t ≤  τ d        ,  



(11)




where    I 0    represents the peak current (120 kA),    τ f    and    τ d    denote the rising edge and falling edge time of lightning current waveform, respectively, and their values are 30 μs and 60 μs, respectively. The lightning current waveform and corresponding amount of transferred charges are displayed in Figure 9a,b respectively.




3.2. Simulation Results


Figure 10 shows the calculated and simulated distribution of the spatial electric field caused by the lightning return current at mid-to-high altitudes and its corresponding optical emission of the excited ELVEs without gravity wave disturbance (i.e., disturbance amplitude A = 0%). Figure 10a shows the temporal and spatial evolution of the spatial electric field in the 50–110 km region. Because of the large difference between the far-field and near-field values, this study takes the logarithmic values of the electric field in order to capture the detailed variation characteristics in the electric field propagation. As can be seen in Figure 10, the spatial electric field propagates at the speed of light to a certain distance (mainly by the radiation field), and it has difficulty penetrating the ionosphere when it propagates to the lower ionosphere zone at mid-to-high altitudes because it is blocked by the ionosphere and produces an obvious reflection. The electric fields are primarily concentrated below 100 km. The electric field, which is close to the lightning channel and has a relatively large value, is mainly a quasi-electrostatic electric field [4], and its size is related to that of the charge moment (the product of the amount of the transferred charge and the height of the charge) during the discharge process. Because the selected lightning current has a large steepness and it can only generate a maximum charge of about 8 C, such a lightning current waveform primarily forms a radiation field, which is suitable for simulating the ELVEs phenomenon.



Figure 10b presents cross-sectional views of the spatial distribution of the optical emissions of the ELVEs at various moments. It can be seen that the development of the ELVEs corresponds to the peak propagation of the lightning radiation field at mid-to-high altitudes. The light intensity gradually decreases as the optical emissions of the ELVEs propagates to a larger distance, with a total duration of about 1 ms and a concentrated luminous zone from 85 to 100 km. These results are consistent with the statistical characteristics of actual observations. Because the intensity of the radiation field is related to the electric current’s change rate, the rising and falling edges of the lightning current separately excite two radiation fields with distinct intensities, corresponding to two ELVEs luminous zones. Additionally, the optical emission excited by the falling edge of the lightning current (inside) has a weaker intensity than that excited by the rising edge because the steepness of the falling edge is smaller than that of the rising edge.



When considering gravity wave disturbance in the lower ionosphere, as an example (with a disturbance amplitude of A = 40%) and for the sake of comparison, Figure 11 presents the temporal and spatial evolutions of the lightning electromagnetic field and the optical emissions of the ELVEs after the gravity wave disturbance. It is notable that the spatial distribution of the electric field in the mid-to-high altitude zone shows clear perturbations compared with Figure 10. In the horizontal direction, the periodic variations in the local enhancement or weakening of the electric field in the lower ionosphere have a horizontal spatial scale of about 40 km, which corresponds to the horizontal wavelength of the gravity waves. Similarly, the gravity wave also affects the spatial distribution of the optical emissions of the ELVEs, that is, the optical emission zone is substantially distorted and even splits into multiple luminous zones. Our analysis indicates that the gravity waves in this paper modulate the density distribution of the neutral air and thus alters the air breakdown threshold, making it much easier or much more difficult for the local air to be broken down. That being said, the change in the breakdown region leads to the complex distribution of the optical emission zone. Therefore, gravity waves affect ELVEs at mid-to-high altitudes.



Figure 12 shows an example (at 0.8 ms after the discharge) of the effect of varying the amplitude of the gravity wave disturbance. The spatial distributions of the spatial electric field and the optical emissions of the ELVEs under different gravity wave disturbances in the range of 0 to 40% are presented. As the amplitude of the gravity wave disturbance increases, the spatial distribution of the electric field at mid-to-high altitudes is perturbed more significantly. Similarly, the greater the gravity wave disturbance, the more pronounced the changes in the ELVEs luminous zones.





4. Effect of Gravity Wave Disturbance on Mid-to-High Altitude Halos


4.1. Selection of Lightning Excitation Source


In contrast to the ELVEs phenomenon, the formation of sprite halos is mostly caused by the relatively large quasi-electrostatic electric field generated by the current of lightning at mid-to-high altitudes. Therefore, the larger the transferred charge (neutralized) during the lightning discharge, the larger the corresponding quasi-electrostatic electric field, and thus, the easier it is to excite halos at mid-to-high altitudes. As such, when simulating the halos phenomenon, a lightning current waveform that has a small steepness and a long duration should be selected as the excitation source, i.e., a lightning current waveform corresponding to a larger amount of transferred charge. The relevant parameters of the lightning current are as follows: a current amplitude of    I 0  = 100   kA  , a rising edge duration of    τ f  = 300    μ s   , and a falling edge duration of    τ d  = 600    μ s   . Figure 13 shows the lightning current waveform.




4.2. Simulation Results


Figure 14 presents the temporal and spatial evolutions of the optical emissions of the sprite halos excited at mid-to-high altitudes at various moments after the discharge, but it neglects the influences of the gravity waves. Figure 14a shows the propagation and distribution of the spatial electric field generated by the selected lightning current of the simulated sprite halos. Because of the long duration and small steepness of the lightning current, the electrostatic field is primarily formed in space, and the radiation field part can be neglected. From the same figure, it can be seen that the electrostatic field’s distribution is still clustered below 100 km, and it is mainly distributed in an area that is horizontally 50 km within the vicinity of the lightning channel. The electric field’s distribution at 0.8 ms shows the occurrence of a relatively low value in the region right above the lightning channel, and this region continues to expand and extends downward with time. This is because the quasi-electrostatic field at the mid-to-high altitudes exceeds the threshold for air breakdown, thus triggering air breakdown. Consequently, the electron density within this region increases, which leads to the formation of a strong local electric field. In addition, the increased electron density in this region has a shielding effect on the region above, which lessens the amplitude of the electric field in this region.



Figure 14b shows the spatial distribution of the corresponding optical emissions of the sprite halos. As can be seen, the sprite halos originate at a height about 85 km above the lightning channel, and due to the symmetry of the 2D cylindrical coordinate model, the maximum horizontal scale can achieve 80 km in the simulation. The optical emission zone is pancake-shaped and exhibits a downward developing trend with time, which is consistent with the statistical characteristics of the actual observations.



Figure 15 shows the temporal and spatial distributions of the electric field and the optical emissions of the halos after considering perturbations (A = 40%) of the atmospheric density caused by the gravity wave. Compared with Figure 14, the distribution of the electric field in the region above the lightning channel is significantly affected by the gravity waves, while in the other regions the effect of the gravity waves is hardly noticeable. This analysis indicates that because the electrostatic field decays rapidly with distance, the amplitude of the electric field in the farther regions is insufficient and cannot cause air breakdown. As such, the effect of the gravity wave on the neutral air density fails to manifest itself in the farther regions. As can be seen in Figure 15b, the halos luminous zone contains obvious distortions and the shape of the optical emissions also becomes more sophisticated with time. The primary distortion region is located within 30 km of the lightning channel, which is also the region with the most recognizable electric field disturbance.



Figure 16 shows the effects of the different gravity wave disturbance amplitudes on the electric field and the optical emissions of the halos as an example (at 0.8 ms after the discharge). The spatial distributions of the electric field and the optical emissions of the halos under different gravity wave disturbances, in terms of its amplitude from 0 to 40%, are presented. It can be seen that as the amplitude of the gravity wave disturbance increases, the spatial distribution of the electric field at mid-to-high altitudes and the halos optical emission zone are more significantly affected.





5. Conclusions and Discussion


In this study, a tropospheric mid-to-high altitude electromagnetic radiation model was developed based on the 2D FDTD algorithm. By selecting appropriate lightning excitation sources, two classical transient luminous events (TLEs), i.e., ELVEs and halos, were simulated. The accuracy of the simulation model was verified through comparisons with the results reported in the relevant literature. The characteristics of the distributions of the spatial electric field and the optical emissions of these two phenomena were discussed separately using this model and considering the gravity wave perturbations at mid-to-high altitudes. The simulation results indicate that gravity waves affect the morphological development of both ELVEs and halos. The main conclusions are summarized as follows:



(1) The 2D electromagnetic pulse (EMP), established while considering the gravity wave disturbance, can accurately simulate the development of ELVEs and halos using the FDTD method. Because of the symmetry of the concentric gravity waves (CGWs), the accuracy of the test results of the 2D model established in this paper are consistent with that of the 3D model.



(2) When the electric field that generates the ELVEs develops upward to an altitude of 100 km, obvious downward reflection occurs. The optical emissions of the ELVEs propagate farther with a gradually diminishing light intensity. The total duration is about 1 ms, and the concentrated luminous zones are between 85 and 100 km. Because the radiation field is a manifestation of the change in the electric current, the rising and falling edges of the lightning current separately excite two radiation fields with various intensities, corresponding to two ELVEs luminous zones in which the inner optical emission field corresponds to the falling edge electric field, which has a modest steepness and a weaker light intensity. When including the perturbations of the neutral air density caused by CGWs, the electric field exhibits an obvious sparse and dense ripple pattern at altitudes of 90 to 100 km, and this mainly occurs during the electric field’s decline period, with a shallow steepness. The alternating distance of the variations in the sparse and dense patterns is about 40 km, which corresponds to the horizontal wavelength of the electric field. The inner optical emission field is obviously deformed and is even split into multiple luminous zones. As the amplitude of the gravity wave disturbance increases, the spatial distribution of the electric field at mid-to-high altitudes is perturbed more significantly, and similarly, the changes in the ELVEs luminous pattern are more pronounced.



(3) The lightning current that generates sprite halos has a long duration and a small steepness. Its generated electrostatic field is clustered below 100 km and is mainly distributed in an area that is horizontally 50 km within the vicinity of the lightning channel. At 0.8 ms, the region right above the lightning channel forms a strong local electric field due to the small scale air breakdown, in which the increased electron density has a shielding effect on the region above and lessens the amplitude of the electric field in this region. In the optical emission field, the sprite halo’s luminous zone is pancake-shaped, and it originates at an altitude of 85 km along with a downward developing trend with time. The disturbance of the sprite halos by the CGWs primarily occurs at about 80 to 100 km, i.e., directly above the lightning channel, where their regions with clear alternating strengths exist. Because the electrostatic field decays rapidly with distance, the amplitude of the electric field in the farther regions is insufficient and cannot cause air breakdown; therefore, the effect of the gravity waves on the neutral air density fails to manifest itself in the farther regions. The halo’s luminous zone contains obvious distortions, and its primary deformed region is located within 30 km of the lightning channel, which is also the region with the most recognizable electric field disturbance. Like ELVEs, as the amplitude of the gravity wave disturbance increases, the disturbance of the electric field becomes more significant at mid-to-high altitudes, and the changes in the halo’s luminous pattern become more pronounced.
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Figure 1. Two-dimensional FDTD-EMP algorithm model. 
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Figure 2. Discretization of electromagnetic field in a two-dimensional cylindrical coordinate system. 






Figure 2. Discretization of electromagnetic field in a two-dimensional cylindrical coordinate system.



[image: Atmosphere 12 00617 g002]







[image: Atmosphere 12 00617 g003 550] 





Figure 3. Variation of electron density with altitude. 
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Figure 4. Ionization coefficient and absorption coefficient. 
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Figure 5. Neutral air density. 






Figure 5. Neutral air density.



[image: Atmosphere 12 00617 g005]







[image: Atmosphere 12 00617 g006 550] 





Figure 6. Electron mobility. 
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Figure 7. Perturbation of gravity waves to air density. 
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Figure 8. The comparison of model calculation results in this article (left) and CP Barrington-Leigh [39] results (right). 
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Figure 9. Simulation of ELVEs lightning current waveform (a) and the amount of transferred charges (b). 
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Figure 10. Spatial and temporal distribution of the electric field (a) and the optical emissions of the ELVEs (b) without gravity wave disturbance. 
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Figure 11. Spatial and temporal distribution of the electric field (a) and the optical emissions of the ELVEs (b) after the gravity wave disturbance (with a disturbance amplitude of A = 40%). 
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Figure 12. The spatial distributions of the spatial electric field (a) and the optical emissions of the ELVEs (b) under different gravity wave disturbances in the range of 0 to 40% (at 0.8 ms after the discharge). 
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Figure 13. Simulation of sprite halos lightning current waveform (a) and the amount of transferred charge (b). 
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Figure 14. Spatial and temporal distribution of the electric field (a) and the optical emissions of the halos (b) without gravity wave disturbance. 
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Figure 15. Spatial and temporal distribution of the electric field (a) and the optical emissions of the halos (b) after the gravity wave disturbance (with a disturbance amplitude of A = 40%). 
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Figure 16. The spatial distributions of the spatial electric field (a) and the optical emissions of the halos (b) under different gravity wave disturbances in the range of 0 to 40% (at 0.8 ms after the discharge). 
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