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Abstract 10 

We present the first 3D triangulation of Transient Luminous Events (TLEs) over Africa. The 11 

6 TLEs were simultaneously observed in the middle atmosphere from Sutherland and 12 

Carnarvon in South Africa, separated by 192 km, during the 2019 sprites campaign. These 13 

two distinctive locations have low radio interference and are free from light pollution. The 14 

lightning times, locations, peak current, and polarities, which initiated the observed TLEs, 15 

were obtained from the South African Lightning Detection Network and Earth Networks 16 

Total Lightning Networks. We investigate the TLEs' altitude and horizontal displacement 17 

from their parent lightning strokes. TLEs tend to appear approximately 12.5 to 49.3 km away 18 

from their parent lightning strokes. We found that TLEs' altitudes range from 29 to 92.6 km. 19 

The lightning electric field and peak current may be related to the displacement of TLEs and 20 

the TLEs' horizontal spread.  21 

Key words: sprites altitude, lightning, sprites displacement, Transient Luminous Events, 22 

gigantic jet. 23 
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1. Introduction  32 

Sprites are very brief optical illuminations in the middle atmosphere at an altitude of about 40 33 

to 90 km, mainly associated with positive cloud-to-ground (CG) lightning discharges and 34 

sometimes negative CGs (Boggs et al., 2015; Füllekrug et al., 2006; Lang et al., 2013; Liu et 35 

al., 2015; Lyons, 1996; Pasko et al., 2013; Siingh et al., 2012; Surkov and Hayakawa, 2020). 36 

However, there have been reports of sprites produced by inter or intracloud lightning 37 

(Neubert et al., 2005, 2008). TLEs such as sprites, elves, blue jets, gigantic jets, starters, and 38 

halos, are electrical optical discharge phenomena associated with lightning activities electric 39 

field above the thunderstorms at an altitude between about 15 to 100 km, above the Earth's 40 

ground (Liu et al., 2015; Pasko et al., 2013; Siingh et al., 2012; Surkov and Hayakawa, 2020). 41 

Sprites are the most common form of TLEs. Sprites may appear displaced away from their 42 

causal CG lightning locations. e.g., dancing sprites. Most sprites' altitude measurements have 43 

been done with the assumption that sprites are initiated over their parent lightning strokes, 44 

and sprites have been found to occur at an altitude ranging from about 45 to 95 km (Füllekrug 45 

et al., 2019; Li et al.,2012; Mashao et al., 2021; McHarg et al., 2007; Ren et al., 2021; 46 

Wescott et al., 1998). There have been reports on sprites' altitude triangulation (Sentman et 47 

al., 1995; Stenbaek-Nielsen et al., 2010; Soula et al., 2015; Wescott et al., 1998; Wescott et 48 

al., 2001), spanning from about 50 to 90 km (Sentman et al., 1995), 48 to 88 km (Wang et al., 49 

2019), and up to 96 km (Stenbaek-Nielsen et al., 2010). Wescott et al. (1998) reported that 50 

the column sprites' top altitude ranged from 81.3 to 88.9 km. In 2001 Wescott et al. (2001) 51 

found that triangulation of sprite halos top altitude span from 73.5 to 85.3 km. Factors such as 52 

the number of stars visible, local clouds, viewing direction, angular resolution, atmospheric 53 

scattering, light pollution, camera gain setting, distance to sprite, and ambiguity in selecting 54 

sprites feature can affect sprites' altitude triangulation (Mlynarczyk et al., 2015).   55 

The displacement between the sprites and their parent lightning strokes ranges from 8.2 to 56 

49.6 km (Wang et al., 2019), 2.4 to 74.7 km (Bór et al., 2018), and 13 to 111 km (Lyons, 57 

1996). Sao-Sabbas et al. (2003) found that most sprites events appeared within 50 km from 58 

their parent CG lightning flashes and the maximum displacement was approximately 82 km. 59 

According to Lu et al. (2013), sprites are displaced more than 30 km, and according to 60 

Mlynarczyk et al. (2015) sprites tend to displace up to 70 km from their parent lightning 61 

strokes. Füllekrug et al. (2001) triangulated sprites current and found that large spatial 62 

displacement of about 60 km, which corresponds to the azimuths of the sprite luminosity 63 

edges.  64 
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 This paper presents the first altitude triangulation of TLEs and the horizontal displacement 65 

between TLEs and their parent lightning stroke locations observed over Africa. We also 66 

compare the lightning electric field strength measured by the extremely low frequency (ELF) 67 

receiver and lightning peak current from the lightning networks with TLEs optical 68 

recordings. 69 

2. Observations 70 

On 29 January 2019, 6 TLEs were simultaneously recorded from the South African 71 

Astronomical Observatory (SAAO) (32.38º S, 20.81º E) and Square Kilometre Array (SKA) 72 

(30.97º S, 21.98º E) in the Northern Cape, South Africa, see Figure 1. The TLEs occurred 73 

between 20:49:49 and 22:48:47 UTC. We were able to triangulate the altitude and location of 74 

only 6 TLEs due to poor geometry and the aforementioned mitigating factors above 75 

(Mlynarczyk et al., 2015).  76 

 77 

Figure 1. Column sprites event observed a 20:49:49 UTC on the 29 January 2019 from SAAO (left) and SKA 78 

(right), Northern Cape, South Africa. 79 

The triangulated TLEs were recorded using Watec 910Hx cameras with 8.0 mm f/1.4 C-80 

mount lens, which provide a 29°/46.2° Vertical/Horizontal (V/H) Field of View (FOV), see 81 
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Figure 1. The Watec camera systems captured video frames at 25 fps, 40 ms frame period, 82 

640×480 pixels, fixed gain, and 0.45 gamma factor, with 8-bit intensity resolution and 83 

0.061°/0.072° V/H angular resolution. 84 

2.1 TLEs triangulation 85 

In order to perform successful TLEs' altitude and location triangulation, we fitted modeled 86 

stars onto the real stars on the background image of TLEs to determine the azimuth and 87 

elevation angle of each pixel on the TLE image. Assuming that the TLEs occurred above 88 

their parent lightning stoke locations, we estimated the altitude of the target TLE feature, by 89 

performing spherical and planar trigonometry in the horizontal plane and vertical planes, 90 

respectively. This technique is described in detail by Mashao et al. (2021). After the stars 91 

fitting, we used the cosine and sine rule of spherical trigonometry to obtain simultaneous 92 

solutions for the angle subtended to the great circle (A) and slant distance to TLEs (r), as 93 

presented in Eq. (1) and (2) below.  94 

A = sin−1(
−(2×(h+RE)×(RE tan(θ)))+√(2×(h+RE)×RE tan(θ))2−4×(

(h+RE)
2

(cos(θ))2
)×(RE

2−(h+RE)2

2×(
(h+RE)

(cos(θ))2
)

)           (1)                                             95 

r =
(h+RE)×sin(A)

cos(θ)
                                                                                                                      (2) 96 

Where A is the angle subtended by the great circle, h is the altitude, RE is the Earth's radius, θ 97 

is the elevation angle from the camera sites to TLEs, and r is the slant distance to the TLEs. 98 

Since we know the azimuth and elevation of every TLEs' image pixels and slant distance to 99 

TLEs, for a known altitude, we can convert local spherical coordinates to geographic 100 

coordinates to obtain two estimated coordinates (latitude, longitude) of the TLEs with respect 101 

to the two observation sites. Since we know the estimated TLEs' ground coordinates from 102 

each camera's location, we then used Google Earth Pro (version 7.3.4.8248) software to show 103 

the distance from the camera systems locations to the TLEs' estimated sites, see Figure 2. 104 

Figure 2 shows the TLEs' position triangulation. The position where the red lines intercept is 105 

the actual TLE's location on the ground. We then use the TLE's exact location to triangulate 106 

the altitude of the TLE. By iterating the TLEs' altitude, we resolve the apparent ambiguity 107 

between the TLE's position and altitude. 108 
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 109 

Figure 2. TLE location triangulation. The two turquoise symbols denote the locations of the cameras, which are 110 

SAAO and SKA. The red lines mark the distance from the camera locations to the estimated sprite locations. 111 

The position where the red lines intercept gives the actual TLE's location. 112 

 113 

2.2 Lightning detection 114 

The lightning location, time, and peak current information of the causal lightning stroke 115 

which generated the TLEs were provided by the South African Lightning Detection Networks 116 

(SALDN) and Earth Networks Total Lightning Networks (ENTLN). The SALDN operates 23 117 

sensors with a 90% detection efficiency across South Africa. The SALDN ascertains the 118 

lightning locations, occurrence times, and polarities by acquiring the time of arrival and 119 

magnetic direction-finding methods. The ENTLN consists of 17 sensors over South Africa 120 

with a detection efficiency of approximately 60% to 70%. The ENTLN uses the time of 121 

arrival and sophisticated algorithms to determine lightning types, locations, time, and 122 

polarities. The SALDN and ENTLN have uncertainties in lightning locations of 0.5 km and 123 

0.2 km, respectively (Gijben, 2012; Zhu et al., 2017). The distance to TLEs from SAAO and 124 

SKA were found to span from 511.7 to 590.1 km and 334.0 to 399.7 km, respectively. The 125 

parent lightning peak current varied from +23 to +92 kA. 126 

 The parent lightning vertical electric fields associated with the TLEs were recorded by a 127 

wideband ELF radio receiver in the frequency range ~4 Hz to 400 kHz. The ELF radio 128 
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receiver recorded the lighting vertical electric field with a sampling frequency of 1 MHz and 129 

20 ns time accuracy. The lightning vertical electric field waveforms were used to determine 130 

the parent lightning electric field strength and the type of lightning associated with each TLE. 131 

The lightning electric field ranged from 1,101 to 1,570 mV/m at the receiver (Füllekrug, 132 

2009; Füllekrug et al., 2019). The lightning electric field strength lessens with an increase in 133 

distance away from the lightning location. To compensate for this, we determine the electric 134 

field amplitude and the attenuation coefficient along the travelled path (Kolmašová et al., 135 

2016). The electric field amplitude coefficient is determined by normalising the maximum 136 

lightning electric field strength at the receiver to 100 km from the lightning locations 137 

(Kolmašová et al., 2016). The experimental attenuation coefficient was found to be 0.41 138 

dB/100 km. We found that the electric field amplitude at 100 km from the lightning locations 139 

spans 88.4 to  204 V/m, respectively.  140 

All results are summarized in Table 1. 141 

Table 1. Summary of TLEs triangulation observed on the 29 January 2019 as well as their 142 

parent lightning occurrence times, positions, and peak current provided by SALDN and 143 

ENTLN; lightning vertical electric field recorded by the ELF radio receiver; distance to 144 

sprites from SAAO and SKA; distance between TLE and lightning; TLEs' width and altitude 145 

of occurrence; and TLEs' morphological classification.  146 

Time (UTC) Lightning  

location 

(°) 

TLEs  

location 

(°) 

Distance 

from 

SAAO to 

TLEs 

(km) 

Distance 

From 

SKA  

to TLEs 

(km) 

Lightning 

peak 

current 

(kA) 

Electric 

field at 

the 

receiver 

(mV/m) 

Distance 

between 

TLE and 

lightning 

(km) 

TLEs' 

maximum 

Horizontal 

size 

(km) 

TLEs 

occurrence 

Altitude 

(km) 

TLEs 

types 

LAT LON LAT LON 

20:49:49.668 -29.23 24.79 -29.27 24.99 527.5 345.7 56 1,570 19.9 96.7 39.6—83.3 Column 

sprites 

20:53:32.751 

 

-28.96 

 

 

24.73 

 

 

-29.10 24.80 527.6 342 93 

 

1,400 

 

 

17 64.5 41—89.5 Jellyfish 

sprites 

20:53:32.904 

 

-29.22 24.79 -29.59 25.07 511 334.0 43 1,175 49.3 79.7 29—81 Gigantic 

jet  

20:54:34.637  -30.19 25.53 -30.06 25.59 522.7 360.3 23 1,101 12.5 149.8 43.3—86.6 Column 

sprites 

(Halo) 

21:05:51.251 -29.14 24.94 -28.99 24.94 545.6 360.1 92 1,247 16.7 116 43.5—92.6 Column 

sprites 

22:48:06.932 -28.18 24.71 -28.30 24.75 590.1 399.7 44 1,230 13.9 66.7 47.7—82.6 Column 

sprites 
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 147 

3. Results and interpretation  148 

3.1 TLEs altitude determination 149 

Six TLEs were triangulated to simultaneously determine the actual TLEs' altitude and 150 

location. The six TLE events occurred in groups, and most of the TLEs were groups of 151 

column sprites. Two TLEs were classified as jellyfish sprites and gigantic jet (Surkov and 152 

Hayakawa, 2020). The distance from TLEs to SAAO and SKA varied from 511.7 to 590.1 153 

km and 334 to 399.7 km, respectively. The lightning strokes that initiated the TLEs had peak 154 

current and electric field strength ranging from +23 to +92 kA and 1,101 to 1,570 mV/m at 155 

the receiver, respectively. The size of 6 TLEs spanned from 64.5 to 149.8 km horizontally. 156 

The triangulated TLEs' altitudes varied from 29 to 92.6 km, see Table 1. One TLE had a halo 157 

(see Table 1) of about 132 km diameter. The TLE, which had a bottom altitude of about 29 158 

km, was classified as a gigantic jet (Surkov and Hayakawa, 2020). The TLEs' altitude 159 

difference between monostatic and triangulated estimates ranged from 1 to 2 km. For the 160 

monostatic method, the TLEs' altitudes were done with an assumption of TLEs occurring 161 

above the causal lightning stroke (Mashao et al., 2021). The uncertainty in altitude varied 162 

from ±0.33 to 0.47 km.  163 

 164 

Figure 3. The relationship between the width of TLEs and the lightning electric field amplitude (EA) at 100 km 165 

from their parent lightning locations (left) and peak current (I) (right), respectively. r shows the linear correlation 166 

coefficient. 167 
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Figure 3 shows the relationship between the width of TLEs and the lightning electric field 168 

amplitude (EA) (left) at 100 km from their parent lightning locations and peak current (I) 169 

(right). A moderate linear correlation coefficient of -0.3 and -0.4 (Peat et al., 2009) was found 170 

between the width of TLEs and the lightning electric field amplitude and peak current, 171 

respectively. Although the data set is small, lightning electric field amplitude and peak 172 

current seem to be moderately related to TLEs' width. 173 

3.2 TLEs position triangulation 174 

 175 

Figure 4. The locations of TLEs and their parent lightning strokes. The numbers and letters correspond to the 176 

position of parent lightning strokes and TLEs, respectively. E.g., lightning stroke 1, 2, 3, 4, 5, and 6 corresponds 177 

to TLE A, B, C, D, E, and F. SKA and SAAO mark the positions of cameras.  178 

The displacement between 6 triangulated TLE features and their parent lightning stroke 179 

position were from 12.5 to 49.3 km. Our results agree with the results obtained elsewhere 180 

(Bór et al., 2018; Lu et al., 2013; Lyons, 1996; Mlynarczyk et al., 2015; Sao-Sabbas et al., 181 
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2003; Wang et al., 2019). The uncertainty in position spanned from 0.2 km to 2 km. Figure 4 182 

shows the TLEs' displacement from their parent lightning strokes.  183 

 184 

Figure 5. TLEs displayed distance from their parent lightning versus lightning electric field amplitude (EA)  at 185 

100 km from their lightning locations (left) and peak current (I) (right), respectively. r shows the linear 186 

correlation coefficient. 187 

The relationship between TLEs' displaced distance from their parent lightning and the 188 

lightning electric field amplitude (EA) and peak current (I) is shown in Figure 5. A good and 189 

weak linear correlation coefficient of -0.6 and -0.2 (Peat et al., 2009) was found between the 190 

TLEs' displacement distance and lightning electric field amplitude and peak current, 191 

respectively. A large parent lightning electric field makes it more likely that the atmosphere 192 

overhead exhibits dielectric breakdown. Therefore, lightning discharges with large electric 193 

fields result in small TLE displacement away from their parent lightning strokes. We note the 194 

poor statistics. 195 

4. Summary and Conclusions 196 

We present the triangulation of six TLEs' positions on the Earth's surface and atmospheric 197 

altitudes. The CG lightning discharges associated with the TLEs have peak currents varying 198 

from +23 to +92 kA. The CG lightning electric field strength at the receiver and normalised 199 

to 100 km from their lightning stroke locations vary from 1,101 to 1,570 mV/m and 88.4 to 200 

204 V/m, respectively. We found that the TLE displacement away from the lightning location 201 

spans from 12.5 to 49.3 km. The triangulated altitudes of the TLEs ranged from 29 to 92.6 202 

km, and their width varied from 64.5 to 149.8 km. The TLEs' displacement away from their 203 
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parent lightning and TLE's width negatively correlates with their parent lightning normalised 204 

electric field amplitude. However, more data is required to confirm these results. The TLEs 205 

initiated by parent lightning with large electric field strength and peak current tend to display 206 

near their parent lightning location and with a less horizontal width. 207 
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Abstract 10 

We present the first 3D triangulation of Transient Luminous Events (TLEs) over Africa. The 11 

6 TLEs were simultaneously observed in the middle atmosphere from Sutherland and 12 

Carnarvon in South Africa, separated by 192 km, during the 2019 sprites campaign. These 13 

two distinctive locations have low radio interference and are free from light pollution. The 14 

lightning times, locations, peak current, and polarities, which initiated the observed TLEs, 15 

were obtained from the South African Lightning Detection Network and Earth Networks 16 

Total Lightning Networks. We investigate the TLEs' altitude and horizontal displacement 17 

from their parent lightning strokes. TLEs appear approximately 12.5 to 49.3 km away from 18 

their parent lightning strokes. We found that TLE altitudes range from 29 to 92.6 km. The 19 

lightning electric field and peak current may be related to the displacement of TLEs and the 20 

TLEs' horizontal spread.  21 
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1. Introduction  32 

TLEs such as sprites, elves, blue jets, gigantic jets, starters, and halos, are electrical optical 33 

discharge phenomena associated with the lightning activity electric field above thunderstorms 34 

at an altitude between about 15 to 100 km above the Earth's surface (Liu et al., 2015; Pasko et 35 

al., 2013; Siingh et al., 2012; Surkov and Hayakawa, 2020).  36 

Blue jets, gigantic jets, and starters are connected with intracloud (IC) lightning activity, 37 

which involve the positive and negative charges of the thundercloud (Liu et al., 2015; Lu et 38 

al., 2011; Peng et al., 2018; Surkov and Hayakawa, 2020). They are generated above the 39 

thundercloud and move upwards to an altitude of about 40 to 50 km, 70 to 100 km, and  20 to 40 

30 km, respectively. They have a duration vary from 417 to 650 ms, 60 to 90 ms, and 200 to 41 

300 ms, respectively (Kuo et al., 2015; Liu et al., 2015; Peng et al., 2018; Rodger, 1999; 42 

Siingh et al., 2012; Surkov and Hayakawa, 2020).  43 

Elves are a swelling thin ring induced by the electromagnetic pulse of either positive or 44 

negative cloud-to-ground (CG) lightning discharge at an altitude of about 85 to 95 km. Elves 45 

have a diameter of about 300 to 700 km and a duration of less than 1 ms (Frey et al., 2007; 46 

Liu et al., 2015; Williams et al., 2012; Surkov and Hayakawa, 2020). Halos are a spreading 47 

diffused flash of light associated with either the positive or negative CG lightning quasi-static 48 

electric field at an altitude of about 70 to 90 km (Taylor et al., 2008). Halos have a diameter 49 

of about 40 to 89 km and a duration of about 1 ms. Halos are occasionally followed by the 50 

initiation of sprites (Frey et al., 2007; Siingh et al., 2012; Surkov and Hayakawa, 2020; 51 

Taylor et al., 2008; Williams et al., 2012). 52 

Sprites are very brief optical illuminations about 1 to 10 ms duration in the middle 53 

atmosphere at an altitude of about 40 to 90 km, mainly associated with positive CG lightning 54 

discharges and sometimes negative CGs (Boggs et al., 2015; Füllekrug et al., 2006; Lang et 55 

al., 2013; Liu et al., 2015; Lyons, 1996; Pasko et al., 2013; Siingh et al., 2012; Surkov and 56 

Hayakawa, 2020). However, there have been reports of sprites produced by inter or 57 

intracloud lightning (Neubert et al., 2005, 2008). 58 

Sprites are the most common form of TLEs. Sprites may appear displaced away from their 59 

causal CG lightning locations, e.g. dancing sprites. Most sprites altitude measurements have 60 

been done with the assumption that sprites are initiated over their parent lightning strokes, 61 

and sprites have been found to occur at an altitude ranging from about 45 to 95 km (Füllekrug 62 

et al., 2019; Li et al.,2012; Mashao et al., 2021; McHarg et al., 2007; Ren et al., 2021; 63 
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Wescott et al., 1998). There have been reports on sprites altitude triangulation (Sentman et 64 

al., 1995; Stenbaek-Nielsen et al., 2010; Soula et al., 2015; Wescott et al., 1998; Wescott et 65 

al., 2001), spanning from about 50 to 90 km (Sentman et al., 1995), 48 to 88 km (Wang et al., 66 

2019) and up to 96 km (Stenbaek-Nielsen et al., 2010). Wescott et al. (1998) reported that the 67 

column sprites' top altitude ranged from 81.3 to 88.9 km. Wescott et al. (2001) found that 68 

triangulation of sprite halos top altitude span from 73.5 to 85.3 km. Factors such as the 69 

number of stars visible, local clouds, viewing direction, angular resolution, atmospheric 70 

scattering, light pollution, camera gain setting, distance to sprite, and ambiguity in selecting a 71 

sprites feature can affect sprites' altitude triangulation (Mlynarczyk et al., 2015).   72 

The displacement between the sprites and their parent lightning strokes ranges from 8.2 to 73 

49.6 km (Wang et al., 2019), 2.4 to 74.7 km (Bór et al., 2018), and 13 to 111 km (Lyons, 74 

1996). Sao-Sabbas et al. (2003) found that most sprites events appeared within 50 km from 75 

their parent CG lightning flashes and the maximum displacement was approximately 82 km. 76 

According to Lu et al. (2013), sprites are displaced more than 30 km, and according to 77 

Mlynarczyk et al. (2015) sprites tend to displace up to 70 km from their parent lightning 78 

strokes. Füllekrug et al. (2001) triangulated the lightning current and found a spatial 79 

displacement of about 60 km, from the edge of the sprite.  80 

 This paper presents the first 3D triangulation of the altitude of TLEs and the horizontal 81 

displacement between TLEs and their parent lightning stroke locations observed over Africa. 82 

We also compare the lightning electric field strength measured by an extremely low 83 

frequency (ELF) receiver and lightning peak current from the lightning networks with the 84 

TLEs optical recordings. 85 

2. Observations 86 

On 29 January 2019, 6 TLEs were simultaneously recorded from the South African 87 

Astronomical Observatory (SAAO) (32.38º S, 20.81º E) and Square Kilometre Array (SKA) 88 

(30.97º S, 21.98º E) in the Northern Cape, South Africa, see Figure 1. The TLEs occurred 89 

between 20:49:49 and 22:48:47 UTC. We were able to 3D triangulate the altitude and 90 

location of only 6 TLEs due to poor geometry and the aforementioned mitigating factors 91 

(Mlynarczyk et al., 2015). Figure 1 shows some of the TLEs observed on 29 January 2019, 92 

Gigantic jet (top left) at 20:53:32 UTC, sprites halo (top right) at 20:54:34 UTC, and a 93 

column sprites event observed simultaneously at 20:49:49 UTC from SAAO (bottom left) 94 

and SKA (bottom right), Northern Cape, South Africa. 95 
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 96 

Figure 1. TLEs observed on 29 January 2019. Gigantic jet (top left) and sprites halo (top right) recorded at 97 

20:53:32 and 20:54:34 UTC. Column sprites event observed a 20:49:49 UTC from SAAO (bottom left) and 98 

SKA (bottom right), Northern Cape, South Africa. 99 

The triangulated TLEs were recorded using Watec 910Hx cameras with 8.0 mm f/1.4 C-100 

mount lens, which provides a 29°/46.2° Vertical/Horizontal (V/H) Field of View (FOV), see 101 

Figure 1. The Watec camera systems captured video frames at 25 fps, 40 ms frame period, 102 

640×480 pixels, fixed gain, and 0.45 gamma factor, with 8-bit intensity resolution and 103 

0.061°/0.072° V/H pixel angular resolution. 104 

2.1 TLEs triangulation 105 

In order to perform successful TLEs altitude and location triangulation, we fitted modeled 106 

stars onto the real stars on the background image of TLEs to determine the azimuth and 107 

elevation angle of each pixel in the TLE image. Assuming that the TLEs occurred above their 108 

parent lightning stoke locations, we estimated the altitude of the target TLE feature, by 109 

performing spherical and planar trigonometry in the horizontal plane and vertical planes, 110 

respectively. This technique is described in detail by Mashao et al. (2021). After the stars 111 
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fitting, we used the cosine and sine rule of spherical trigonometry to obtain simultaneous 112 

solutions for the angle subtended on the great circle (A) and slant distance to TLEs (r), as 113 

presented in Eq. (1) and (2) below:  114 

A = sin−1(
−(2×(h+RE)×(RE tan(θ)))+√(2×(h+RE)×RE tan(θ))2−4×(

(h+RE)
2

(cos(θ))2
)×(RE

2−(h+RE)2

2×(
(h+RE)

2

(cos(θ))2
)

)           (1)                                             115 

r =
(h+RE)×sin(A)

cos(θ)
                                                                                                                      (2) 116 

where A is the angle subtended by the great circle, h is the altitude, RE is the Earth's radius, θ 117 

is the elevation angle from the camera locations to the TLEs, and r is the slant distance to the 118 

TLEs. 119 

Since we know the azimuth and elevation of every TLEs image pixels and slant distance to 120 

the TLEs, for a known altitude, we can convert local spherical coordinates to geographic 121 

coordinates to obtain two estimated coordinates (latitude, longitude) of the TLEs with respect 122 

to the two observation sites. Since we know the estimated TLEs ground coordinates from 123 

each camera's location, we then used Google Earth Pro (version 7.3.4.8248) software to show 124 

the distance from the camera systems locations to the TLEs estimated locations, see Figure 2. 125 

Figure 2 shows the TLEs position triangulation. The position where the red lines intercept is 126 

the actual TLE's location on the ground. We then use the TLE's exact location to adjust the 127 

altitude of the TLE by triangulation. By iteration, we resolve the apparent ambiguity between 128 

the TLE's geographic position and altitude. 129 
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 130 

Figure 2. TLE location triangulation. The two turquoise symbols denote the locations of the cameras, which are 131 

SAAO and SKA. The red lines mark the distance from the camera locations to the estimated sprite location. The 132 

position where the red lines intercept gives the actual TLE's location. 133 

 134 

2.2 Lightning detection 135 

The lightning location, time, and peak current information of the causal lightning stroke 136 

which generated the TLEs were provided by the South African Lightning Detection Networks 137 

(SALDN) and Earth Networks Total Lightning Networks (ENTLN). The SALDN operates 23 138 

sensors with a 90% detection efficiency across South Africa. The SALDN ascertains the 139 

lightning locations, occurrence times, and polarities by acquiring the time of arrival and 140 

magnetic direction-finding methods. The ENTLN consists of 17 sensors over South Africa 141 

with a detection efficiency of approximately 60% to 70%. The ENTLN uses the time of 142 

arrival and sophisticated algorithms to determine lightning types, locations, time, and 143 

polarities. The SALDN and ENTLN have uncertainties in lightning locations of 0.5 km and 144 

0.2 km, respectively (Gijben, 2012; Zhu et al., 2017). The distance to TLEs from SAAO and 145 

SKA were found to span from 511.7 to 590.1 km and 334.0 to 399.7 km, respectively. The 146 

parent lightning peak current varied from +9 to +93 kA. 147 

 The parent lightning vertical electric fields associated with the TLEs were recorded by a 148 

wideband ELF radio receiver, located at SKA, in the frequency range ~4 Hz to 400 kHz. The 149 
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ELF radio receiver recorded the lighting vertical electric field with a sampling frequency of 1 150 

MHz and 20 ns time accuracy. The lightning vertical electric field waveforms were used to 151 

determine the parent lightning electric field strength and the type of lightning associated with 152 

each TLE. The lightning electric field ranged from 204 to 1,570 mV/m at the receiver 153 

(Füllekrug, 2010; Füllekrug et al., 2019).  154 

The lightning electric field strength lessens with an increase in distance away from the 155 

lightning location. To compensate for this, we determine the electric field amplitude and the 156 

attenuation coefficient along the travelled path (Kolmašová et al., 2016). The electric field 157 

amplitude coefficient is determined by normalising the maximum lightning electric field 158 

strength at the receiver to 100 km from the lightning locations (Kolmašová et al., 2016). We 159 

found an experimental attenuation coefficient of about 0.41 dB/100 km. The attenuation of a 160 

radio wave signal is low over the nighttime (Chapman and Macario, 1956), and our 161 

observations were made at nighttime within a low radio interference area, see Table 1. The 162 

attenuation coefficient depends on the bandwidth of the receiver, i.e. low frequency results in 163 

low attenuation. Kolmašová et al. (2016) used broadband with a bandwidth of 5 kHz – 37 164 

MHz and obtained an attenuation coefficient of  2.15 dB/100 km (Kolmašová et al., 2016). 165 

We found that the electric field amplitude at 100 km from the lightning locations spanned 166 

88.4 to 204 V/m, respectively. All results are summarized in Table 1. 167 
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Table 1. Summary of TLEs triangulation observed on the 29 January 2019 as well as their 178 

parent lightning occurrence times, positions, and peak current provided by SALDN and 179 

ENTLN; lightning vertical electric field recorded by the ELF radio receiver at SKA; distance 180 

to sprites from SAAO and SKA; distance between TLE and lightning; TLEs' width and 181 

altitude of occurrence; and TLEs' morphological classification. The times in the first column 182 

are the lightning occurrence times. +CG and +IC denote positive cloud to ground lightning 183 

stroke and positive Intracloud lightning discharge, respectively. The lightning discharge at 184 

20:53:32.904 UTC and 20:53:33.013 UTC contributed to the generation of a gigantic jet. A, 185 

B, C, D, E, and F in column 11 (TLEs types) correspond to TLEs position in Figure 4. 186 

Time (UTC) Lightning  

location 

(°) 

TLEs  

location 

(°) 

Distance 

from 

SAAO to 

TLEs 

(km) 

Distance 

From 

SKA  

to TLEs 

(km) 

Lightning 

peak 

current 

(kA) 

Electric 

field at 

the 

receiver 

(mV/m) 

Distance 

between 

TLE and 

lightning 

(km) 

TLE 

maximum 

Horizontal 

size 

(km) 

TLEs 

triangulated 

Altitude 

(km) 

TLEs 

types 

LAT LON LAT LON 

20:49:49.668 

(+CG) 

-29.23 24.79 -29.27 24.99 527.5 345.7 56 1,570 19.9 96.7 39.6—83.3 Column 

sprites 

(A) 

20:53:32.751 

(+CG) 

-28.96 

 

 

24.73 

 

 

-29.10 24.80 527.6 342 93 

 

1,400 

 

 

17 64.5 41—89.5 Jellyfish 

sprites 

(F) 

20:53:32.904 

(+CG) 

-29.22 24.79 -29.59 25.07 511.7 334.0 43 1,175 49.3 79.7 29—81 Gigantic 

jet (B) 

20:53:33.013 

(+IC) 

-29.23 24.81 -29.59 25.07 9 204 47.9 

20:54:34.637 

 (+CG) 

-30.19 25.53 -30.06 25.59 522.7 360.3 23 1,101 12.5 149.8 43.3—86.6 Column 

sprites 

with 

(Halo) 

(C) 

21:05:51.251 

(+CG) 

-29.14 24.94 -28.99 24.94 545.6 360.1 92 1,247 16.7 116 43.5—92.6 Column 

sprites 

(D) 

22:48:06.932 

(+CG) 

-28.18 24.71 -28.30 24.75 590.1 399.7 44 1,230 13.9 66.7 47.7—82.6 Column 

sprites 

(E) 
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3. Results and interpretation  190 

3.1 TLEs altitude determination 191 

Six TLEs were triangulated to simultaneously determine the actual TLEs altitude and 192 

location. The six TLE events occurred in groups, and most of the TLEs were groups of 193 

column sprites. Two TLEs were classified as a jellyfish sprite and a gigantic jet (Surkov and 194 

Hayakawa, 2020). The distance from the TLEs to SAAO and SKA varied from 511.7 to 195 

590.1 km and 334 to 399.7 km, respectively. The lightning strokes that initiated the TLEs had 196 

a peak current and electric field strength ranging from +23 to +93 kA and 1,101 to 1,570 197 

mV/m at the receiver, respectively. The horizontal size of the 6 TLEs spanned from 64.5 to 198 

149.8 km. The triangulated TLEs altitudes varied from 29 to 92.6 km, see Table 1. One TLE 199 

had a halo (see Table 1) of about 132 km diameter.  200 

The TLE, which had a bottom altitude of about 29 km, was classified as a gigantic jet 201 

(Surkov and Hayakawa, 2020). The ENTLN reported an IC lightning discharge, which 202 

contributed to the initiation of the gigantic jet, 109 ms after the +CG lightning stroke located 203 

1.7 km away from the +CG lightning stroke location. The +IC lightning discharge had a peak 204 

current and electric field of 9 kA and 204 mV/m at the receiver, respectively. The +IC 205 

lightning discharge was 47.9 km away from the gigantic jet. Thus, based on the locations and 206 

time of occurrence of the +CG and +IC lightning discharges, both lightning discharges 207 

contributed to the initiation of the gigantic jet.  208 

The TLEs' altitude difference between monostatic and triangulated estimates ranged from 1 209 

to 2 km. For the monostatic method, the TLE altitude estimates assumed that TLEs occurred 210 

above the causal lightning stroke (Mashao et al., 2021). The uncertainty in TLE altitude 211 

determined from the angular resolution of camera varied from ±0.33 to 0.47 km. The 212 

uncertainty depends on the slant distance to the TLE from the camera's location, which 213 

ranged from 336 to 600 km. 214 
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 215 

Figure 3. The relationship between the horizontal width of TLEs and the lightning electric field amplitude (EA) 216 

at 100 km from their parent lightning locations (left) and peak current (I) (right), respectively. r shows the linear 217 

correlation coefficient. 218 

Figure 3 shows the relationship between the horizontal width of the TLEs and the lightning 219 

electric field amplitude (EA) (left) at 100 km from their parent lightning locations and peak 220 

current (I) (right). A moderate linear correlation coefficient of -0.3 and -0.4 (Peat et al., 2009) 221 

was found between the width of TLEs and the lightning electric field amplitude and peak 222 

current, respectively. Although the data set is small, lightning electric field amplitude and 223 

peak current seem to be moderately related to the TLEs width. 224 

3.2 TLEs position triangulation 225 
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 226 

Figure 4. The locations of TLEs and their parent lightning strokes. The numbers and letters correspond to the 227 

position of parent lightning strokes and TLEs, respectively. E.g., lightning stroke 1, 2, 3, 4, 5, and 6 corresponds 228 

to TLE A, B, C, D, E, and F. SKA and SAAO mark the positions of the cameras.  229 

The displacement between 6 triangulated TLE features and their parent lightning stroke 230 

position were from 12.5 to 49.3 km. Our results are in good agreement with similar results 231 

obtained elsewhere (Bór et al., 2018; Lu et al., 2013; Lyons, 1996; Mlynarczyk et al., 2015; 232 

Sao-Sabbas et al., 2003; Wang et al., 2019). The uncertainty in sprites geographic location, 233 

which depends on the angular resolution of the cameras and the viewing geometry to the 234 

TLEs, averaged 7.2 km with a standard deviation of 7.1 km. Figure 4 shows the TLEs' 235 

displacement from their parent lightning strokes.  236 
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 237 

Figure 5. TLEs displayed distance from their parent lightning versus lightning electric field amplitude (EA)  at 238 

100 km from their lightning locations (left) and peak current (I) (right), respectively. r shows the linear 239 

correlation coefficient. 240 

The relationship between the TLEs' displaced distance from their parent lightning and the 241 

lightning electric field amplitude (EA) and peak current (I) is shown in Figure 5. A good and 242 

weak linear anti-correlation coefficient of -0.6 and -0.2 (Peat et al., 2009) was found between 243 

the TLEs displacement distance and lightning electric field amplitude and peak current, 244 

respectively. A large parent lightning electric field makes it more likely that the atmosphere 245 

overhead exhibits dielectric breakdown. Therefore, lightning discharges with large electric 246 

fields result in a small TLE displacement away from their parent lightning stroke. We note 247 

the poor statistics. 248 

4. Summary and Conclusions 249 

We present the 3D triangulation of six TLEs positions on the Earth's surface and atmospheric 250 

altitudes. The CG lightning discharges associated with the TLEs have peak currents varying 251 

from +23 to +93 kA. The CG lightning electric field strength at the receiver and normalised 252 

to 100 km from their lightning stroke locations vary from 1,101 to 1,570 mV/m and 88.4 to 253 

204 V/m, respectively. We found that the TLE displacement away from the lightning location 254 

spanned from 12.5 to 49.3 km. The triangulated altitudes of the TLEs ranged from 29 to 92.6 255 

km, and their width varied from 64.5 to 149.8 km. The TLEs displacement away from their 256 

parent lightning and TLE width negatively correlates with their parent lightning normalised 257 

electric field amplitude. However, more data is required to confirm these results. The TLEs 258 
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initiated by parent lightning with a large electric field strength and peak current tend to 259 

display near their parent lightning location and with a less horizontal width. 260 
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Abstract 11 

We present the first 3D triangulation of Transient Luminous Events (TLEs) over Africa. The 12 

6 TLEs were simultaneously observed in the middle atmosphere from Sutherland and 13 

Carnarvon in South Africa, separated by 192 km, during the 2019 sprites campaign. These 14 

two distinctive locations have low radio interference and are free from light pollution. The 15 

lightning times, locations, peak current, and polarities, which initiated the observed TLEs, 16 

were obtained from the South African Lightning Detection Network and Earth Networks 17 

Total Lightning Networks. We investigate the TLEs' altitude and horizontal displacement 18 

from their parent lightning strokes. TLEs appear approximately 12.5 to 49.3 km away from 19 

their parent lightning strokes. We found that TLE altitudes range from 29 to 92.6 km. The 20 

lightning electric field and peak current may be related to the displacement of TLEs and the 21 

TLEs' horizontal spread.  22 

Keywords: Transient Luminous Events triangulation; lightning peak current; lightning 23 

electric field. 24 
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1. Introduction  32 

TLEs such as sprites, elves, blue jets, gigantic jets, starters, and halos, are electrical optical 33 

discharge phenomena associated with the lightning activity electric field above thunderstorms 34 

at an altitude between about 15 to 100 km above the Earth's surface (Liu et al., 2015; Pasko et 35 

al., 2013; Siingh et al., 2012; Surkov and Hayakawa, 2020).  36 

Blue jets, gigantic jets, and starters are connected with intracloud (IC) lightning activity, 37 

which involve the positive and negative charges of the thundercloud (Liu et al., 2015; Lu et 38 

al., 2011; Peng et al., 2018; Surkov and Hayakawa, 2020). They are generated above the 39 

thundercloud and move upwards to an altitude of about 40 to 50 km, 70 to 100 km, and  20 to 40 

30 km, respectively. They have a duration vary from 417 to 650 ms, 60 to 90 ms, and 200 to 41 

300 ms, respectively (Kuo et al., 2015; Liu et al., 2015; Peng et al., 2018; Rodger, 1999; 42 

Siingh et al., 2012; Surkov and Hayakawa, 2020).  43 

Elves are a swelling thin ring induced by the electromagnetic pulse of either positive or 44 

negative cloud-to-ground (CG) lightning discharge at an altitude of about 85 to 95 km. Elves 45 

have a diameter of about 300 to 700 km and a duration of less than 1 ms (Frey et al., 2007; 46 

Liu et al., 2015; Williams et al., 2012; Surkov and Hayakawa, 2020). Halos are a spreading 47 

diffused flash of light associated with either the positive or negative CG lightning quasi-static 48 

electric field at an altitude of about 70 to 90 km (Taylor et al., 2008). Halos have a diameter 49 

of about 40 to 89 km and a duration of about 1 ms. Halos are occasionally followed by the 50 

initiation of sprites (Frey et al., 2007; Siingh et al., 2012; Surkov and Hayakawa, 2020; 51 

Taylor et al., 2008; Williams et al., 2012). 52 

Sprites are very brief optical illuminations about 1 to 10 ms duration in the middle 53 

atmosphere at an altitude of about 40 to 90 km, mainly associated with positive CG lightning 54 

discharges and sometimes negative CGs (Boggs et al., 2015; Füllekrug et al., 2006; Lang et 55 

al., 2013; Liu et al., 2015; Lyons, 1996; Pasko et al., 2013; Siingh et al., 2012; Surkov and 56 

Hayakawa, 2020). However, there have been reports of sprites produced by inter or 57 

intracloud lightning (Neubert et al., 2005, 2008). 58 

Sprites are the most common form of TLEs. Sprites may appear displaced away from their 59 

causal CG lightning locations, e.g. dancing sprites. Most sprites altitude measurements have 60 

been done with the assumption that sprites are initiated over their parent lightning strokes, 61 

and sprites have been found to occur at an altitude ranging from about 45 to 95 km (Füllekrug 62 

et al., 2019; Li et al.,2012; Mashao et al., 2021; McHarg et al., 2007; Ren et al., 2021; 63 
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Wescott et al., 1998). There have been reports on sprites altitude triangulation (Sentman et 64 

al., 1995; Stenbaek-Nielsen et al., 2010; Soula et al., 2015; Wescott et al., 1998; Wescott et 65 

al., 2001), spanning from about 50 to 90 km (Sentman et al., 1995), 48 to 88 km (Wang et al., 66 

2019) and up to 96 km (Stenbaek-Nielsen et al., 2010). Wescott et al. (1998) reported that the 67 

column sprites' top altitude ranged from 81.3 to 88.9 km. Wescott et al. (2001) found that 68 

triangulation of sprite halos top altitude span from 73.5 to 85.3 km. Factors such as the 69 

number of stars visible, local clouds, viewing direction, angular resolution, atmospheric 70 

scattering, light pollution, camera gain setting, distance to sprite, and ambiguity in selecting a 71 

sprites feature can affect sprites' altitude triangulation (Mlynarczyk et al., 2015).   72 

The displacement between the sprites and their parent lightning strokes ranges from 8.2 to 73 

49.6 km (Wang et al., 2019), 2.4 to 74.7 km (Bór et al., 2018), and 13 to 111 km (Lyons, 74 

1996). Sao-Sabbas et al. (2003) found that most sprites events appeared within 50 km from 75 

their parent CG lightning flashes and the maximum displacement was approximately 82 km. 76 

According to Lu et al. (2013), sprites are displaced more than 30 km, and according to 77 

Mlynarczyk et al. (2015) sprites tend to displace up to 70 km from their parent lightning 78 

strokes. Füllekrug et al. (2001) triangulated the lightning current and found a spatial 79 

displacement of about 60 km, from the edge of the sprite.  80 

 This paper presents the first 3D triangulation of the altitude of TLEs and the horizontal 81 

displacement between TLEs and their parent lightning stroke locations observed over Africa. 82 

We also compare the lightning electric field strength measured by an extremely low 83 

frequency (ELF) receiver and lightning peak current from the lightning networks with the 84 

TLEs optical recordings. 85 

2. Observations 86 

On 29 January 2019, 6 TLEs were simultaneously recorded from the South African 87 

Astronomical Observatory (SAAO) (32.38º S, 20.81º E) and Square Kilometre Array (SKA) 88 

(30.97º S, 21.98º E) in the Northern Cape, South Africa, see Figure 1. The TLEs occurred 89 

between 20:49:49 and 22:48:47 UTC. We were able to 3D triangulate the altitude and 90 

location of only 6 TLEs due to poor geometry and the aforementioned mitigating factors 91 

(Mlynarczyk et al., 2015). Figure 1 shows some of the TLEs observed on 29 January 2019, 92 

Gigantic jet (top left) at 20:53:32 UTC, sprites halo (top right) at 20:54:34 UTC, and a 93 

column sprites event observed simultaneously at 20:49:49 UTC from SAAO (bottom left) 94 

and SKA (bottom right), Northern Cape, South Africa. 95 
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 96 

Figure 1. TLEs observed on 29 January 2019. Gigantic jet (top left) and sprites halo (top right) recorded at 97 

20:53:32 and 20:54:34 UTC. Column sprites event observed a 20:49:49 UTC from SAAO (bottom left) and 98 

SKA (bottom right), Northern Cape, South Africa. 99 

The triangulated TLEs were recorded using Watec 910Hx cameras with 8.0 mm f/1.4 C-100 

mount lens, which provides a 29°/46.2° Vertical/Horizontal (V/H) Field of View (FOV), see 101 

Figure 1. The Watec camera systems captured video frames at 25 fps, 40 ms frame period, 102 

640×480 pixels, fixed gain, and 0.45 gamma factor, with 8-bit intensity resolution and 103 

0.061°/0.072° V/H pixel angular resolution. 104 

2.1 TLEs triangulation 105 

In order to perform successful TLEs altitude and location triangulation, we fitted modeled 106 

stars onto the real stars on the background image of TLEs to determine the azimuth and 107 

elevation angle of each pixel in the TLE image. Assuming that the TLEs occurred above their 108 

parent lightning stoke locations, we estimated the altitude of the target TLE feature, by 109 

performing spherical and planar trigonometry in the horizontal plane and vertical planes, 110 

respectively. This technique is described in detail by Mashao et al. (2021). After the stars 111 
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fitting, we used the cosine and sine rule of spherical trigonometry to obtain simultaneous 112 

solutions for the angle subtended on the great circle (A) and slant distance to TLEs (r), as 113 

presented in Eq. (1) and (2) below:  114 

A = sin−1(
−(2×(h+RE)×(RE tan(θ)))+√(2×(h+RE)×RE tan(θ))2−4×(

(h+RE)
2

(cos(θ))2
)×(RE

2−(h+RE)2

2×(
(h+RE)

2

(cos(θ))2
)

)           (1)                                             115 

r =
(h+RE)×sin(A)

cos(θ)
                                                                                                                      (2) 116 

where A is the angle subtended by the great circle, h is the altitude, RE is the Earth's radius, θ 117 

is the elevation angle from the camera locations to the TLEs, and r is the slant distance to the 118 

TLEs. 119 

Since we know the azimuth and elevation of every TLEs image pixels and slant distance to 120 

the TLEs, for a known altitude, we can convert local spherical coordinates to geographic 121 

coordinates to obtain two estimated coordinates (latitude, longitude) of the TLEs with respect 122 

to the two observation sites. Since we know the estimated TLEs ground coordinates from 123 

each camera's location, we then used Google Earth Pro (version 7.3.4.8248) software to show 124 

the distance from the camera systems locations to the TLEs estimated locations, see Figure 2. 125 

Figure 2 shows the TLEs position triangulation. The position where the red lines intercept is 126 

the actual TLE's location on the ground. We then use the TLE's exact location to adjust the 127 

altitude of the TLE by triangulation. By iteration, we resolve the apparent ambiguity between 128 

the TLE's geographic position and altitude. 129 
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 130 

Figure 2. TLE location triangulation. The two turquoise symbols denote the locations of the cameras, which are 131 

SAAO and SKA. The red lines mark the distance from the camera locations to the estimated sprite location. The 132 

position where the red lines intercept gives the actual TLE's location. 133 

 134 

2.2 Lightning detection 135 

The lightning location, time, and peak current information of the causal lightning stroke 136 

which generated the TLEs were provided by the South African Lightning Detection Networks 137 

(SALDN) and Earth Networks Total Lightning Networks (ENTLN). The SALDN operates 23 138 

sensors with a 90% detection efficiency across South Africa. The SALDN ascertains the 139 

lightning locations, occurrence times, and polarities by acquiring the time of arrival and 140 

magnetic direction-finding methods. The ENTLN consists of 17 sensors over South Africa 141 

with a detection efficiency of approximately 60% to 70%. The ENTLN uses the time of 142 

arrival and sophisticated algorithms to determine lightning types, locations, time, and 143 

polarities. The SALDN and ENTLN have uncertainties in lightning locations of 0.5 km and 144 

0.2 km, respectively (Gijben, 2012; Zhu et al., 2017). The distance to TLEs from SAAO and 145 

SKA were found to span from 511.7 to 590.1 km and 334.0 to 399.7 km, respectively. The 146 

parent lightning peak current varied from +9 to +93 kA. 147 

 The parent lightning vertical electric fields associated with the TLEs were recorded by a 148 

wideband ELF radio receiver, located at SKA, in the frequency range ~4 Hz to 400 kHz. The 149 
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ELF radio receiver recorded the lighting vertical electric field with a sampling frequency of 1 150 

MHz and 20 ns time accuracy. The lightning vertical electric field waveforms were used to 151 

determine the parent lightning electric field strength and the type of lightning associated with 152 

each TLE. The lightning electric field ranged from 204 to 1,570 mV/m at the receiver 153 

(Füllekrug, 2010; Füllekrug et al., 2019).  154 

The lightning electric field strength lessens with an increase in distance away from the 155 

lightning location. To compensate for this, we determine the electric field amplitude and the 156 

attenuation coefficient along the travelled path (Kolmašová et al., 2016). The electric field 157 

amplitude coefficient is determined by normalising the maximum lightning electric field 158 

strength at the receiver to 100 km from the lightning locations (Kolmašová et al., 2016). We 159 

found an experimental attenuation coefficient of about 0.41 dB/100 km. The attenuation of a 160 

radio wave signal is low over the nighttime (Chapman and Macario, 1956), and our 161 

observations were made at nighttime within a low radio interference area, see Table 1. The 162 

attenuation coefficient depends on the bandwidth of the receiver, i.e. low frequency results in 163 

low attenuation. Kolmašová et al. (2016) used broadband with a bandwidth of 5 kHz – 37 164 

MHz and obtained an attenuation coefficient of 2.15 dB/100 km (Kolmašová et al., 2016). 165 

We found that the electric field amplitude at 100 km from the lightning locations spanned 166 

88.4 to 204 V/m, respectively. All results are summarized in Table 1. 167 

 168 
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Table 1. Summary of TLEs triangulation observed on the 29 January 2019 as well as their 178 

parent lightning occurrence times, positions, and peak current provided by SALDN and 179 

ENTLN; lightning vertical electric field recorded by the ELF radio receiver at SKA; distance 180 

to sprites from SAAO and SKA; distance between TLE and lightning; TLEs' width and 181 

altitude of occurrence; and TLEs' morphological classification. The times in the first column 182 

are the lightning occurrence times. +CG and +IC denote positive cloud to ground lightning 183 

stroke and positive Intracloud lightning discharge, respectively. The lightning discharge at 184 

20:53:32.904 UTC and 20:53:33.013 UTC contributed to the generation of a gigantic jet. A, 185 

B, C, D, E, and F in column 11 (TLEs types) correspond to TLEs position in Figure 4. 186 

Time (UTC) Lightning  

location 

(°) 

TLEs  

location 

(°) 

Distance 

from 

SAAO to 

TLEs 

(km) 

Distance 

From 

SKA  

to TLEs 

(km) 

Lightning 

peak 

current 

(kA) 

Electric 

field at 

the 

receiver 

(mV/m) 

Distance 

between 

TLE and 

lightning 

(km) 

TLE 

maximum 

Horizontal 

size 

(km) 

TLEs 

triangulated 

Altitude 

(km) 

TLEs 

types 

LAT LON LAT LON 

20:49:49.668 

(+CG) 

-29.23 24.79 -29.27 24.99 527.5 345.7 56 1,570 19.9 96.7 39.6—83.3 Column 

sprites 

(A) 

20:53:32.751 

(+CG) 

-28.96 

 

 

24.73 

 

 

-29.10 24.80 527.6 342 93 

 

1,400 

 

 

17 64.5 41—89.5 Jellyfish 

sprites 

(F) 

20:53:32.904 

(+CG) 

-29.22 24.79 -29.59 25.07 511.7 334.0 43 1,175 49.3 79.7 29—81 Gigantic 

jet (B) 

20:53:33.013 

(+IC) 

-29.23 24.81 -29.59 25.07 9 204 47.9 

20:54:34.637 

 (+CG) 

-30.19 25.53 -30.06 25.59 522.7 360.3 23 1,101 12.5 149.8 43.3—86.6 Column 

sprites 

with 

(Halo) 

(C) 

21:05:51.251 

(+CG) 

-29.14 24.94 -28.99 24.94 545.6 360.1 92 1,247 16.7 116 43.5—92.6 Column 

sprites 

(D) 

22:48:06.932 

(+CG) 

-28.18 24.71 -28.30 24.75 590.1 399.7 44 1,230 13.9 66.7 47.7—82.6 Column 

sprites 

(E) 

 187 

 188 

 189 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

9 
 

3. Results and interpretation  190 

3.1 TLEs altitude determination 191 

Six TLEs were triangulated to simultaneously determine the actual TLEs altitude and 192 

location. The six TLE events occurred in groups, and most of the TLEs were groups of 193 

column sprites. Two TLEs were classified as a jellyfish sprite and a gigantic jet (Surkov and 194 

Hayakawa, 2020). The distance from the TLEs to SAAO and SKA varied from 511.7 to 195 

590.1 km and 334 to 399.7 km, respectively. The lightning strokes that initiated the TLEs had 196 

a peak current and electric field strength ranging from +23 to +93 kA and 1,101 to 1,570 197 

mV/m at the receiver, respectively. The horizontal size of the 6 TLEs spanned from 64.5 to 198 

149.8 km. The triangulated TLEs altitudes varied from 29 to 92.6 km, see Table 1. One TLE 199 

had a halo (see Table 1) of about 132 km diameter.  200 

The TLE, which had a bottom altitude of about 29 km, was classified as a gigantic jet 201 

(Surkov and Hayakawa, 2020). The ENTLN reported an IC lightning discharge, which 202 

contributed to the initiation of the gigantic jet. The IC lightning discharge occurred 109 ms 203 

after the parent +CG lightning stroke and was located 1.7 km from the parent +CG lightning 204 

stroke location. The +IC lightning discharge had a peak current and electric field of 9 kA and 205 

204 mV/m at the receiver, respectively. The +IC lightning discharge was 47.9 km away from 206 

the gigantic jet. Thus, based on the locations and time of occurrence of the +CG and +IC 207 

lightning discharges, both lightning discharges contributed to the initiation of the gigantic jet.  208 

The TLEs' altitude difference between monostatic and triangulated estimates ranged from 1 209 

to 2 km. For the monostatic method, the TLE altitude estimates assumed that TLEs occurred 210 

above the causal lightning stroke (Mashao et al., 2021). The uncertainty in TLE altitude 211 

determined from the angular resolution of camera varied from ±0.33 to 0.47 km. The 212 

uncertainty depends on the slant distance to the TLE from the camera's location, which 213 

ranged from 336 to 600 km. 214 
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 215 

Figure 3. The relationship between the horizontal width of TLEs and the lightning electric field amplitude (EA) 216 

at 100 km from their parent lightning locations (left) and peak current (I) (right), respectively. 217 

Figure 3 shows the relationship between the horizontal width of the TLEs and the lightning 218 

electric field amplitude (EA) (left) at 100 km from their parent lightning locations and peak 219 

current (I) (right). The results suggest a decrease in the width of TLEs with an increase in the 220 

lightning electric field amplitude and peak current, respectively, although the data set is small 221 

and the spread too large to draw a clear conclusion. 222 

3.2 TLEs position triangulation 223 
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 224 

Figure 4. The locations of TLEs and their parent lightning strokes. The numbers and letters correspond to the 225 

position of parent lightning strokes and TLEs, respectively. E.g., lightning stroke 1, 2, 3, 4, 5, and 6 corresponds 226 

to TLE A, B, C, D, E, and F. SKA and SAAO mark the positions of the cameras.  227 

The displacement between 6 triangulated TLE features and their parent lightning stroke 228 

position were from 12.5 to 49.3 km. Our results are in good agreement with similar results 229 

obtained elsewhere (Bór et al., 2018; Lu et al., 2013; Lyons, 1996; Mlynarczyk et al., 2015; 230 

Sao-Sabbas et al., 2003; Wang et al., 2019). The uncertainty in sprites geographic location, 231 

which depends on the angular resolution of the cameras and the viewing geometry to the 232 

TLEs, averaged 7.2 km with a standard deviation of 7.1 km. Figure 4 shows the TLEs' 233 

displacement from their parent lightning strokes.  234 
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 235 

Figure 5. TLEs displayed distance from their parent lightning versus lightning electric field amplitude (EA) at 236 

100 km from their lightning locations (left) and peak current (I) (right), respectively. 237 

The relationship between the TLEs' displaced distance from their parent lightning and the 238 

lightning electric field amplitude (EA) and peak current (I) is shown in Figure 5. The TLEs 239 

displacement distance may decrease with an increase in the lightning electric field amplitude 240 

and peak current, respectively, although again the data set is small and the spread too large to 241 

draw a clear conclusion. A large parent lightning electric field makes it more likely that the 242 

atmosphere overhead exhibits dielectric breakdown. Therefore, lightning discharges with 243 

large electric fields result in a small TLE displacement away from their parent lightning 244 

stroke. We note the poor statistics.  245 

Summary and Conclusions 246 

We present the 3D triangulation of six TLEs positions on the Earth's surface and atmospheric 247 

altitudes. The CG lightning discharges associated with the TLEs have peak currents varying 248 

from +23 to +93 kA. The CG lightning electric field strength at the receiver and normalised 249 

to 100 km from their lightning stroke locations vary from 1,101 to 1,570 mV/m and 88.4 to 250 

204 V/m, respectively. We found that the TLE displacement away from the lightning location 251 

spanned from 12.5 to 49.3 km. The triangulated altitudes of the TLEs ranged from 29 to 92.6 252 

km, and their width varied from 64.5 to 149.8 km. The TLEs displacement away from their 253 

parent lightning and TLE width may decrease with an increase in their parent lightning 254 

normalised electric field amplitude. However, more data is required to confirm these results. 255 
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The TLEs initiated by parent lightning with a large electric field strength and peak current 256 

tend to display near their parent lightning location and with a less horizontal width. 257 
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