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			Abstract

			Sprites are mesospheric optical emissions that are mostly produced by large, positive cloud-to-ground lightning discharges. Sprites appear in different morphologies such as carrot, jellyfish and column, and are typically in the altitude range of ~40–100 km above the Earth’s surface. Sprites are a subset of transient luminous events and they contribute to the global electric circuit. South Africa has large convective thunderstorms, which typically occur in the summer months of every year. Peak current, time and geographical position of lightning strokes were obtained from the South African Weather Service. Sprite observations were recorded in South Africa for the first time on 11 January 2016 from Sutherland in the Northern Cape using a night-vision television camera from the South African National Space Agency’s Optical Space Research laboratory. We report the first estimates of the top altitude, and the altitude of maximum brightness, of 48 sprites over South Africa. We found that the average top altitude and the altitude of maximum brightness of sprites are approximately 84.3 km and 69 km, respectively, which is consistent with estimates made elsewhere. We also found a moderately high positive and a weak positive correlation between the top altitude and the altitude of maximum brightness, respectively, of sprites and the lightning stroke charge moment change. 

			Significance:

			
					•	We present the first altitude estimation of sprites observed over Africa.

					•	The altitude of sprites observed over South Africa is in agreement with observations made elsewhere.

					•	There is a positive correlation between the top altitude of sprites and the parent lightning charge moment change.

					•	Sprite maximum brightness is observed near the stratopause. 
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			Introduction

			Sprites are optical phenomena generated by the electric field in the mesosphere, almost exclusively during positive cloud-to-ground (+CG) lightning flashes with a high peak current and a high charge moment change (CMC). Sprites play a role in the global electric circuit.1-3The optical signature of sprite events typically lasts for about 1–10 ms.2 However, some sprite events can last for more than 10 ms, especially in the case of dancing sprites and column sprites which are not very bright.4,5 Sprites are the most familiar type of transient luminous events (TLEs), which are short-lived gas breakdown phenomena that occur well above the altitudes of normal lightning and storm clouds, typically ~40–100 km. Sprites, halos, elves, blue jets and gigantic jets are different types of TLEs. Sprites consist of many streamers, which are typically measure 60–200 m in horizontal length.1 

			Sprites are generated by the quasi-electrostatic field generated by the large CMC from the initial lightning stroke and its subsequent continuing current during mesoscale convective system thunderstorms. This occurs when a high amount of positive charge is lowered to the ground during a lightning discharge and the opposite sign charge above the convective thundercloud creates a quasi-electrostatic field in the mesosphere. This results in heating and ionisation in the mesosphere, leading to the initiation of a streamer propagation which is observed as sprites.1,6,7 A CMC of about 120–18 600 C km with a discharge time of approximately hundreds of microseconds has been found in the parent lightning strokes of sprites.1,6,8,9 A CMC value of 1000 C km or more has a 90% chance of generating TLEs, whereas a CMC value of 600 C km or less has only a 10% chance of producing TLEs.6

			The first reported sprite was recorded by chance on 6 July 1989 in the USA.10 Since then, TLE-related research has been active in many continents, for instance, the Americas, Africa, Asia and Europe.1,2,4-12 Sprite events have been recorded from the ground and space (e.g. by the ISUAL sensor).13 There have been several reports on the altitude of sprites. Sentman et al.14 conducted the first sprites triangulation. They found that sprites’ average top altitude was about 88 km, with a root mean square error of approximately 5 km. The top altitude for the largest and brightest event that they recorded occurred at about 95 km. Wescott et al.15 investigated column sprites or c-sprites. They found that the top altitude for these sprites varied from 81.3 km to 88.9 km, and the mean value of the top of the column sprites was 86.4 km, with a standard deviation of 1.9 km.

			Stenbaek-Nielsen et al.16 found that the triangulated initiation altitude of the downward streamer of sprites ranged from 66 km to 89 km and the triangulated top of the sprites varied from 79 km to 96 km. Stenbaek-Nielsen et al.16 also analysed the sprites data which they observed from one location using high-speed cameras. They assumed that the sprite occurred close to the causal lightning strike and found that onset altitude ranged from 75 km to 95 km above the Earth’s surface, with an average altitude of 85 km. The initiation altitude uncertainty of the sprite was determined to be about 1 km, depending on the observation elevation angle. Ground-based sprite observations were conducted on the eastern coastline of the Mediterranean Sea for the first time in the winter of 2005/2006 by Ganot et al.17 They found that the average altitude of the bright transition region of sprites, measured between the diffuse region and the streamer region, was 73±10 km above the Earth’s surface.17 

			Li et al.18 reported the lightning CMC associated with long-delayed sprites. From their high camera frame rate time-resolution studies, they found that short delay (<15 ms) sprites initiate at an altitude of about 75–80 km. A lightning CMC of 600 C km is required to initiate a minimum long-delayed sprite (>15 ms). The very long delay (>120 ms) sprites are initiated at an altitude of approximately 70 km above the Earth’s surface and are associated with a minimum lightning CMC of 2000 C km. McHarg et al.19 investigated sprites’ streamers at 10 000 frames per second (fps) with a video frame exposure time of 50 µs. They found that streamers initiate at an altitude of about 82 km and propagate downward to about 45 km. The upward streamers start on the sprite body at an altitude near 75 km and propagate up to 95 km.19

			Sprites were recorded for the first time in South Africa on 11 January 2016 by Nnadih et al.12 This work is aimed at characterising the altitude of these sprites observed over South Africa. 
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			Observations and measurements

			All the sprites reported here were recorded from the South African Astronomical Observatory (SAAO) in Sutherland, Northern Cape, South Africa (20.81°E, 32.39°S). SAAO is located at an altitude of ~1781 m. Observations were made at SAAO because it is at high altitude in the desert and is free from air and light pollution, which allows the observer to record any TLE occurring within a radius of 900 km.

			The observations were made during the high thunderstorm season in South Africa, which is from December to February every year. Although there was a lot of thunderstorm activity during the study, on most nights it was impossible to observe TLEs due to high local humidity, which makes it harder for a camera to detect TLE events, and local cloudy weather around SAAO, which obscures the camera’s vision of distant clouds at a range of about 100–900 km. At times the thunderstorm was too close (<100 km) and at other times too far (>900 km) from the observation site to observe TLEs.12 

			The sprite videos were acquired using a Watec 910Hx camera together with a computer system.12 The Watec 910Hx camera is a night-vision (sensitivity threshold of 0.64 milli-Lux), monochromatic, low-light level charge-coupled device television camera, which has been used worldwide to observe TLEs.8,16,20-22 The 8.0 mm f/1.4 C-mount lens provided a field of view (FOV) of 35.3° horizontal and 26.6° vertical. The camera FOV and pointing direction were ascertained using background stars in the sprite video clips. The observation system captured the videos at 25 fps (frame period = 40 ms) with an image size of 352 × 288 pixels, and an angular resolution of 0.10/0.09°/pixel horizontal/vertical, and was operated with 8-bit intensity resolution.

			The Watec 910Hx camera was connected to the computer via a video digitiser. The computer ran UFO-capture software version 2 (http://sonotaco.com/soft/e_index.html), which analyses the camera data in near real-time and detects all events with a detection threshold set by the operator. The UFO-capture software records a video clip for a few seconds from before until a few seconds after the triggering event. The UFO-capture software displays the time and date on the video screen. The computer was connected to the Network Timing Protocol server of SAAO, to ensure that the time was accurate (<1 ms). The camera viewing direction was approximately northeast of SAAO.12

			The sprite observations reported here were observed from 18:43:12.0 until 21:38:06.5 UTC. Approximately 100 optical sprite events were observed during the study. However, of these, only 48 sprite events, for which the parent +CG lightning position information was available, were analysed to obtain altitude information (see Table 1). These ~100 sprites were classified as carrot (55%), carrot and column together (clustered sprites) (17%), column (13%), jellyfish (3%), unclassified (11%), and sprite halo (1%) as reported by Nnadih et al.12 The 48 sprites analysed were categorised as carrot (37.5%), column (14.6%), clustered (25%), jellyfish (6.3%), unclassified sprites (14.6%) and sprite halo (2%). We did not observe any dancing sprites. 

			Table 1:	Sprite initiation time (coordinated universal time; UTC), lightning location, lightning peak current, distances, sprites’ top altitude and altitude of maximum brightness. Lightning data were provided by the South African Weather Service. The charge moment change (CMC) data were computed from the Schumann resonance station at the Nagycenk Observatory, Hungary (47.62° N, 16.72° E). The sprites’ top altitudes and altitudes of maximum brightness were estimated as described in the text.
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			The lightning data were provided by the South African Weather Service (SAWS). The SAWS have 23 sensors located over the entire country. The SAWS sensors detect the cloud-to-ground lightning electromagnetic signals at very low frequency (1–10 kHz) and low frequency (100 kHz). The network systems use magnetic direction finding and time of arrival methods to find the angle between the sensor and lightning strike and to find the lightning geographical coordinates.12,23

			Extremely low frequency signals recorded at the Schumann resonance station, located at Nagycenk Observatory (47.62° N,16.72° E), Central Europe, were used to confirm the polarity and estimate the CMC of the sprite parent lightning strokes. The Nagycenk Observatory is approximately 9000 km to the north from SAAO. The vertical electric and the two horizontal magnetic components of the atmospheric electromagnetic field in the ~3–30 Hz band are measured by a Schumann resonance monitoring system. Estimation of the CMC values used in this work is described in more detail by Nnadih et al.12

			Observation technique and data analysis

			The altitude of sprites was determined from their ground distance and elevation angle from the observation site. The ground distance to the projection of the sprites to the Earth’s surface was assumed to be the distance to the parent lightning stroke. The elevation angle was obtained from the captured video by determining the exact pointing direction of the camera and then the direction of selected pixels of the sprite (see Supplementary appendix 1). A detailed description of the observation technique is given in Nnadih et al.12

			Finding the direction of sprites

			The azimuth and elevation angle of objects in the image and FOV of the camera can be obtained by recognising the stars in the background of a recorded image. This was achieved using the Stellarium software version 0.17 (https://stellarium.org/).

			Knowing the stars’ right ascension and declination from the star almanac, the time and camera location were used to calculate the stars’ azimuth and elevation angles (see Supplementary appendix 1) within the image, plot the stars on the sprite image background and determine the camera FOV and pointing direction as well as the top altitude and maximum brightness altitude of the sprites (see Figure 1). The Python programming language was used to calculate the stars’ azimuth and elevation angles from first principles (see Supplementary appendix 1) and plot the stars on the sprite image background. The calculated starfield can be manually adjusted within the image until a good fit is found to within one pixel. For the narrow FOV used, lens distortion did not need to be compensated for. However, atmospheric refraction was taken into account as described in Supplementary appendix 1.24 The star fit allows the unique conversion of the image’s pixel positions to azimuth and elevation angles. The video frame timestamp and the sprite image azimuth were used to identify the parent lightning from the SAWS lightning data. In addition, the large +CG lightning strikes required to initiate most sprites occur relatively rarely and are easily identified.

			[image: Figure%201.png] 

			Figure 1:	Sprite image with star fitting recorded on 11 January 2016 at 18:53:49.4 UTC at the South African Astronomical Observatory in Sutherland, South Africa. Red dots are the fitted stars. 

			Estimation of altitude

			In order to estimate the altitude of a sprite, we applied spherical trigono­metry in the horizontal plane and planar trigonometry in the vertical plane to determine the top altitude and the altitude of maximum brightness of sprites25 (see Supplementary appendix 1). Equations 1 and 2 were used to determine the slant distance to a sprite (Equation 1) and the altitude of a sprite (Equation 2) (Figure 2).

			[image: 323515.png]	Equation 1

			[image: 323539.png]Equation 2

			where RE is the radius of the Earth, r is the slant distance to a sprite, h is the altitude of a sprite, θ is the elevation angle of a sprite from the camera position, and A is the great circle angular range. 
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			d = great circle range; RE = radius of the Earth; r = slant distance to a sprite; h = altitude of a sprite; θ = elevation angle of a sprite from the camera position; B = co-latitude of sprite; C = co-latitude of the camera; AA = change in longitude between sprite and camera position; BB = azimuth angle of a sprite from the camera position; A = great circle range on the ground over the radius

			Figure 2:	Schematic representation of basic triangles on a sphere: (a) altitude of the sprite vertical axis and (b) horizontal axes.

			In order to determine the altitude of the sprite from single-camera observations, we assumed that the sprite occurs directly above the parent lightning strike, whose location is known from the SAWS lightning data.23 Most of the observed sprite elements were associated with a single lightning stroke, based on the time and position data. The observed sprite events without parent lightning information and those which were of unclear origin were not considered for the altitude analysis. We analysed the sprite videos frame by frame because it is possible to have more than one lightning strike and sprite event within one 40 ms video frame.12

			In cases in which the parent lightning initiated several sprite elements, we determined the top altitude and the altitude of maximum brightness of the first sprite element in the video frame. Where possible, the first sprite was identified by analysing the sprite initiation and subsequent development over several video frames. Sprite events for which we could not tell which sprite element initiated first were not included in the altitude analysis. In cases in which sprite elements generated by two lightning strokes appeared in one video frame, based on the lightning’s latitude and longitude and the elevation and azimuth angle of the sprites in the video frame, we were able to determine which lightning strike initiated a certain sprite event. The azimuth angle of the lightning and sprites within the camera’s FOV usually provide a clear indication of whether the lightning initiated the sprites or not, i.e. similar lightning and sprite azimuth angles in the same image frame imply association and vice versa.

			Although there is evidence that sprites can be displaced horizontally from the parent lightning strike14-16,26, our assumption that they are co-located is reasonable because there is evidence (optical observations) of sprites occurring over the parent lightning15,16. However, the most probable production mechanism for sprites suggests that in fact there is a horizontal displacement in most of the cases (typically up to 21 km).27,28 A shift of tens of kilometres is small in comparison to the camera–sprite distance of ~440–890 km in our data set, so the displacement effect is small and would affect only the calculations along the radial line of sight from the point of observation. 

			Error analysis

			The uncertainty in the estimation of altitude depends on the luminosity limit of the camera and the accuracy of the star fitting, which affects the sprite elevation angle estimation.15,16 The uncertainty of the estimate of altitude also depends on the distance from the sprite to the observer. The angular resolution for the camera used during the study was 0.10/0.09°/pixel horizontal/vertical, respectively, which implies that one pixel is approximately 0.1°.19 This value is comparable to that used by Stenbaek-Nielsen et al.16 in their triangulation study of sprites.

			In order to obtain the top altitude of a sprite and the altitude of maximum brightness of a sprite on a calibrated sprite image, we selected a point on the sprite to obtain the elevation angle and used Equation 2 to calculate the altitude. The pixel corresponding to the top altitude of the sprite is the pixel of greatest elevation angle within the sprite that has an intensity value greater than the background intensity for the same azimuth angle. The altitude of maximum brightness of a sprite was determined by identifying the brightest pixel within a sprite image.29 This was done by sampling all the pixels within the sprite. The altitude error was obtained by calculating the altitude of two points 0.1° (one pixel) above and below the point used to determine the target altitude. The change in altitude was then determined with respect to the top altitude and the altitude of maximum brightness of the sprite. This change in altitude depends on the slant distance from the top altitude or altitude of maximum brightness of the sprite to the camera (r).

			The sprite events we observed did not saturate the camera’s detector because of the settings used, therefore we were able to determine the elevation angle corresponding to the top altitude and altitude of maximum brightness sprite pixel to an accuracy of one pixel. The time delay between the parent lightning and the sprites cannot be measured to better than 40 ms, i.e. one video frame, the best optical time resolution available. Therefore, for our temporal resolution, we could not determine a time delay between the sprite and the parent lightning strike.

		

	
		
			 

			Results

			The 48 sprites analysed consisted of 18 carrot, 7 column, 12 clustered (carrot and column), 3 jellyfish and 7 unclassified sprites as well as 1 sprite halo. From the SAWS lightning data, all observed sprite events were produced by +CG lightning strikes with a peak current magnitude varying from 11 kA to 191 kA.12 

			The star fitting revealed that the sprite image axes azimuth and elevation angles ranged over 30.5–65.8° and 0.1–26.7°, respectively. The slant distance from the observer’s location to the top altitude of the 48 sprite event locations was found to be 439.93–898.02 km, giving an altitude error estimate of ±0.35–0.8 km, respectively, for one-pixel accuracy. The slant distance from the observer’s location to the altitude of maximum brightness of the 48 sprite event locations was found to be 437.02–896.0 km, giving an altitude error estimate of ±0.29–0.74 km, respectively (see Table 1), again for one-pixel accuracy. Repeating the analyses for two-pixel accuracy increases the altitude estimate by about 0.8 km and the altitude uncertainty to ±0.8–1.5 km. These findings are consistent with those of Stenbaek-Nielsen et al.16

			Distribution of top sprite altitudes

			Figure 3 shows the 48 sprites’ top altitude determined through Equation 2 with respect to the time at which they occurred. The different sprite morphologies are denoted by different colours in Figure 3. 

			The top altitude of the sprites indicates the altitude at which the strength of the electric field in the given sprite is above a particular level, which is generally lower than the critical breakdown electric field at that altitude.1,30 From our analysis, we found that the top altitude of sprites ranged from 73.6 km to 95.6 km above the Earth’s surface. The sprites’ top altitude is not static; however, it does not depend on the time at which they occurred. The average top altitude of sprites was found to be approximately 84.3 km with a standard deviation of 5.5 km. The average top altitudes for column, carrot, clustered, jellyfish and unclassified sprites were found to be about 83.2, 84, 86, 90.7 and 82 km, with the standard deviation of 6.0, 5.5, 4.2, 2.1 and 6.4 km, respectively. Our results are consistent with the reports of Sentman et al.14 and Stenbaek-Nielsen et al.16 and the top altitude of column and carrot sprites reported by Wescott et al.15 and Bor31.

			Distribution of the altitudes of maximum sprite brightness 

			The altitudes of maximum brightness for the 48 sprites are shown in Figure 4. The altitude of the maximum brightness of sprites is that at which the photon production maximises. This region has low conductivity, and the electrons are converted to negative ions which intensifies the electric field and maximises photon production.32 From our analysis, we found that the altitude of maximum brightness ranges between 53.5 km and 84.1 km. The average maximum brightness altitude was found to be about 69 km with a standard deviation of 6.2 km. These results are consistent with those of Luque et al.30 The average altitudes of maximum brightness for column, carrot, clustered, jellyfish and unclassified sprites were found to be about 67.4, 67.3, 70, 74.3 and 73.3 km, with corresponding standard deviations of 7.6, 6.0, 7.7, 1.2 and 4.4 km, respectively. The altitudes of maximum brightness for column and carrot sprites are in agreement with those reported in the literature.15,31,32
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			Figure 3:	The top altitude of the 48 sprites with respect to the time at which they were observed during the 2016 sprites campaign. 

			[image: Figure%204.png] 

			Figure 4:	The altitude of maximum brightness of the 48 sprites with respect to their time of occurrence.

			The altitude of maximum brightness also does not depend on the time of the event. From the literature, the altitude of maximum brightness region lies between 65 km and 85 km.1,14,33 However, we found that some sprites have a maximum brightness altitude lower than 65 km above the Earth’s surface, with the lowest observed being at 53.5 km, which is consistent with Füllekrug et al.’s34 findings. These results therefore suggest that the photon production maximises at an altitude range of about 53.5–84.1 km, with an average of 69 km. 

			Sprite altitude versus charge moment change

			From Schumann resonance observations4,35,36 we were able to compute the lightning CMC values associated with 9 of the 48 sprites (Table 1). Figure 5 shows the lightning CMC values associated with these nine sprite events plotted against the top altitude. The +CG lightning strikes, which initiated sprites with a top altitude ranging from 83.7 km to 92.0 km, yielded a CMC ranging from 900 C km to 2100 C km. There is a positive correlation (correlation coefficient of 0.6) between the estimated top altitude of sprites and lightning CMC.37 For the altitude of maximum brightness versus CMC (not shown), there is a moderate positive correlation (correlation coefficient of 0.38). This data set is small and therefore more data are needed to reliably confirm the inferred trend.

			[image: Figure%205.png] 

			Figure 5:	The relationship between charge moment change (CMC) and the top altitude of sprites.

		

	
		
			 

			Conclusions

			Our analysis of the top altitudes and altitudes of maximum brightness of sprites recorded for the first time in South Africa shows good agreement with previous sprite observations reported in the literature. 

			The average estimated top altitude for the 48 sprites analysed is approximately 84.3 km with a standard deviation of about 5.5 km. The top altitude of those 48 sprites ranged from 73.6 km to 95.6 km. The top altitude uncertainty was found to vary from ±0.35 km to 0.8 km, depending on the slant distance from the observer site to the top of the sprite, which was found to be between approximately 440 km and 898 km. 

			The maximum brightness region of sprites was found to be in the altitude range of about 53.5–84.1 km. The average altitude of maximum brightness was approximately 69 km, with a standard deviation of 6.2 km. The slant distance to the maximum brightness part of the sprite from the observer site ranged from approximately 437 km to 896 km and the altitude uncertainty was found to vary from ±0.29 km to 0.74 km. 

			The linear correlation between the estimated top altitude of sprites and lightning CMC is equal to 0.6 and may be regarded as a moderately high correlation, although the data set is limited. A moderate correlation of 0.38 exists between the altitude of maximum brightness of sprites and the lightning CMC. 
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