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            Abstract
Lightning is a dangerous yet poorly understood natural phenomenon. Lightning forms a network of plasma channels propagating away from the initiation point with both positively and negatively charged ends—called positive and negative leaders1. Negative leaders propagate in discrete steps, emitting copious radio pulses in the 30–300-megahertz frequency band2,3,4,5,6,7,8 that can be remotely sensed and imaged with high spatial and temporal resolution9,10,11. Positive leaders propagate more continuously and thus emit very little high-frequency radiation12. Radio emission from positive leaders has nevertheless been mapped13,14,15, and exhibits a pattern that is different from that of negative leaders11,12,13,16,17. Furthermore, it has been inferred that positive leaders can become transiently disconnected from negative leaders9,12,16,18,19,20, which may lead to current pulses that both reconnect positive leaders to negative leaders11,16,17,20,21,22 and cause multiple cloud-to-ground lightning events1. The disconnection process is thought to be due to negative differential resistance18, but this does not explain why the disconnections form primarily on positive leaders22, or why the current in cloud-to-ground lightning never goes to zero23. Indeed, it is still not understood how positive leaders emit radio-frequency radiation or why they behave differently from negative leaders. Here we report three-dimensional radio interferometric observations of lightning over the Netherlands with unprecedented spatiotemporal resolution. We find small plasma structures—which we call ‘needles’—that are the dominant source of radio emission from the positive leaders. These structures appear to drain charge from the leader, and are probably the reason why positive leaders disconnect from negative ones, and why cloud-to-ground lightning connects to the ground multiple times.
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                    Fig. 1: Map of the 2017 flash.[image: ]


Fig. 2: Expanded sections of Fig. 1, with a positive leader on the left and a negative leader on the right.[image: ]


Fig. 3: A region around the structure labelled N4 in Fig. 2.[image: ]


Fig. 4: A portion of a positive leader, in light of the behaviour of needles.[image: ]
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                Data availability

              
              To obtain the data, readers should submit a support request to the radio observatory via the ASTRON website (http://www.astron.nl). The 2016 flash was from project LC6_003, observation L526419, time stamp D20160712T173455.100Z. The 2017 flash was from LC8 commissioning data, observation L612746, time stamp D20170929T202255.000Z.

            

Code availability

              
              The data was processed with software archived at https://github.com/Bhare8972/LOFAR-LIM, version 2018.11.8.
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Video 1 Lightning: complete rotating
A 3D animation of the 2017 flash.


Video 2 Lightning detail: negative leader
A close-up animation of a negative leader in the 2017 flash.


Video 3 Lightning detail: needle
A close-up animation of a segment of positive leader, with needle N4 shown in red.
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