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Figure 1 The time-height evolution of maximum radar reflectivity of the thunderstorm. The color shade and black contour stand for radar reflectivity
(unit: dBZ). The left-hand axis stands for the height (km, AGL), and the right-hand axis for the environmental temperature (°C)
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Figure 2 Composite radar reflectivity of the thunderstorm cell and the location results for 3 cloud-to-ground (CG) lightning flashes from the State
Grid Lightning Detection Network on August 21, 2021. (a) 14:24, (b) 14:48, (c) 14:54, (d) 15:06, (e) 15:12, and (f) 15:24. The “+” stands for the
observational site, the black triangle for the location of negative CG flash, the dark red triangle for the bolt-from-the-blue, and the black line for the
position of radar cross-section to be discussed later
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Figure 3 Surface electric field evolution of the thunderstorm cell on 21 Aug, 2021, CG lightning grounding location and the distribution of altitude
contour. (a) Surface electric field of the thunderstorm (based on the polarity definition of atmospheric electricity. Positive electrical field indicates the
predominance of positively charged region overhead, and positive pulses indicate negative discharges). Different colored arrows mark the strong
discharge, and different colored points in the figure represent the electric field amplitudes corresponding to different negative CG flashes. (b)
Superposition of the lightning grounding points on the distribution of altitude contour. “+” Stands for the observational site, blue triangle represents the
location of CG flash 1, and red triangles represent the location of two bolt-from-the-blue discharges
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Figure 4 The cross-section of radar echo from the black solid line in Figue 2, positioning results of 3 negative cloud-to-ground (-CG) lightning
discharges and the inferred charge structure of the thunderstorm from 14:45 to 15:40. The cross-section of radar echo at (a) 14:54, (c) 15:06, and (e)
15:12; the distribution of lightning radiation sources at (b) 14:45-15:02, (d) 14:45-15:06, and (f) 14:45-15:12. The red triangles stand for the locations
of the bolt-from-the-blue. The black solid lines represent the distance from the bolt-from-the-blue to the convective center, the brown solid lines
represent the distance to the edge of the cloud, and the purple solid lines represent the distance to the 18 dBZ precipitation echo. The black dotted lines
stand for the ambient temperature corresponding to different heights. The red “+” and blue “—” dots represent for the positive and negative charge zones,
respectively. The green dots for lightning channels outside the cloud. The black triangles indicate the initiation positions of 3 CG flashes, and the solid
black circles at low elevation mark the grounding point of three -CG flashes
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Figure 5 Schematic diagram of evolution of the thunderstorm charge structure and lightning discharges in central Tibetan Plateau and low altitude
region at the same latitude. BFB stands for bolt-from-the-blue lightning. Red “+” for positive charge region, and blue “~” for negative region. Red
curves represent for positive lightning channels, blue curves for negative channels, and black dash lines for environmental temperature
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Charge structure of an isolated thunderstorm on the Tibetan
Plateau and the formation of bolt-from-the-blue lightning
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The Qinghai-Tibetan Plateau is the highest in the world, and it is located in an area jointly influenced by the Indian
monsoon and westerly winds. With its unique thermal and dynamic effects and complex topographical features,
thunderstorms and convective activities occur frequently in the summer over most of the Plateau. The thunderstorm days in
the central and eastern Plateau are similar to that of the southeastern coastal region with the most thunderstorm processes
and lightning activities in China. However, the life cycle of thunderstorms over the Plateau is usually shorter, and their
convective intensity is weaker, compared with those over prominently lower altitude regions. Thunderstorms over the
Plateau not only show unique convective structures, but their electrical characteristics also differ significantly from those of
thunderstorms over plain areas. Due to the difficulty of observation in the Plateau regions and the limitations in lightning
detection technologies, it remains a challenge to understand the intercloud charge structure and lightning initiation of the
thunderstorms over the main body of the Plateau region. By utilizing very high frequency (VHF) broadband interferometer
lightning mapping technique, weather radar, and radio sounding, a thunderstorm process that produced two rare “bold-
from-the-blue” flashes was observed in the Lhasa area located in the central Plateau. The mechanism of the “bold-from-the-
blue” flashes was revealed through accurate mapping of the discharge processes in high spatial and temporal resolution,
and the corresponding charge structure characteristics inside the thunderstorm were also retrieved. At the initial stage of the
thunderstorm, it exhibited a negative dipole charge structure with an upper negative and bottom positive pattern, which is
completely different from the evolution of charge structure in the thunderstorms over prominently lower altitude regions.
When the thunderstorm developed into its mature stage, it exhibited a tripolar charge structure stacked with positive,
negative, and positive charge regions from the top to bottom of the thunderstorm. These regions corresponded to
environmental temperature zones below —30°C, from —30°C to —15°C, and above —10°C, respectively. The “bold-from-the-
blue” flashes were associated with the upper dipole. The discharge originally initiated between the central negative and the
upper positive charge region, with the positive leader developing downward to the lower negative charge region and the
negative leader upward to the upper positive charge region. When the upward negative leader reached the upper positive
charge region, it propagated horizontally and got out from the body of the small storm cell. The discharge ultimately
became the “bold-from-the-blue” discharge process, spreading away from the cloud body into the clear sky area and
striking the ground. The grounding points of the two “bold-from-the-blue” flashes were 3.6 and 3.8 km from the
precipitation edge of the storm, respectively. The horizontal scale of the thunderstorm cell was relatively small with
positive charge regions in both the upper and lower parts of the cloud. The unbalanced upper dipole in the smaller storm
body, where the upper positive charge region was weaker than the lower negative charge region, was the main reason for
triggering the “bolt-from-the-blue” flashes. This study not only sheds light on the mechanism of the rare “bold-from-the-
blue” discharge process, but also provides direct observational evidence on the diversity of intercloud charge structure and
lightning activity characteristics inside the thunderstorm over high-altitude regions.

Qinghai-Tibetan Plateau, thunderstorm charge structure, lightning flash, bolt-from-the-blue discharge, lightning
mapping VHF interferometer
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