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Abstract 

 
 A winter thunderstorm was observed in the Shonai area in the northern part of Japan on 30 November 2010. 
Data from three-dimensional lightning mapping system and two X-band Doppler radars were used to analyze the 
spatial-temporal relationship between winter lightning channel, reflectivity core, and airflow structure in the 
thunderclouds. A lightning leader propagating from a rim of echo region to the echo region with high reflectivity 
involving large vertical vorticity was visualized in 3D. This result indicates that strong updraft caused by airflow 
convergence in the precipitation system contributed to accumulate positive charges around -10°C level and enhance 
vertical vorticity by stretching on the convergence line. 
 

1. Introduction 
 

Many scientists have reported evidence that lightning activity is associated with severe weather such as wind 
gusts, tornadoes, and hail [1-5]. Recent studies reported that flash rate of total lightning (both intra-cloud (IC) and 
cloud-to-ground (CG) lightning) rapidly increases prior to the onset of severe weather events [4, 6-9], which Williams 
et al. [4] termed “lightning jumps.” Gatlin and Goodman [10] developed an algorithm to identify impending severe 
weather using the trends in the total flash rate. However, it is difficult to apply the same approach to winter lightning 
study because winter lightning in the coastal area of the Japan Sea exhibits various unusual characteristics that have not 
been observed in the summer in Japan or in any season in other geographical locations [11]. 

We have conducted field observations, which we have called “The Shonai Area Railroad Weather Project.” The 
Shonai area is located on the coast of the sea of Japan. The project was designed in 2007 to investigate the fine-scale 
structure of wind gusts using two X-band Doppler radars and a network of 26 surface weather stations in order to 
develop an automatic strong gust (vortex) detection system for railroads [12, 13]. We have focused on total lightning 
activity in winter to investigate the mechanism of the winter lightning discharge process and the application to the 
prediction of strong gusts. 

Thus motivated, we developed a three-dimensional (3D) lightning mapping system for winter thunderstorms 
utilizing VHF broadband observation [14]. An observation network for winter lightning was constructed within 
comprehensive meteorological observation network in the Shonai area. This paper analyzes the spatial-temporal 
relationship between winter lightning channel, reflectivity core, and airflow structure (particularly vortex) in a cold-
front thunderstorm on 30 November 2010. 
 

2. Instruments and Methodology 
2.1 3D Lightning Mapping System 

 
 We observed VHF broadband pulses radiated by leader progression using our 3D lightning mapping system in 
the Shonai area (Fig. 1). The VHF pulses were received with three discone antennas arranged in a triangle (20–30 m) 
and recorded on a high-speed digital oscilloscope (1.25-GHz sampling) with GPS digital timing data. The 2D mapping 
for azimuth and elevation of the VHF radiation sources was conducted by computing the arrival time differences of 
three pulses using a cross-correlation technique. Azimuth and elevation from two sites for a point source within a given 
time frame produce 3D lightning image using triangulation scheme. 
 

2.2 X-band Doppler radars 
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 We used radar reflectivity data and Doppler velocity data observed with two X-band Doppler radars located at 
the Shonai airport (MRI radar) and the Amarume station (JR-EAST radar) (Fig. 1). The JR-EAST radar has been 
operated in a plan position indicator (PPI) mode at one low-elevation angle (3.0°), while the number of elevation angles 
of the MRI radar was seven for volume scanning. Hence we estimated the wind field at 0.2 km in height inside 
thunderclouds conducting the dual-Doppler analysis. The spatial resolution of the grid point is 0.2 km. 
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Fig. 1. Location of observation sites. The diamonds indicate the lightning observation sites. The squares denote 
the X-band Doppler radars and circles indicate the network of 26 surface weather stations. 
 

3. Results 
 
 Figure 2 shows horizontal structure of a narrow cold-frontal rainband observed with the MRI radar at 1330:56 
UTC on 30 November 2010. The rainband expanded linearly with a horizontal distance of about 22 km. The result of 
the dual-Doppler analysis shows that the obvious horizontal convergence (> 4 × 10-3 s-1) was formed in the reflectivity 
core (Fig. 2). Moreover the significant vertical vorticity area (2.5 × 10-2 s-1) is shown on the convergence line. Figure 2 
also shows the horizontal distribution of the VHF radiation sources detected at 1332:15 UTC. The lightning leader 
progressed horizontally for 30 ms from the edge of the radar echo region to the reflectivity core through the echo-top 
height (10-25 dBZ, around 3 km in altitude) (indicated by red arrows in Figs. 2 and 3). This altitude is consistent with -
10°C level (2.9 km) retrieved from Meso-scale Analysis (MANAL) data released by the Japan Meteorological Agency. 
Figure 4 shows the spatial relationship in 3D between the reflectivity core and the VHF radiation sources. The VHF 
sources tend to be distributed around isosurface of 25 dBZ. 

 
Fig. 2. Radar reflectivity and dual-Doppler synthesized storm-relative horizontal wind vectors at z = 0.2 km at 
1330:56 UTC. Orange contours show horizontal convergence (4 × 10-3 s-1). Dashed white line indicates estimated 
convergence line. Magenta contours denote vertical vorticity every 0.2 × 10-2 s-1, beginning at 1 × 10-2 s-1. Circles 
represent horizontal distribution of VHF radiation sources at 1332:15 UTC. Color of the VHF radiation sources 
indicates time increasing from blue through green to red. 
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Fig. 3. (a) 3D mapping of VHF radiation sources and radar reflectivity. Blue line indicates temperature profile 
retrieved from MANAL. (b) Vertical cross section of VHF radiation sources and radar reflectivity on the dashed 
line in (a). 
 

 
Fig. 4. 3D presentation of 38-dBZ reflectivity isosurface (magenta), 25-dBZ reflectivity isosurface (gray), and 
VHF radiation sources (circles). 
 

4. Discussion and Summary 
 
 This is a first result in winter thunderstorm on the coast of the Japan Sea that the lightning leader propagating 
from the rim of the echo region to the reflectivity core involving large vertical vorticity was visualized in 3D. Similar 
characteristics are shown in the subsequent flashes. We suggest that the strong updraft caused by airflow convergence 



in the precipitation system leaded to the following two processes: (1) positive charge accumulation around -10°C level 
associated with ice-crystals advection after the charge separation through collisions between graupel and ice crystals 
caused by the rimming electrification mechanism [15], (2) vertical vorticity enhancement by stretching on the 
convergence line. The result indicates there is a spatial-temporal relationship between lightning discharges and vortex 
evolutions in winter thunderstorms. 
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