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Abstract—Lots of researches on lightning have been carried 

out by the author and his colleagues. Throughout the research, 
the most important contribution to current knowledge about 
research on the phenomenon of lightning is shown. The priority 
issues on lightning research in the future are also presented.  
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I.  INTRODUCTION 

ightning is one of important problems for insulation 
design of power apparatus such as power generation 

systems and transmission and distribution lines. In Japan, 
many studies of lightning phenomena and lightning protection 
design have been carried out by researchers in universities, 
power utilities and research institutes. The Central Research 
Institute of Electric Power Industries (CRIEPI) in Japan has 
been established in 1951 as a central research institute of 
power utilities in Japan. Since the establishment, lightning is 
one of the most important research issues and guidebook of 
lightning protection design for transmission lines, substations 
and distribution lines have been published [1-3]. The author 
joined CRIEPI in 1978 and has engaged mainly in the study of 
insulation design for power apparatus and lightning. The 
research areas are long air gap discharges, lightning 
phenomena, lightning observation, and lightning protection 
design. My main contribution to the current knowledge about 
research on the phenomena of lightning and my opinion on 
priority issues on future lightning research will be described 
hereafter.  

II.  THE IMPORTANT KNOWLEDGE ON THE PHENOMENA OF 

LIGHTNING - LIGHTNING STRIKING CHARACTERISTICS TO TALL 

STRUCTURES WITH UPWARD LEADERS - 

When lightning strikes a tall object such as a high-voltage 
transmission line and a high tower, an upward leader usually 
develops from the earthed object and it connects to a 
downward leader from a thundercloud as shown in Fig.1. In 
the case of lightning that occurs in the coastal area of the Sea 
of Japan in winter, which we call ‘winter lightning’, upward 
lightning is often observed even the height of the earthed 
object is not very high. 

It has been known that a high tower standing on the coast 
of the Sea of Japan attract the winter lightning and number of 
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lightning to structures in inland area is reduced [4]. The author 
made model experiments of the upward leader development 
[5] and discussed the shielding effect of a tall structure on the 
coast of the Sea of Japan [6]. 

 
a)  Downward lightning                     b) Upward lightning 

 
Fig. 1.  Schematic diagram of downward lightning and upward lightning to a 
high structure. 

 
In [6], it is shown that a tower standing on the coast of the 

Sea of Japan can intercept of lightning and protect other 
structures behind it, because almost all thunderclouds of 
winter lightning come from the Sea of Japan. The 
development characteristics of upward leaders from a stack on 
the coast of the Sea of Japan have been also observed in 
winter seasons and charge density of the upward leader is 
evaluated [7]. 

Recently, we began to observe lightning to Tokyo Skytree, 
height of which is 634m, and found several interesting 
characteristics [8-15]. 

One of most important and interesting characteristics is that 
both downward lightning and upward lightning occur at 
Tokyo Skytree. It has been known that the ratio of upward 
lightning in a high structure depends on the height of the 
structure and an empirical formula was proposed as follows 
[16]. 

230)ln(8.52  HsPu                                           (1) 

Where Pu is the upward lightning occurrence ratio in % 
and Hs is the height of a structure in meter. According to the 
formula, most of lightning to Tokyo Skytree should be upward 
lightning. According to our observations in 2012 and 2013, 
however, both upward lightning and downward lightning are 
observed as shown in Fig. 2 [17]. Generally speaking, upward 
lightning is more likely to occur in winter and downward 
lightning frequently occurs in summer. 
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Fig.2 Number of lightning observed at Tokyo Skytree 

 
The author and colleagues found that the occurrence of 

upward lightning from high structure strongly depends on the 
altitude of -10 ˚C. The altitude of -10 ˚C is lower, most of 
lightning flashes are upward and vice versa, as shown in Fig.3. 

 

 
Fig.3 Histogram of altitude of -10°C when lightning strikes Tokyo Skytree. 
[17]. 

 
We have confirmed the conclusion with more detailed 

analysis [18]. 
Observations of lightning at some high structures, such as 

Ostankino TV tower (Moscow 55.8N, 37.6E: Tower height 
540m), Empire State Building (New York 40.7N, 74.0W: 
Tower height 381m) and CN tower (Toronto 43.6N, 79.4W: 
Tower height 553m) [19-21], which are all on the flat ground, 
show that most of lightning flashes observed are upward. 

Altitudes of the -10°C level in Toronto, New York and 
Moscow in July and August are almost less than 6000m from 
the aerological data [22] summarized by NOAA. The fact also 
supports our conclusion on the occurrence of upward 
lightning from high structures. 

III.  FUTURE LIGHTNING RESEARCH - WHAT SHOULD WE DO? - 

A.  Understanding of the mechanism of development of 
downward and upward leaders 

Lightning protection of transmission lines have been 
studied and several shielding theory has been proposed and 
used in the lightning protection design. One of the most 
important contributions is the EGM (Electro-Geometric 
Model) proposed by Armstrong and Whitehead in 1987 [23].  

In the paper, the concept of striking distance which is a 
function of lightning current is shown. Their model is called 
A-W model and it explained the field experiences of outages 
of transmission lines very well. In many countries, the 
lightning protection design and estimation of lightning outage 
rates of transmission lines have been carried and with the A-
W model. 

In 90’s, a novel shielding model was proposed [24, 25], 
which is the leader progression model (LPM). In the LPM, 
dynamic developments of a downward leader and an upward 
leader from an earthed structure such as a transmission tower 
are considered. Since this model is more physically acceptable 
than the EGM, many papers based on the LPM have been 
published recently [26]. 

In the LPM, leaders are simulated by line charges and it is 
generally assumed that a leader develops to the direction of 
the maximum electric field. As a result, a downward leader 
develops to the direction of earthed structures and both the 
upward leader and the downward leader attract each other. 

Recent observation of lightning at Tokyo Skytree, however, 
clarified that this is not the case. 

Fig. 4 shows an example of a lightning flash observed at 
Tokyo Skytree with a high-speed camera [11]. 

In Fig. 4(a), an upward connecting leader of about 30 m in 
length is visible at the top of the tower. After 1.2 ms, in Fig. 
4(b), the bright upward leader extended up beyond the vision 
of the camera, manifesting its length being longer than 350 m. 
In the next frame not shown here, connection occurred and the 
frame whited out. Fig. 4(c) shows an image about 1 ms after 
the occurrence of the first return stroke, showing the only path 
where the return-stroke current was flowing. This picture 
clearly shows that an upward leader develops upward despite 
that downward leader is coming down. It even appears that 
both leaders develop independently. From this picture, we 
cannot tell how much is the horizontal distance between the 
downward leader and the upward leader. We are continuing 
the observation of leader development with two high speed 
cameras from different directions to make up 3-D feature of 
leader development.  
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(a)  Frame 1789 (8 frames (1.4 ms) before the first return stroke). 
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(b)  Frame 1796 (1 frame (0.2 ms) before first return stroke). 
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(c)  Frame 1803 (6 frames (1ms) after first return stroke). 

Fig. 4  Upward connecting leader and return stroke imaged  by high-speed 
camera (Flash 2013-7).[11] 
 

If we understand the initiation and development mechanism 
of upward leaders and interaction between downward leaders 
and upward leaders, we can establish a novel shielding theory 
based on the physics of lightning. 

 

B.  Protection of electronic devices and computers from 
external electromagnetic disturbances 

In the modern society, ICTs (Information and 
Communication Technologies) are used everywhere.  
However, electronic devices and computers are generally 
vulnerable to external electro-magnetic disturbances. 

Lightning strikes to a building therefore may result in faults or 
malfunctions of the system. In the worst case, physical 
damage to such devices inside the building may occur.  

For rational lightning protection design, it is necessary to 
predict surge phenomena in the low voltage systems. However, 
it is very difficult to analyze surge phenomena in 3-D 
structures with numerical methods based on circuit theory 
such as EMTP, a new approach is needed. Recently, electro-
magnetic methods such as Finite-Difference  Time-Domain 
(FDTD) method, Method of Moments (MoM), and so on have 
been widely used and in the field of surge analysis. Among 
them, the FDTD method is advantageous for its applicability 
to non-uniformity and nonlinearity of the soil and surge 
protective devices. 

The Central Research Institute of Electric Power Industry 
has developed a 3-D FDTD-based surge simulation program 
called VSTL REV (Virtual Surge Test Lab. Restructured and 
Extended Version) [27]. With the program, surge analysis of a 
scale model of a microwave relay station has been made. 
Though it is a reduced scale model, the height of a microwave 
tower is 10 m and the volume of analysis space is 675m x 
406.5m x 478.3m. This analysis space is divided into 800 x 
564 x 837 cells and cell size ranges from 0.025m to 2m. The 
calculated results agree with field experiments fairly well and 
the effects of the reinforcing bars of a building, a layout of an 
earth electrode and so forth on the lightning current 
distribution are clarified [28]. Using GPGPU (general-purpose 
computing on graphics processing units), the calculation time 
is drastically reduced. In the past decades, such an extra-large 
calculation was impossible due to the capacity of computers, 
but we can carry out such a detailed surge calculation for 
complicated 3-D structures.  

Using this technique, EMC analysis of modern power 
plants should be made for rational lightning protection design 
of the power systems. This analysis is also applicable to the 
threat of intentional electromagnetic interference (IEMI), 
which is one of the important problems in the field of EMC 
[29]. 

IV.  CONCLUSIONS 

My main contribution to the current knowledge about 
research on the phenomena of lightning is observation and 
analysis related to upward leader or upward lightning from tall 
structures. Because our understanding of these phenomena is 
not satisfactory yet, further investigation is needed.  

The EMC problem for electronic devices and low-voltage 
circuit is also an important theme which we should carry out 
in the modern ICT society. 

V.  ACKNOWLEDGEMENT 

The author would like to express his sincere thanks to 
domestic and international colleagues who gave him a lot of 
useful advices and collaborated willingly. Most of the author’s 
work described in this paper had not been achieved 
successfully without their support. 



 4

VI.  REFERENCES 
[1] Subcommittee for Power Stations and Substations, Lightning Protection 

Design Committee, "Guide to lightning protection design of power 
stations, substations and underground transmission lines”, CRIEPI 
Report No. T40, 1995. (in Japanese) 

[2] Subcommittee for Power Distribution Systems, Lightning Protection 
Design Committee, "Guide of lightning protection design for power 
distribution lines”, CRIEPI Report No. T69, 2002. (in Japanese) 

[3] Subcommittee for Transmission Lines, Lightning Protection Design 
Committee, "Guide of lightning protection design for transmission lines”, 
CRIEPI Report No. T72, 2003. (in Japanese) 

[4] K. Miyake, T. Suzuki, M. Takashima, M. Takuma, T. Tada, “Winter 
lightning on Japan Sea coast - lightning striking frequency to tall 
structures”, IEEE Transactions on Power Delivery, Vol.5, No.3, 
pp.1370-1376, 1990. 

[5] T. Shindo, Y. Aihara, T. Suzuki, "Model experiment of upward leaders - 
shielding effects of tall objects", IEEE Transactions on Power Delivery, 
Vol.5, No.2, pp.716-723, 1990. 

[6] T. Shindo, Y. Aihara, "A Shielding theory for upward lightning", IEEE 
Transactions on Power Delivery, Vol.8, No.1, pp.318-324, 1993. 

[7] T. Shindo, M. Miki, “Characteristics of upward leaders from tall 
structures”, 7th Asia-Pacific International Conference on Lightning 
(APL 2011), SS-8, Chengdu, 2011-11. 

[8] T. Miki, T. Shindo, A. Asakawa, H. Motoyama, Y. Suzuhigashi, K. 
Fukuda, M. Ishii, M. Chihara, "Measurement of lightning currents at 
TOKYO SKYTREE and observation of electromagnetic radiation 
caused by strikes to the tower", 31st International Conference on 
Lightning Protection (ICLP), No.152, Vienna, 2012.9 

[9] T. Miki, T. Shindo, A. Asakawa, H. Motoyama, M. Ishii, M. Saito, Y. 
Suzuhigashi, K. Fukuda, “Lightning current waveshapes observed at 
TOKYO SKYTREE® 」 IEEJ Transactions on Power and Energy, 
Vol.133, No.5, pp.495-496, 2013. (in Japanese) 

[10] M. Ishii, M. Saito, T. Miki, D. Tanaka, T. Shindo, A. Asakawa, H. 
Motoyama, Y. Suzuhigashi, H. Taguchi, “Reproduction of 
electromagnetic field waveform and tower current associated with return 
strokes struck Tokyo Skytree”, Proc. of XII SIPDA, pp.140-145, Belo 
Horizonte, 2013.10. 

[11] M. Ishii, M. Saito, T. Miki, D. Tanaka, T. Shindo, A. Asakawa, H. 
Motoyama, H. Taguchi, “Observation of lightning at Tokyo Skytree”, 
23rd International Lightning Detection Conference, Tucson, 2014.3. 

[12] D. Tanaka, T. Miki, M. Miki, T. Shindo, A. Kumada, K. Hidaka, 
“Observation of lightning strikes to TOKYOSKYTREE by using 
consumer digital camera”, IEEJ Transactions of Power and Energy, 
Vol.134, No.5, pp.470-471, 2014. (in Japanese) 

[13] M. Ishii, M. Saito, T. Miki, D. Tanaka, T. Shindo, A. Asakawa, H. 
Motoyama, T. Sonehara, Y. Suzuhigashi, K. Taguchi, “Observation of 
downward and upward lightning flashes at 634-m tower”, International 
Conference on Atmospheric Electricity (ICAE 2014), Norman, U.S.A., 
2014.6. 

[14] T. Miki, M. Saito, T. Shindo, D. Tanaka, A. Asakawa, H. Motoyama, M. 
Ishii, Y. Suzuhigashi, H. Taguchi, "Upward and downward lightning 
observed at Tokyo Skytree", 2014 International Conference on 
Lightning Protection (ICLP), Shanghai, 2014.10. 

[15] M. Saito, T. Miki, T. Shindo, H. Motoyama, M. Ishii, T. Sonehara, H. 
Taguchi, A. Tajima, A. Fujisawa, “Reproduction of electromagnetic 
field waveforms of subsequent return strokes hitting Tokyo Skytree over 
lossy ground”, IEEJ Transactions on Power and Energy, Vol.135, No.7, 
pp.472-478, 2015. 

[16] A. J. Eriksson, “The incidence of lightning strikes to power lines” IEEE 
Transactions on Power Delivery, Vol.PWRD-2, No.3, pp.859-870, 1987. 

[17] T. Shindo, T. Miki, M. Saito, A. Asakawa, H. Motoyama, M. Ishii, H. 
Taguchi, A. Tajima, A. Fujisawa, “Meteorological conditions and 
occurrence of upward lightning at high structures”, IEEJ Transactions 
on Power and Energy, Vol.135, pp.417-418, No.6, 2015. 

[18] T. Miki, M. Saito, S. Sugimoto, T. Shindo, H. Motoyama, M. Ishii, H. 
Taguchi, A. Tajima, A. Fujisawa, “Meteorological condition influencing 
lightning characteristics hitting Tokyo Skytree”, International 
conference on lightning and static electricity (ICLOSE 2015), No. 
TOU15-59, Toulouse, 2015.9 

[19] B. N. Gorin, V. I. Levitov, A. V. Shkilev, “Distinguishing features of 
lightning strokes to high construction,” Proc. of 4th International 
Conference on GD, pp. 271-273, Swansea, 1976. 

[20] K. B. McEachron, “Lightning to the Empire State Building”, Electrical 
Engineers, Vol.57, No.12, pp.493-505, 1938. 

[21] W. Janischewskyj, A. M. Hussein, V. Shostak, I. Risan, J. X. Li, J. S. 
Chang, “Statistics of lightning strikes to the Toronto Canadian National 
Tower (1978-1995), IEEE Transactions on Power Delivery, Vol. 12, 
No.3, pp.1210-1221, 1997. 

[22] http://www.ncdc.noaa.gov (Last accessed 2014/12/1) 
[23] H. R. Armstrong, E. R. Whitehead, “Field and analytical studies of 

transmission line shielding”, IEEE Transactions on Power Apparatus 
and Systems, Vol.PAS-87, No.1, 270-281, 1968. 

[24] L. Dellera, E. Garbagnati, “Lightning stroke simulation by means of the 
leader progression model. I. Description of the model and evaluation of 
exposure of free-standing structure”, IEEE Transactions on Power 
Delivery, Vol.5, No.4, pp.2009-2022, 1990. 

[25] L. Dellera, E. Garbagnati, “Lightning stroke simulation by means of the 
leader progression model. II. Exposure and shielding failure evaluation 
of overhead lines with assessment of application graphs”, IEEE 
Transactions on Power Delivery, Vol.5, No.4, pp.2023-2029, 1990. 

[26] For example; W. Sima, Y. Li, V. A. Rakov, Q. Yang, T. Yuan, M. Yang, 
“Am analytical method for estimation of lightning performance of 
transmission lines based on a leader progression model”, IEEE 
Transactions on Electromagnetic Compatibility, Vol.56, No.6, pp.1530-
1539, 2014. 

[27] A. Tatematsu, “Development of a surge simulation code VSTL REV 
based on the 3D FDTD method”, Proc. of IEEE International 
Electromagnetic Compatibility, pp.111-1116, Dresden, 2015. 

[28] A. Tatematsu, K. Yamazaki, H. Matsumoto, “Lightning surge analysis of 
a microwave relay station using the FDTD method”, IEEE Transactions 
on Electromagnetic Compatibility, Vol.37, No.6, pp.1616-1626, 2015. 

[29] E. Savage, W. Radasky, “Overview of the threat of IEMI (Intentional 
Electromagnetic Interference), Proc. of 2012 International Symposium 
on Electromagnetic Compatibility, pp.317-322, Pittsburgh, 2012. 

VII.  BIOGRAPHIES 

Takatoshi Shindo (M'84, SM'91, F'00) was born in 
Tokyo, Japan on November 21, 1953. He received the 
B. S. degree and M. E. degree in electrical engineering 
and Ph. D. degree in engineering from the University 
of Tokyo, Tokyo, Japan in 1976, 1978, and 1992, 
respectively. He joined the Central Research Institute 
of Electric Power Industry, Tokyo, Japan, in 1978. He 
has been engaged in the study of external insulation of 
power apparatus, particularly with regard to lightning 
protection, physics of discharge in long air gaps. 

From1987 to 1988, he was a Research Associate in the Department of 
Electrical Engineering, University of Florida. Dr. Shindo is a senior member 
of the Institute of Electrical Engineers of Japan. 


