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Abstract

Previous studies have suggested that there is correlation between occurrence frequency
of lightning and meteorological parameters, such as precipitation, radar reflectivity, and
updraft of thunderstorms. The lightning data which has high time resolution is useful in
investigating thunderstorms, because a space-time resolution of meteorological radar
which is typically used to research thunderstorms is not enough to investigate rapid
development and fine convective structure of thunderstorm. However, previous studies
used only the information of lightning occurrence frequency, nevertheless each
lightning has a different electrical properties, such as charge moment change (CMC).
CMC is a physical quantity which neutralized charge amount of lightning discharge
times vertical discharge length. CMC and peak current intensity show lightning
magnitude. CMC is estimated by observation of electromagnetic wave radiated by
cloud-to-ground lightning discharge (CG) in the range of Extremely Low Frequency
(ELF) . The observation of ELF band has high sensitivity for the lightning continuing
current which flows continuously for the time period of few millisecond — hundreds of
millisecond after the lightning return stroke. The amount of charge neutralized by
continuing current is larger than that by return stroke in the presence of continuing
current. The negative cloud-to-ground lightning discharge (—-CG) account for 90 % or
more of CGs expect in winter in Japan. The CMC of most of the —CG is smaller than
100 C-km, since approximately 40 % of —CG is accompanied with continuing current.
In order to estimate the smaller CMC than 100 C-km, observation of the radiowaves in
Very Low Frequency (VLF) range radiated by return stroke which has the time constant
from a few tens of microsecond to a few hundreds of microsecond is required. In
addition, in order to link short-term meteorological forecast and the lightning data in the

future, the method of estimation of CMC in a short time with high detection efficiency
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Is important. However, by the current lightning detection systems covering the range of
a few hundreds of km, which use radiowaves at a higher frequency over 100 kHz, only
the peak current of stroke is estimated and the CMC cannot be derived.

The purpose of this thesis is to establish the methods of analysis to estimate small
CMC of -CG and to investigate the relationship between developing process of
thunderstorm and lightning activity with information of magnitudes (CMC) of each
lightning stroke. This thesis deals with three subject: 1) development of a new VLF
observation system in Kanto region, Japan and its continuous operation, 2)
establishment of the methods of analysis to estimate small CMC of -CG and peak
current from VLF waveform, 3) investigation of the relationship between
meteorological parameters and lightning activity with information of magnitudes.

Firstly, a new VLF lightning observation system was developed. A continuous
monitoring of waveform in frequency range of 2 kHz — 35 kHz at three stations in
Kanto region located in the range of 150 km from Tokyo, Japan, has been carried out for
the first time. Kanto region is the one of the best location to investigate the relationship
between meteorological parameters and lightning activity in the world because of the
dense meteorological observation networks. The observation system with three
observation sites has been operated since May 15, 2013.

Secondly, peak current and CMC were estimated from VLF data. In order to
estimate the peak current from VLF waveform, the relationship between the peak
current of Japan Lightning Detection Network (JLDN) and normalized amplitude of
electric field waveform was investigated. It is shown that high correlation between the
peak current of JLDN and the normalized amplitude in the range of 50-200 km (R? =
0.79). The methodology to estimate peak current using waveform in VLF band, which is
detectable at far distance than that in LF band was established. A new method of
estimation of impulsive CMC (iCMC) with a duration of 1 ms or less without use of
frequency analysis nor VLF propagation model was established. The iCMC is estimated
using the duration time of electric field of groundwave identified from the VLF
waveform and peak current. The data of 10,606 VLF sferics observed at Yamanashi site
(35.669°N, 138.581°E) at the distance from 50 to 200 km were analyzed. The numbers
of estimated iCMC of —CG and +CG were 7418 and 57, respectively. The detection
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efficiency (DE) of iCMC estimation of —CG in this study is about 72 %, while the
estimated DE of current systems for iCMC or peak current using VLF are less than
11 %. The DE of VLF lightning observation system for estimation of iCMC is the
highest level in the world. The relationship between ICMC and the peak current
estimated from VLF data was examined. It is found that correlation between iCMC over
20 C-km and the peak current is small (R? = 0.21), and correlation between iCMC less
than 20 C-km and the peak current is high (R? = 0.69). The relationship among iCMC,
the peak current and duration time of electric field waveform was also examined. There
is a weak correlation between iCMC and the duration time of electric field waveform (-
CG: R* = 0.12, +CG: R? = 0.31). The peak current intensities show no correlation with
the duration time of electric field waveform (-CG: R? = 0.03, +CG: R? = 0.05). These
results suggest that iCMC cannot be estimated from the peak current for the event over
20 C-km. It is necessary to estimate iCMC more than 20 C-km from the time variation
of waveform.

Finally, using the estimated iCMC, peak current and the duration time of electric
field waveform, the relationship among a time variation of rain volume, the area size of
radar echo height (nearly cloud top) more than 12 km and lightning parameters for the 3
cases was examined. The rain volume and the area size of echo height more than 12 km
were calculated using the Japan Meteorological Agency (JMA) C-band radar data every
10 minutes. It is found that the absolute value of iCMC of —CG increases as occurrence
frequency of —CG, the area size of the radar echo height more than 12 km and rain
volume increase (i.e., with the development of thunderstorm) for the first time. One
possibility is that the negative charges in the cloud are carried upward by updraft or
many negative charges generated by updraft are distributed in the cloud. The time
variations both of the peak current and the duration time of electric field enhancement
show a similar variation. It is found that occurrence frequency of —CG shows temporal
decrease in advance of the occurrence of downburst on the ground by ~15 minutes,
while the area size of radar echo height more than 12 km is continuously increasing for
the first time in Japan. It is possible that large negatively-charged particles (hail and
graupel) carried upward by strong updraft approach the positively-charged particles (ice

crystal), then the occurrence frequency of —CG decreases. In addition, it is found that —
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CG with iICMC smaller than 5 C-km in absolute value is dominant in the occurrence
time period of the downburst. It is possible that negatively-charged hails and graupels
fall to the ground with downburst, or negative charges decrease by IC and -CG
activities, and the ratio of —-CG with the absolute value of iCMC smaller than 5 C-km
increases. In the present study, the lightning magnitudes, that is, iCMC for any CG
lightning at a distance in the range of 50-200 km was examined. Comparing the
distribution of the estimated lightning magnitudes with meteorological radar data,
examples of the electrical properties of CG change according to the developing process

of thunderstorm in some cases were suggested for the first time.
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downburst at the surface. Blue line indicates the time variation of the ratio of iCMC more than
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Chapter 1

General introduction

1.1 Lightning

A source of lightning discharges are positive and negative charges separated in the cloud.
Lightning discharges are generally divided into three classes, such as intra-cloud
discharge (IC), cloud-to-cloud discharge (CC) and cloud-to-ground discharge (CG).
Especially with CGs, downward lightning flashes (-CG) account for about 90 percent or
more of global CG lightning, and that of 10 percent or less are positive lightning flashes
(+CG) [Rakov and Uman, 2003].

Each lightning has several electrical characteristics, not only polarity. Previous
studies demonstrated that lightning peak current ranges from a few kA to a few hundred
of kA range, by the observation of direct lightning current using a recording system with
coaxial shunt resistor or Rogowski coil [e.g., Berger, 1967; Narita et al., 2000]. Figure
1.1 shows the cumulative frequency distributions of peak current observed at the
transmission towers in Japan, and the results are superimposed on the results of early
studies [Narita et al., 2000]. The mean of lightning peak current is about 30 kA. Early
observations show that neutralized electric charge ranges from 1 coulomb to hundreds
of coulombs [e.g., Berger, 1967; Fisher et al., 1993]. It is suggested that the charge
moment change (CMC) which is a value of multiplying removed charge in the
thundercloud by vertical discharge channel has a wide range more than few hundred
times the value of CMC [e.g., Fullekrug et al., 2002; Williams et al., 2006]. Figure 1.2
shows the global distribution of CMC [Yamashita et al., 2011]. Most of —CGs are
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smaller than 100 C-km [Kase et al., 2009; Yamashita et al., 2011]. -CG of small CMC
is not accompanied with continuing current.

Measurement of the electromagnetic radiation produced by lightning discharge is
suitable for the investigation of the electrical property of lightning discharges. Lightning
discharge radiates electromagnetic wave from a few Hz to s a few hundred of MHz
[Burke and Jones, 1992; Weidman and Krider, 1986]. Each frequency band of the
electromagnetic wave is caused by the different process of lightning discharge. The
electromagnetic waves of VHF (Very High Frequency, 30 MHz — 300 MHz) band are
radiated by extending leader and streamer in the process of initial breakdown discharge.
Return stroke of lightning discharge radiates VLF (Very Low Frequency, 3 kHz — 30
kHz) and LF (Low Frequency, 30 kHz — 300 kHz) waves. ELF (Extremely Low
Frequency, 3 Hz — 3 kHz) waves are radiated by whole CG process including continuing
current which flow continuously for the time period of few millisecond — hundreds of

millisecond after the lightning return stroke.

99.9 T T TTITII’] T T T oo T T T
- (1)Berger[7]
S ool @) M (2)CIGRE[6} ]
5-5 @ (3)CRIEPI Guidebook[16]
;:' 95k .
= 90k 1
2
& 80p e
o T0- .
£ 60f 4
=2 50f .
= 40k .
E 3oL 4
6 20 4
101 .
5k -4
1t J
N=36
I 1 1 Lt 11 I!I 1 1 1
D_l L 1 L1 1]110 100
Peak amplitude(kA)

Figure 1.1. Cumulative frequency distributions of peak current of lightning strokes [Narita et
al., 2000].
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Figure 1.2. Distribution of charge moments with whole events. The number of positive CGs and

negative ones are 182,689 and 288,046 respectively. [Yamashita et al., 2011].

1.2 Relationship between lightning activity and meteorological
parameters

Most of lightning occur in the developed convection clouds which often brings
concentrated heavy rain and results in flash floods and wreaks enormous damage. There
is a commonly held view that strong updraft and graupel-ice mechanism [Takahashi,
1978] in the mixed phase region of the cloud pose electrical charge separation in the
cloud. Previous studies suggested that there is correlation between occurrence frequency
of lightning and meteorological parameters, such as precipitation, radar reflectivity, and
updraft of thunderstorms. Figure 1.3 shows a schematic diagram of the relationship
between the lightning activity and the meteorological parameters. The rain volume and
cloud height estimated from meteorological radar, intensity of radar reflectivity, and

occurrence of downburst, tornado and hail typically indicate aspect of storm evolution.
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Figure 1.3 Schematic diagram of relationship between atmospheric parameters and lightning

activity.

Many studies suggested that lightning occurrence frequency and rain activity
generally show a similar variation [Tapia et al., 1998; Carey and Rutledge, 2000; Soula
and Chauzy, 2001]. Tapia et al. [1998] show that seasonal and diurnal analysis of
rainfall and lightning climatology in Florida illustrate the correlation between lightning
occurrence and convective rainfall. In addition, rainfall flux and lightning frequency are
well correlated for analyzed 22 storm. Figure 1.4 shows an evolution of the rain rate and
of the flash rates on July 11, 1997 in northern France [Soula and Chauzy, 2001]. The
time evolution of lightning flash rate and that of the rainfall rate show good
correspondence in this case. Some studies found that the frequency of CG flashes tends
to peak a few minutes before the surface rainfall [Tapia et al., 1998; Gungle and Krider,
2006]. Gungle and Krider [2006] suggested that the storms that produce lager number
of CG flashes tend to produce longer lag time. In order to lead to a better estimation of
convective rainfall in areas with poor or incomplete coverage regions, the
Rainfall-Lightning ratio of isolated thunderstorm was examined [Kempf and Krider,
2003; Price and Federmesser, 2006; Pineda et al., 2007].
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Figure 1.4. Evolution of the rain rate and of the flash rates. (a) July 11, 1997 [Soula and Chauzy,
2001].

Meteorological radar contributes not only to the understanding of distribution and
intensity of precipitation but also to the vertical structure of thunderstorm, wind
structure, and precipitation particle (graupel/hail). Seity et al. [2003] found that CG
flash rates are well correlated with the volume of graupel-hail mixture in the cell and
with the volume having radar reflectivity greater than 35 dBZ (R = 0.8~) using Doppler
and polarimetric radar data for 5 cells of thunderstorm in northern Italy.

Previous studies investigated the relationship between the lightning activity and the
updraft of thunderstorm [Zipser and Lutz, 1994; Tessendorf et al., 2005; Wiens et al.,
2005]. Tessendorf et al. [2005] found correlation between the updraft volume exceeding
10 m/s and total lightning activity for one severe thunderstorm in United States.
Deierling and Petersen [2008] found that time series of updraft volume in the charging
zone with vertical velocities greater than either 5 or 10 m/s have clear relationship with

total lightning activity (IC and CG) for 11 thunderstorms in United States (r = 0.93).
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Figure 1.5. May 22, 1997 hailstorm with severe microburst near Orlando. (a) History of total
lightning flash rate, and (b) history of differential radial Doppler velocity at the surface [Williams et
al., 1999].

An interesting behavior of total lightning (IC+CG) activity in advance of the
occurrence of severe weather such as downburst, hail, and tornadoes was found in
United States [Williams et al., 1999; Goodman et al., 2005; Schultz et al., 2009;
MacGorman et al., 2012].The behavior called as lightning jumps is that total lightning
frequency rapidly increase in advance of severe weather. Figure 1.5 shows (a) history of
total lightning flash rate, and (b) history of differential radial Doppler velocity at the
surface [Williams et al., 1999]. It is shown that the total lightning frequency rapidly

increased in advance of the occurrence of damaging wind at the surface.
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Lightning data have been used in the mesoscale forecast models. The weather
forecast was improved by assimilating lightning data [Alexander et al., 1999; Chang et
al., 2001; Mansell et al., 2007; Pessi and Businger, 2009]. Lightning data have been
also used for flash flood forecast [Price et al., 2011]. The method of lightning data
assimilation proposed by Mansell et al. [2007] used lightning as a proxy for the
presence or absence of deep convection. For the case study, the lightning assimilation
was successful not only in aspect of rain intensity but also in generating cold pools that
were present in the surface observations at initialization of the forecast. Figure 1.5
shows the observed and modeled total precipitation for a 6-h period starting 0600 UTC
20 Jul 2000 during the spinup period [Mansell et al., 2007]. The cases with lightning
data assimilation and have a reproducibility compared with the case of no lightning
assimilation.

The lightning data which has high time resolution is useful in investigating
thunderstorms, because a space-time resolution of meteorological radar which is
typically used to research thunderstorms (1-2 km) is not enough to investigate rapid
development and fine convective structure of thunderstorms. However, previous studies
used the lightning occurrence frequency only, nevertheless each lightning has different
electrical properties. There are very few studies focused on CMC for examining the

relationship between the lightning activity and the meteorological parameters.
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Figure 1.6. Observed and modeled total precipitation (mm) for a 6-h period starting 0600 UTC 20
Jul 2000 during the spinup period. (a) Rain gauge data with sampled NLDN strikes. (The 1st and
30th strikes are plotted in each 10-km grid box.) Gray-filled areas indicate data voids. (b) Pure
forecast (no lightning assimilation). (c) With assimilation of CG lightning from NLDN, moisture
forcing, and full suppression. (d) With assimilation of both CG and total (LMA) lightning, moisture
forcing, full suppression, and 25% feedback of KF precipitation [Mansell et al., 2007]

1.3 VLF electromagnetic wave from lightning discharge

VLF electromagnetic wave from lightning is radiated by return stroke. Large part of the
electromagnetic energy radiated from lightning discharge is in the VLF frequency range.
Figure 1.7 shows the frequency spectra for 18 lightning strokes at the distance of about

50 km [Uman, 1984]. The higher frequencies than the VLF range, the energy is smaller.
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Figure 1.7. Frequency spectra for 18 strokes at a distance of about 50 km [Uman, 1984].

VLF radiowave propagates with very low attenuation, about 2 dB/Mm. VLF waves
are reflected by the lower ionosphere at altitude of about 70 km at daytime, and about
85 km at nighttime, respectively [Marshall, 2009]. The ground wave (direct wave)
which propagates along the surface of the earth is stronger than the skywave (reflected
wave) within 1,000 km from radiation source. The skywave dominate at more than
1,000 km [Pessi et al., 2009, Said et al., 2010]. Figure 1.8 shows a schematic diagram
of the earth-ionosphere waveguide, which allows VLF (3 kHz — 30 kHz) emissions from
thunderstorms (sferics) to propagate thousands of kilometers through reflection [Pessi et
al., 2009]. Figure 1.9 shows that a time of arrival of the skywave varies depending on
the distance and a period of time (day or night) [Said et al., 2010].

These characteristics of VLF sferics which is abroadband electromagnetic impulse
generated by lightning discharges make it possible to observe lightning discharges with
extensive coverage (~4,000 km). VLF sferics include the information of peak current

and impulsive charge moment change with a duration of 1 ms or less.
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Figure 1.8 Schematic diagram of the earth—ionosphere waveguide, which allows VLF (3 kHz — 30

kHz) emissions from thunderstorms (sferics) to propagate thousands of kilometers through reflection

[Pessi et al., 2009].
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Figure 1.9. Day and night VLF average waveform banks radiated from lightning [Said et al.,
2010].
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1.4 Lightning observation system and electrical properties of
lightning

The World Wide Lightning Location Network (WWLLN) consisted of 57 VLF stations
is a long-range network of locating lightning strokes [Hutchins et al., 2012]. The
lightning location is determined using the time of group arrival (TOGA) of the VLF (3
kHz — 30 kHz) radiation from a lightning stroke [Dowden et al., 2002; Rodger et al.,
2009]. The overall detection efficiency of CG flashes is 10.3 % in 2008-2009, and the
location accuracy is confirmed to have a northward and westward bias, with average
location errors of 4.03 km in the north-south and 4.98 km in the east-west directions,
respectively [Abarca et al., 2010]. Peak currents weaker than —35 kA have a detection
efficiency lower than 10 % compared with the NLDN (National Lightning Detection
Network) [Abarca et al., 2010]. The WWLLN can estimate the occurrence time,
location, peak current of individual lightning strokes. Figure 1.10 shows location of the
WWLLN stations (black triangles) and the result of global stroke density estimated by
the WWLLN [Hutchins et al., 2012].

Latitude

Longitude

10 102 103 10*
Stroke density (strokes/year on 1° x 1° grid)

1 10°

Figure 1.10. WWLLN 2010 global stroke on 1°x1° grid, station location shown (black triangles)
[Hutchins et al., 2012].



12 Chapter 1. General introduction

The Pacific Lightning Detection Network/long-range lightning detection network
(PacNet/LLDN) has monitored lightning activity over the central North Pacific Ocean
using both magnetic direction finding (MDF) and time of arrival (TOA) of VLF wave
[Pessi et al., 2009]. The daytime and nighttime flash detection efficiency in the
northcentral Pacific is in the range of 17-23 % and 40-61 %, respectively, and the
median location accuracy is in the range of 13-40 km [Pessi et al., 2009]. The
PacNet/LLDN can estimate the occurrence time and location of individual lightning
strokes.

The arrival time difference long-range lightning location network (ATDnet)
consisted of 10 stations in Europe is the long-range VLF lightning location network
[Nash et al., 2005; Bennett et al., 2010]. The lightning location is determined using the
time of arrival of the VLF (6.87 kHz — 20.6 kHz) radiation from a lightning stroke
[Bennett et al., 2010]. The detection efficiency is in the range of 70— 90 % (Winter) and
20— 90 % (Summer) in the United Kingdom and 10— 70 % in the Europe [Keogh et al.,
2006]. The median location accuracy is 4.9 km in the France compared with the location
of Meteo France systems which provide the location accuracy of lightning with better
than 1 km [Gaffard et al., 2008]. The ATDnet can estimate the occurrence time and
location of individual lightning strokes.

The NLDN has provided lightning data covering the continental United States. The
lightning location is determined using time of arrival (TOA) of the VLF/LF (1 kHz -1
MHz [Krider et al., 1980]). The detection efficiency of NLDN is approximately 90 %
[Biagi et al., 2007], the median accuracy of location is 500 m [Cummins et al., 1998].
NLDN can estimate the occurrence time, location, polarity, peak current of individual
lightning strokes. Since NLDN operate on groundwaves in the VLF/LF frequency range,
NLDN is comprised of more than 100 sensors covering the United States. In fact,
NLDN require dense observations (approximately 300 km spacing). There are more
than 60 networks of same system worldwide [Cummins and Murphy, 2009].

The Japan Lightning Detection Network (JLDN) which covers the whole area of
Japan with 30 sensor is same system as the NLDN. The detection efficiency of —-CG in
summer is expected more than 90 % in the four main islands of Japan [Ishii et al.,
2001a]. The median accuracy of location is 1.08 km [Ishii et al., 2001b]. JLDN can
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estimate the occurrence time, location, polarity, peak current of individual lightning
strokes.

The lightning charge moment change network (CMCN) which combines the NLDN
lightning event geolocations with ELF (less than 1 kHz) data from two stations has
provided impulse charge moment change (the lightning charge moment change during
the first 2 ms after the discharge onset) measurements across the entire United States in
near real time [Cummer et al., 2013]. The CMCN automatically computes impulse
charge moment change for the event with the peak current magnitude of NLDN more
than 10 kA. The detection efficiency is approximately 9.3 % for total lightning events,
and 20 % and lower for lightning events below 40 kA [Cummer et al., 2013].

By the current lightning detection systems covering the range of a few hundreds of
km, which use radiowaves at the higher frequency over 100 kHz, only the peak current
of the stroke is estimated and the CMC cannot be derived. The detection efficiency of
current lightning detection network which can estimate CMC is low to examine the
relationship between the meteorological parameters and the lightning magnitudes for

investigating thunderstorms.

1.5 Purpose of this thesis

Previous researches show that the lightning data is effective and important in
investigating thunderstorms. However, most of them used the lightning occurrence
frequency only, nevertheless each lightning has different magnitudes which might be
quantitatively related to the meteorological parameters. Little attention has been given
to lightning magnitudes such as CMC of each lightning. In order to estimate the small
charge moment change, observation of the VLF (2 kHz — 35 kHz in this thesis)
radiowave radiated by return stroke which has the time constant from a few tens of
microsecond to a few hundreds of microsecond is required. In addition, in order to link
short-term meteorological forecast and lightning data in the future, the method of

estimation of CMC in a short time is important for operational use.
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The purpose of this thesis is to establish the method of analysis to estimate small
CMC of —CG and to investigate the relationship between the developing process of
thunderstorm and the lightning activity with information of magnitudes (CMC). This
thesis deals with three subjects: 1) development of a new VLF observation system in
Kanto region, Japan and its continuous operation, 2) establishment of the method of
analysis to estimate small CMC of —-CG and peak current form VLF waveform, 3)
investigation of the relationship between meteorological parameters and lightning
activity with information of magnitudes.

A new method of estimation of peak current and charge moment change without use
of frequency analysis nor VLF propagation model was established. The relationship
between the thunderstorm evolution and the lightning activity with information of
electrical properties was investigated using the estimated charge moment change and
peak current.

This dissertation is composed of 5 chapters. In Chapter 2, the instruments and
construction of VLF observation system is introduced. In Chapter 3, the method of
analysis to estimate small CMC of small CG and peak current form VLF waveform is
described. In Chapter 4, the investigation of relationship between developing process of
thunderstorm and lightning activity with the information of magnitudes is described and
obtained results are discussed. Finally, the summary and conclusions of this dissertation

and the suggestion for future works are presented in Chapter 5.



Chapter 2

Observations

2.1 VLF measurement system

A new measurement system for VLF electromagnetic field was developed. The VLF
lightning observation network with identical observation system, consisting of three
observation sites in Kanto region, Japan, was constructed. Purpose of this observation is
to detect lightning discharges which occur within a few hundreds of km from
observation site. The antennas for electric and magnetic fields are not required to be
large because lightning events at distance within a few hundreds of km from
observation site are observed. Also since the observation system is installed in a small
space, compact antennas are used.

In this chapter, each developed instrumentation is introduced in detail. Each
observation system is composed of a vertical electric dipole antenna and two horizontal

magnetic loop antennas, amplifiers, data recording system and GPS clock (Figure 2.1).

ANT GPS

external HDD

Magnetic loop antennas

EW

NS GPS reciever

electric dipole
antenna

H Pre—amplifier Main—amplifier

..........................................................................................................................

Figure 2.1. Block diagram of the VLF observation system.

15



16 Chapter 2. Observations

2.1.1 \ertical Electric field

The vertical dipole antenna, pre-amplifier and main-amplifier were made. The
equipment to observe the raidowaves on the VLF range was designed. The antenna is
composed of two elements of aluminum rod with a length of 1 m and a diameter of 6
mm. Because the wavelength of VLF electromagnetic wave is order of several tens of
km to several hundreds of km, the antenna can be presumed as a minute dipole antenna.
The output voltage of the antenna depends on the capacitance of the element. Figure 2.2
shows a schematic diagram of the antenna and pre-amplifier.

According to Ohkubo [2004], the capacitance of antenna is given as

2megl

Co = ——9 [F] 2.1)
log (ﬁ)

where g, is the dielectric constant, I is the length of antenna, a is the radius of antenna.

Substituting | = 2.0 [m], a = 0.06 [m] into the equation, C, is given as 56.58 [pF].

Vertical dipole antenna

Pre—amplifier

2m %&Out

Figure 2.2. Schematic diagram of the antenna and pre-amplifier.
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In order to receive an output voltage of the antenna with certainty, the pre-amplifier
was installed near the antenna. The input impedance of the pre-amplifier is 10%° [Q]. A
circuit diagram of pre-amplifier is shown in Figure 2.3. The characteristic value and the

equivalent electric circuit of the antenna and pre-amplifier are shown in Table 2.1 and

Figure 2.4, respectively.

1kQ

In +12V DC

——o0 Out

+Vin O

-Vin O

-12vV DC

Figure 2.3. Circuit diagram of the pre-amplifier

Table 2.1. Characteristic value of the antenna and pre-amplifier.

L (Length of antenna) 2 [m]

Ca (Capacitance of antenna) 56.58 [pF]

Ci (Input capacitance) 15 [pF]

Ri (Input impedance) 10" [Q]

G (Gain of pre-amplifier) 1
Ca

e () Ci—= SR v

Figure 2.4. Equivalent electric circuit of the antenna and pre-amplifier.
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An electromotive force from a dipole antenna is determined by multiplying effective
length of the antenna (her) by amplitude value of electric field (E). Since the length of
the dipole antenna is very short compared with wavelength of VLF radiowave, the
effective length can be presumed as a real length of the antenna. Moreover, since the
input impedance of the pre-amplifier is extremely high, the output voltage is determined
from the ratio of capacitances of the antenna and the input impedance. The relational
expression is given as

1 1
lwC; + iwC,

C:
X GhspE = (1 + C—‘) X GhysrE (2.2)
a

ia)Cl-

where V is the output voltage, C; is the input capacitance, and G is gain of the
pre-amplifier.

Figure 2.5 shows a circuit diagram of the main-amplifier of electric field. The
main-amplifier of magnetic field is same circuit configuration with that of electric field.
The band-pass filter consists of 2nd high-pass filter with a cutoff frequency of 500 Hz,
6th low-pass filter with a cutoff frequency of 50 kHz. The magnification of electric field
of +20 dB was selected from +6 dB, +14 dB, +20 dB and +40 dB.

The frequency characteristics of gain and phase including pre-amplifier and
main-amplifier is shown in Figure 2.6 and Figure 2.7, respectively. The lower cut-off
frequency and higher cut-off frequency including main-amplifier and pre-amplifier is
1.7 kHz and 28 kHz, respectively. The original waveform was reconstructed using these
characteristics of the instrumentation. The method of reconstruction of the waveform is

explained in section 3.2.4.
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Figure 2.5. Circuit diagram of the main-amplifier.
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Figure 2.6. Frequency characteristic of gain including main-amplifier and pre-amplifier.
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Frequency Characteristic of end-to-end Amplifier
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Figure 2.7. Frequency characteristic of phase including main-amplifier and pre-amplifier.

2.1.2 Magnetic field

The magnetic field measurement system consists of two horizontal magnetic loop
antennas, pre-amplifiers and main-amplifier. The loop antenna and pre-amplifier were
designed so as to avoid the resonant frequency in the observation band. A shape of loop
antenna is triangle with 1.4 m base and 1.4 m height. The number of turns of the
antenna is five. The characteristic value and equivalent electric circuit of the antenna
and pre-amplifier, equivalent electric circuit of the antenna and pre-amplifier, and a
circuit diagram of main-amplifier are shown in Table 2.2, Figure 2.8 and Figure 2.9,
respectively. Figure 2.10 and Figure 2.11 show view of the developed main-amplifier

and pre-amplifier, respectively.



Chapter 2. Observations 21

Table 2.2 Characteristic value of the antenna and pre-amplifier.

N (Number of turn) 5 [turns]

S (Area of antenna) 0.98 [m’]

La (Inductance of antenna) 86.83 [uH]

Ra (Impedance of antenna) 0.896 [Q]

Ci (Input capacitance) 0.047 [uF]

Ri (input impedance) 10[Q]

G (Gain of pre-amplifier) 25

La Ra
YV—ANN
: Vv
e () Ci— § Ri
777
Figure 2.8. Equivalent electric circuit of the antenna and pre-amplifier.
ANT 100kQ 15kQ 1kQ
5 turns
$=0.98m? w
47kQ +12V DC
WA kl\ 20F 1k } 0 Out
000 = sea e |
J— -12v DG 15kQ )

0.047u FI

Figure 2.9. Circuit diagram of the pre-amplifier.
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Figure 2.11. View of the pre-amplifier.
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An electromotive fore (ems) generated by the magnetic flux (¢) change is given as

= Nd(b— SNdB 2.3
éms = dt dt (2:3)

where N in equation (2.3) is the turn number of the antenna, S is the area of the antenna,
B is the magnetic flux density. Assuming B = By exp(—iwt), the absolute value (le]) is
given as

lems| = SNByw = 2nSNB,f (2.4)

where o is the angular frequency and f is the frequency. Since R; is extremely high with

10 [€], the output voltage is given as

1 1
Al y
iwC; wC;
V) = —— e, | = == (25)
|Re+la)L+m \/R32+(wl’_w_ci)2

where R. is the sum of resistance of antenna and serial resistance of the low-pass filter.
Substituting ens (electromotive force) and f (frequency), the following equation was
obtained.
v = 2nGSNB,f
V2CiR )2 + ((21f)2CiLg — 1)

(2.6)

where L, is the inductance of antenna. Substituting the characteristic value of the
antenna and pre-amplifier in table 2.2 into equation (2.6), the frequency characteristic of
output voltage is obtained. Figure 2.12 shows the frequency characteristic of gain of

magnetic field.
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Frequency Characteristic of antenna and pre-Amplifier
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Figure 2.12. Frequency characteristic of gain of magnetic field.

2.1.3 Data recording system

Data recording system with an A/D board, GPS and personal computer (PC) was
developed to obtain the VLF lightning waveforms. Lightning geo-location accuracy
must be less than 10 km because level scale of the single cell of thunderstorm is
approximately 10 km. IRIG-B time code generated by GPS receiver (Hakusan LS-20K)
was selected. The time error of GPS receiver is within £10 ps in order to achieve the
necessary geo-location accuracy.

A data sampling rate is important not only for geo-location of lightning but also for
investigation of VLF sferic characteristics. The system of sampling frequency with 83.3
kHz create a data file for the time period of 46 seconds per minute (75%). The output
signals from the main-amplifier and GPS receiver are digitally and simultaneously
sampled using A/D board (Contec AD16-16U(PCI)EV).
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2.2 VLF lightning observation network

A continuous recording of waveforms in the frequency range of 2 kHz — 35 kHz at three
stations in Kanto region in the range of 150 km from Tokyo, Japan, has been carried out
for the first time. Kanto region is one of the best location to investigate the relationship
between lightning activity and meteorological parameters in the world because of the
dense meteorological observations and a flat stretch of land. The radar beam is shielded
due to mountains. The observation system at three sites has been operated since May 15,
2013. The data obtained at Yamanashi site was analyzed in this thesis.

Figure 2.13 shows a position of existing meteorological observation sites and VLF
observation sites. The three VLF sites shown as red star in Figure 2.13 were selected so
as to surround the capital. Yamanashi site (35.669°N, 138.581°E) is located at
Yamanashi prefectural science center, Kofu, Yamanashi, Oami (35.503°N, 140.366°E) is
located at Oami-shirasato, Chiba and Maebashi site (36.431°N, 139.043°E) is located at
are Gunma University, Maebashi, Gunma. Figure 2.14 and Figure 2.15 show an external
view of the antenna and the data recording system of Maebashi site, respectively. The
black square in Figure 2.13 indicates AMeDAS (Automated Meteorological Data
Acquisition System) sites operated by JMA (Japan Meteorological Agency). There are
128 AMeDAS sites in the area. The squares in green and yellow are meteorological
C-band radar site and X-band radar sites, respectively. The JMA Tokyo C-band radar
(35.8567°N, 139.9625°E) data was analyzed in this thesis.
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Figure 2.13 Position of existing meteorological observation and VLF observation sites. The red
star is the VLF lightning observation sites. The squares in black are the AMeDAS sites, green square

is the meteorological C-band radar and the yellow squares are the meteorological X-band radar site.

Figure 2.14. External view of the antenna of Maebashi site.
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Figure 2.15. External view of the data recording system of Maebashi site.

2.3 ELF measurement system

In order to observe global lightning activities with ELF electromagnetic waves,
continuous recording of ELF waves has been carried out at three observation sites;
Syowa (69.018°S, 39.506°E), Antarctica since 2000, Onagawa (38.433°N, 141.483°E),
Japan since 2001, Esrange (67.9°N, 21.1°E), Sweden since 2003 and Santa Cruz
(122.214°W, 37.116°N), U.S.A. since 2006 [Sato et al., 2008; Yamashita et al., 2012].
In this thesis, the data obtained at Onagawa site was analyzed to estimate the lightning
magnitudes.

The ELF observation system consists of search coil magnetometers, a main
amplifier and a data recording system. Figure 2.16 and Figure 2.17 show a schematic
diagram of the ELF observation system and a view of the ELF magnetic search-coil
antenna, respectively. The system at Onagawa site has been operated with the frequency

range of 1 Hz — 400 Hz. Output signals from main—-amplifier and IRIG-E time code
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signals form the GPS receiver are digitally sampled simultaneously with sampling
frequency 10 kHz [Sato, 2004; Sato et al., 2013].

GPS
% antenna

GPS receiver

IRIG-E 1-pps A Serial
) Time code signal link
Orthogonal search coil
Mgnetometers Yy
H-comp. . .
C D—com C: Main p  16-bit A/D > External
B amplifier P converter HDD
Sampling
software
Personal computer

Figure 2.16. Schematic diagram of the ELF observation system.

Figure 2.17. View of the magnetic search-coil antenna [Sato, 2004].



Chapter 3

Estimation of lightning magnitudes

3.1 Introduction

The electromagnetic fields of VLF/LF are produced by the lightning return strokes.
Especially, the LF band is used to estimate the peak current intensity of the return
strokes. Previous studies have developed the return stroke models which describe the
electric and magnetic fields waveform generated by the return stroke at different
distance, such as transmission line model [Uman et al., 1975; Thottappillil and Uman,
1993; Rakov and Uman, 1998]. Figure 3.1 shows a schematic diagram of lightning
current. Since the observation of the VLF band whose waveform is detectable at far
distance than that of the LF band also has sensitivity for the return stroke, some studies
estimated peak current form the VLF waveform [Said et al., 2010; Hutchins et al., 2012;
Yanagi, 2012].

On the other hand, CMC is estimated by the observation of the electromagnetic
wave radiated by CG lightning in the range of the ELF band. As Figure 3.1 shows, the
ELF band has high sensitivity for the lightning continuing current which flow
continuously for the time period of few millisecond — hundreds of millisecond after the
lightning return stroke. The amount of charge neutralized by the continuing current is
larger than that of the return stroke in the presence of the continuing current. Therefore,
the observation of the ELF band is suitable to estimate a huge CG lightning with more
than a few hundreds of C-km. The negative CG lightning (-CG) accounts for 90 % or
more of CG except in winter in Japan. Most of —CG is smaller CMC than 100 C-km

[Cummer et al., 2013], because 40 % of —CG is not accompanied with the continuing

29
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[Medeiros and Saba, 2012]. In order to estimate the small CMC of —CG without the
continuing current, the observation of the VLF radiowaves radiated by the return stroke
which has a time constant from a few tens of microsecond to a few hundreds of

microsecond is required.

Return stroke
10 - 100 ps

Continuing current
\ 1- a few hundreds of ms

N\

VLF band - Time
ELF band

Figure 3.1. Schematic diagram of lightning current.

Current(A)

—_—

The estimation method of CMC is roughly classified into two ways, namely, the
sferic analysis [Cummer and Inan, 1997; Cummer and Inan, 2000] and the Schumann
resonance analysis [Hung et al. 1999; Sato et al., 2008]. Since these methods based on
the propagation characteristic of ELF electromagnetic waves, they cannot be directly
applicable to estimate CMC in the VLF band because of different propagation
characteristic.

Cummer [2000] and Hu and Cummer [2006] developed a full-wave
two-dimensional cylindrical finite-difference time-domain (FDTD) model for the
lightning-generated electromagnetic field simulations in the ELF/VLF band. The FDTD
method is a numerical analysis technique for the calculation of electric and magnetic
field. The time-dependent Maxwell's equations are discretized using central-difference
approximations to the space and time partial derivatives. The partial derivatives are

computed sequentially. Fitting this simulated lightning current to the observed
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waveform, the CMC can be estimated. However, it is difficult to estimate CMC in a
short time a for mass CG lightning, because it takes long calculation time with personal
computer.

The skywave reflected by the ionosphere overlaps the groundwave (direct wave).
Figure 3.2 shows simulated vertical electric field waveforms in the VLF range at
different distance [Haddad et al., 2012]. The first skywave overlaps the groundwave
after 170-250 microsecond from time of arrival of return stroke at distance less than
200 km from observation site. In order to estimate CMC from the groundwave, removal
of influence of the skywave is required. In order to realize the application to short-term
meteorological forecast, the method of estimation of CMC in a short time for with high
detection efficiency is important. The methods of analysis to estimate impulsive charge
moment change and peak current form the VLF waveform are established in the present

study.

vertical electric field

Figure 3.2. Simulated vertical electric field waveform in the VLF range at different distance. The

reflection altitude is assumed at 73 km, daytime [Haddad et al., 2012].



32 Chapter 3. Estimation of lightning magnitudes

3.2 Data and methodology

The electric field waveforms was analyzed in order to estimate the peak current and
impulsive charge moment change (iCMC). In this study, iCMC is defined as CMC
estimated from the electric field waveform with a duration of 1 ms or less. In this
section, the used data, and method of estimation of peak current and ICMC are

described.

3.2.1 Data description

The four days where lightning occurred in Kanto region from May 2013 to August 2013
were selected. The area of analysis is confined from 34.5°N to 37.2°N and 138°E to
141°E, and in the range of 50-200 km from Yamanashi site (Figure 3.3). In order to
estimate iCMC from electric field waveform, the lightning events observed at distance
more than 50 km from the VLF lightning observation site were analyzed, since the
distance must be far enough compared to one sixth of wave length at 2 kHz (cutoff
frequency). In addition, upper limit of the distance from the observation site is set at 200
km where the skywave can be separated from the groundwave.

In order to identify the events of CG lightning, JLDN (Japan Lightning Detection
Network) lightning data was used. Information of location, occurrence time, peak
current, and discharge type (CG or IC) in JLDN data are used. A median of geo-location
accuracy of JLDN is reported as 1.08 km [Ishii et al., 2001b], and the detection
efficiency of —CG is more than 90 %. Figure 3.3 shows the area of analysis and
lightning locations detected by JLDN of 4 days. The crosses in Figure 3.3 show the
lightning location on May 16, 2013 (red), June 22, 2013 (orange), July 11, 2013 (green),
and August 11, 2013 (blue). The black triangles show the VLF lightning observation site.
The small and large circles indicate 50 km and 200 km distance from Yamanashi site,
respectively. Table 3.1 shows the number of CG lightning flashes detected by JLDN of
each day. Total number of CGs for 4 days is 10,606 flashes. 7,475 events of VLF data
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are matched with the events of JLDN data. The result is explained in section 3.3 in

detail.
141°
- 38’
May 16, 2013
June 22, 2013
July 11, 2013
August 11, 2013
- 37°
- 36°
- 35°
]2(:)0km 34°
138° 139° 140° 141°
Figure 3.3. Area of analysis and lightning location of each day.
Table 3.1. Number of CG lightning flashes detected by JLDN
Day Hour (JST) Number of -CG Number of +CG
May 16, 2013 14:00 — 22:00 49 32
June 22, 2013 10:00 — 20:00 184 23
July 11, 2013 13:30 — 20:00 2,439 17
August 11, 2013 12:00 — 21:00 7,688 174
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3.2.2 Concept of estimation of iCMC

An electric field caused by electrical charges and their motions is expressed as the
following polynomial equation. The first term, second term and third term are the
electrostatic term, induction term, and radiation term, respectively. As equation (3.2)

shows, the radiation term is proportional to derivation of the current moment (ly;).

My—M 1dM 1 d°M

4 E = _—t — A
o r3 cr?2 dt = c?r dt? GD
1 d?M  dly, -

— o< — )
c2r dt? dt 3-2)

where ¢y is the dielectric constant of vacuum, c is the speed of light, r is the distance
from the charge, M is the charge moment change (C-km), My is the charge moment of
the thundercloud.

Equation (3.1) and (3.2) indicate that the current moment (ly) is obtained by
integrating the electric field waveform with time. In addition, iCMC is obtained by
integrating current moment with time. Figure 3.4 shows a schematic diagram of a
concept of iCMC estimation in this study. The blue waveform in Figure 3.4 is observed
the electric field waveform which corresponds to the radiation term of electric field. To
is the time of start of the waveform. T; is the time of peak amplitude of the waveform.
T, is the time of first zero-crossing of the waveform. T, is the time of first negative peak
of the waveform. T3 is the time of second zero-crossing of the waveform. It is assumed
that the lightning current moment decays to zero at Ts. The current moment (red
waveform) is obtained by integrating the blue waveform from T, to Ts. When the
observed waveform reaches its first zero-crossing point (T,), current moment reaches its
peak at the time. ICMC is estimated by integrating the current moment (red waveform)
from To to Ts.

However, it is not simple to estimate iCMC in actuality. When observed waveform
is integrated from T, to T3, integrated waveform is not equal to zero at Ts. It is
presumed that the discharge channels of lightning extend intricately, and the skywave

overlaps the groundwave. In order to estimate the current moment, T3 is determined
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removing the influence of the skywave, and it is assumed that the current moment

exponentially decays from T, to Ts.
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Figure 3.4. Schematic diagram of a concept of iCMC estimation.

Figure 3.5 shows a flow diagram of the estimation of iCMC. First, obtained VLF
lightning waveforms (sferics) are identified based on JLDN as shown in section 3.2.3.
The VLF sferics are reconstructed using gain and phase characteristics as section 3.2.4
shows. The peak current of lightning is estimated by the relationship between the peak
amplitude of VVLF sferic and JLDN peak current as shown in section 3.2.5. The skywave
which overlaps the groundwave of the VLF sferics is removed as shown in section 3.2.6.
The current moment and iCMC are estimated as shown in section 3.2.7. Finally, in order
to estimate iCMC with a duration of 1 ms or less, integrating interval is corrected using

the VLF and ELF waveform as section 3.2.8 shows.
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Figure 3.5. Flow diagram of the estimation of iCMC.
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3.2.3 ldentification of event of cloud to ground lightning

The method of identification of the CG events is described in this section. The
occurrence time (To) and the location of CGs are obtained by the JLDN lightning data.
The distance (D;) between the lightning location and Yamanashi site is calculated using
the the location (latitude, longitude) of JLDN data. By assuming that the VLF
electromagnetic wave propagate in the atmosphere at the speed of light, propagation
time (dT) for Dy is calculated. An arrival time (T,) at Yamanashi site can be estimated
by To plus dT. The peak of transient waveforms is searched for before and after T, with
180 microsecond. If the polarity of the JLDN lightning data and the VLF waveform are
consistent and the absolute value of amplitude of the waveform with greater than or
equal to 0.05 V, the VLF waveform is identified as the CG event. The time of peak of
the waveform is defined as T,. Figure 3.6 shows an example of identified waveform of
the electric field of Yamanashi site with this method. The blue solid line in Figure 3.6
indicates the time of peak of the waveform (T;), and the red solid line indicates

estimated time of arrival (Ty).

— Ta|-1 8|O u |S | . L L -|I-a+ 1|80 }1 S L L L L | L
= : Ta § 17:30:28(JST) , May 16, 2013
3 3- ! ; Ipeak = -27 kA (JLDN) |-
o4 i -
o :

8 1- J : -
& :

2 0 — :

2 1 : 1 5

© 2 A A e

486.6 486.8 487.0 487.2 487.4

Time [ms]

Figure 3.6. Example of identified waveform of the electric field of Yamanashi site.
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3.2.4 Reconstruction of electric field waveform

The observation system developed in this study has characteristics of gain and phase as
shown in Figure 2.6 and Figure 2.7. In order to estimate the peak current and iCMC
using the amplitude of the electric field waveform and its wave shape, the original
waveform has to be reconstructed with characteristics of gain and phase. The procedure
of the reconstruction of the waveform is described below.

According to Huang et al., [2011], following equation holds for any signal

waveform.

Din(t) = Ain (W)e' dw (3.3)

).

where t is the time, Ain(w) is the power spectrum of @jy(t), w is the angular frequency.
When a signal pass the system with instrumental function, the intensity and phase of

signal are varied. The output signal is described as

1 © ) .
(pout(t) = \/T_T[j Ain(w) Mfilter(w)el(wt-l-(pﬂlter(w))dw (3.4)

where Mrier(w) is the gain characteristics, @siier(w) is the phase characteristics. The

output signal is also described as following equation.

1 (” .
P (®) = o= | A (@)t (3.5)
In fact, the following relation is obtained.
Aout(w) = Ain (w)Mfilter(‘U)ei(pﬂlter(w)dw (3-6)

Equation (3.6) is also described as below.
e~ @ritter(@)

Mfilter (w) F{d)out (t)} (3.7)

F{®in ()} =
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By computing the inverse Fourier transform of equation (3.7), the input signal

waveform is obtained.

e~ Wrilter(@)

¢, () =F 1 {——
m Mg iiter ()

F{®4y:(8)} (3.8)

The output signal of electric field is reconstructed using the gain and phase
characteristics shown in Figure 2.6 and Figure 2.7. The electric field waveform is
extracted in T; with 100 millisecond before and after. The waveform is reconstructed in
2 kHz —35 kHz, approximately cutoff frequency. Figure 3.7 shows a verification result
of the gain and phase reconstruction of sin wave at 5 kHz. The waveforms indicated in
blue and in red are the input signal and the reconstructed signal, respectively. The
reconstruction of waveform observed at Yamanashi site is shown in Figure 3.8. The
obtained waveform sifted by 24 ps after by the correction of the phase characteristic.
This result has an effect on determination of occurrence time and location of CG
lightning. The occurrence time of CG lightning can be determined accurately by the

correcting.

Voltage [V]
h o o

10 - u

& I i 1 : | I
0 200 400 600 800 1000
Time [us]
Figure 3.7. Verification result of the gain and phase reconstruction of sin wave at 5 kHz. The

waveforms indicated in blue and in red are input signal and reconstructed signal, respectively.
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Figure 3.8. Example of reconstruction of the waveform observed at Yamanashi site.

3.2.5 Estimation of peak current

In order to estimate the peak current of lightning, the relation between the normalized
amplitude of the electric field waveform and peak current of JLDN data was
investigated. According to Yanagi [2012], there is a good correlation between the
amplitude of VLF ferics normalized for distance and the peak current of JLDN data for
the events which occurred within 1,400 km from observation site. In the method
proposed by Yanagi [2012], the phase characteristics of amplifier is not considered,

resulting in problems for the events within a few hundreds of km. Therefore, the method
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proposed by Yanagi [2012] is improved in this study. The method of estimation of the
peak current is described below.

The distance (D;) (km) between the lightning location and Yamanashi site is
calculated using the lightning location of JLDN data. By assuming that the peak
amplitude of electric field (Epea) is inversely proportional to the distance, the
normalized peak amplitude at 50 km (V,) is described as the following equation. A
radiation term of electric field dominates at distance more than 50 km in the VLF band.

Dy

=—E
50

Vn peak (3'9)

The relationship between V, and the JLDN peak current of -CG and +CG is examined,
respectively. The relational expression for the estimation of the peak current is obtained
by the comparison between V, and the JLDN peak current.

A result of the comparison in the case of —CG is shown in Figure 3.9. There are
three panels of scatter plot of V, versus the JLDN peak current. The left, center and
right panels indicate the relationship between normalized amplitude and peak current
for observed, gain-reconstructed, and gain and phase reconstructed data, respectively.
All of them show a good correlation between V, and the JLDN peak current with high
determination coefficient (R?), more than 0.79. The three fitted linear functions have a
almost same inclination and intercept. The linear function for the gain- and
phase-reconstructed data are used for the estimation of peak current of —CG like as for

the estimation of iCMC.

Iyeax = —58V, — 9.2 [kA] (3.10)

where V,, is the normalized peak amplitude at 50 km (V/m).

Similarly, a result of the comparison in the case of +CG is shown in Figure 3.10.
The left, center and right panels indicate the relationship between normalized amplitude
and the peak current for observed, gain-reconstructed, and gain- and
phase-reconstructed data, respectively. All of them also show a good correlation

between V, and the peak current of JLDN data with high determination coefficient,
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more than 0.81. The following equation was used for estimation of the peak current of
+CG.

Peak current [kA]
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Figure 3.9. Three scatter plots of the normalized amplitude (V,) versus the peak current of JLDN

data (lpeax) in the case of —CG. Left panel: observed E-field, center panel: gain reconstructed E-field,

right panel: gain and phase reconstructed E-field.
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Figure 3.10. Three scatter plots of the normalized amplitude (V) versus the peak current of JLDN

data (lpeax) in the case of +CG. Left panel: observed E-field, center panel: gain reconstructed E-field,

right panel: gain and phase reconstructed E-field.
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3.2.6  Removing an influence of first skywave

The purpose of this section is to remove the influence of the skywave for the duration
time of the electric field waveform. The time of arrival of the first skywave vary
depending on the distance from the observation site. The altitude of reflection is
assumed to be 70 km in order to calculate the time of arrival of the first skywave.

Figure 3.11 shows a schematic procedure of removing the first skywave from the
reconstructed waveform of —CG. The red solid line in Figure 3.11 indicates the
reconstructed electric field waveform. T, is the time of first negative peak of the
reconstructed waveform. Tg is a time of arrival of the first skywave when the altitude is
assumed of 70 km. Ty is a time 12 microsecond before Tr. Assuming that the source
current moment decay gradually, linear approximation is fitted to the reconstructed
waveform from T, and Ty (green dashed line in Figure 3.11). The reconstructed
waveform was replaced with the linear approximation after T,. The time of second zero
crossing of the corrected waveform is defined as Ts.

The altitude of reflection in daytime (70 km) is typically lower than that in
nighttime by about 10-20 km [Smith et al., 2004]. If the altitude of reflection is
assumed to be larger than (nighttime), time of arrival of skywave (Tg) is delayed,
resulting in less overlapping with ground wave. Therefore, the assumed altitude of

reflection of 70 km is the worst case of overlap between ground wave and skywave.
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Figure 3.11. Schematic diagram of removing the first skywave from the reconstructed waveform.
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Figure 3.12. Example of reconstructed waveform and calculated Tg, Tsand Ts.

Figure 3.12 shows an example of the reconstructed waveform and calculated Tg, Tos
and Ts3. The black line is the electric field waveform observed at 17:34:23 (JST), July 11,
2013. The waveform has two positive peaks at 20 us and 220 us. The first positive peak
is caused by groundwave, and second positive peak by the skywave. The green dashed
line is a linear curve fitted for a period between T, and T, If the reconstructed
waveform is not corrected by this method, the time of second zero crossing from T, is
149 microsecond. The result of this case, the time of second zero crossing (T3) from T,

is 352 microsecond.

3.2.7 Calculating current moment and iCMC

In this section, the method for calculating the current moment and iCMC using the
reconstructed waveform and Ts is described. Firstly, relative current moment is
calculated by integrating the reconstructed waveform. The relative current moment is
converted into the current moment using the estimated peak current. Figure 3.13 shows

a schematic diagram for the calculation of the relative current moment.
(1) The reconstructed waveform is integrated from Ty to the time of first zero crossing
(Tp) in Fugure 3.13. The relative current moment waveform is obtained until its

peak.
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(2) It is assumed that the current moment decays exponentially from the peak of the
relative current moment (T,) to Ts in Figure 3.13. The relational equation is

described as

—at

IM(t) = eT3-TP) [KA - km] (3.12)

where IM is the relative current moment after T, t is a time from T,, and a is the
attenuation coefficient. Figure 3.14 shows the time variation of the current moment with
different o of the equation (3.12). In the case of a=1, the value of the current moment at
T3 becomes approximately —40 kA-km. On the other hand, in the case of a=7, the value
of the current moment becomes approximately zero at 300 microsecond earlier than Ts.

5 was selected as the value of a, so that the current moment becomes approximately

zero at Ts.
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Figure 3.13. Schematic diagram of calculating a relative current moment.
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Figure 3.14. The time variation of current moment by different time constant.

The relative current moment is converted to the current moment (kA-km) using the
peak current and the vertical length of discharge channel (discharge length) at the time
of peak amplitude of the reconstructed waveform (T;). Figure 3.15 shows a flow
diagram of converting the relative current moment to the absolute value of current
moment. The average lightning current between T, and T, is calculated. The current
moment at T, is estimated by its discharge length and the average lightning current. The
ratio of the relative current moment at T, to the current moment at T, is calculated, the
relative current moment between T, and T3 is converted to the current moment by the

ratio.
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Figure 3.15. Flow diagram of converting the relative current moment to the absolute value of

current moment.

In order to calculate the discharge length that changes every moment, the extension
speed of return stroke is assumed as ¢/2 (c: speed of light, 3.0x10® m/s) [Rakov, 2007,
Baba and Rakov, 2007], and the upper end of discharge length is assumed as 5 km.
Since the thermal layer of —10 °C is distributed in the range of 5-7 km in summer in
Japan, the upper end of discharge is assumed as 5 km. The black line in Figure 3.16
shows the time variation of the discharge length. The discharge length is assumed to
increase until 5 km (33.3 ps) at the constant speed, and to be maintained as 5 km after
33.3 pus. The current moment (red line in Figure 3.16) is calculated by multiplying the
current (blue line shown in Figure 3.16) by the discharge length (black line shown in

Figure 3.16) at the moment.
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