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Preface

This thesis presents studies on radiations in associatitn lightning discharges.
The contents of the thesis are based on the results of owaroesduring the Ph.D. course
at the Division of Information and Communications Engimegr Graduate School of
Engineering, Osaka University. Lightning discharges heeeeral complex processes,
so that they cause radiations in an ultra wide frequency ;booh very low frequency
(VLF) to ultra high frequency (UHF) as well as optical radhats. Furthermore, many
researchers reported the energetic radiations assoev@tetightning. In this thesis the
energetic radiation means the photon radiations with gnieagn several hundreds keV
to several tens MeV. The individual radiation corresporagdch complex process of
the lightning discharge. One useful approach to the ligigtmphysics is to observe and
analyze the radiations associated with lightning. In tlesigy We focus on the energetic,
electromagnetic, and optical radiations associated wgthring. In other words, we
conducted lightning observation campaigns for energ&iapter 2) and electromagnetic
radiations (Chapter 3), and performed observation datlysews for optical radiations
from lightning (Chapter 4) in order to acquire knowledge @aming the physics of the
atmospheric electricity, including lightning discharges

The thesis consists of five chapters that are organized las/fl

Chapter 1 is the introduction of the thesis. The basic ligigtrphysics and several
terminologies are described briefly. We clearly show theivations and significance of
the thesis as well.

The main objective of Chapter 2 is to study energetic raatiatassociated with light-
ning. The energetic radiation has been one of the majorgapithe field of the lightning
physics since a runaway breakdown theory was proposed. rdiogoto the runaway
breakdown theory, high energy particles, such as secomaaryic rays, create high en-
ergy electrons by interaction with air. The high electriddiads to the high energy
electrons by the runaway process, with photons appearittteas high energy electrons
decelerate. This theory is one of the possible triggersghittiing, in other words, it is
believed that the runaway breakdown theory is one of the keynswer a basic and
interesting question: How does lightning trigger? In thsyster, a field campaign was
conducted during the winter thunderstorm season in Holudkpan. We recorded high
energy photon and electron bursts accompanied by upwasedivetjghtning and upward
positive lightning. These results suggest that the photostb are caused by not only neg-
ative leaders but also positive leaders and the photontrawlinas high energy electron
bursts as well. The results in the thesis support the runénegkdown theory strongly.



The objective of Chapter 3 is to study the charge transfehar@sm of upward light-
ning and the microwave radiation associated with lightnM@ conducted lightning ob-
servation campaign with the use of a microwave receiver avitiia broadband digital
interferometer (DITF) during winter thunderstorm seasoHokuriku, Japan. This obser-
vation was conducted along with the energetic radiatiorMagion described in Chapter
2. We recorded an upward flash striking a lightning protectmwver and the flash was
accompanied by six ICC pulses. Among them two ICC pulses bkgdtive leaders prior
to the ICC pulses. These preceding negative leaders probabed the current increases
of the ICC pulses, which means that the negative leadersecréfze channels for the ICC
pulses. We recorded apparent increases in the microwaver@ssociated with the up-
ward lightning as well. The microwave radiation sourcesrseebe the tip of the negative
leaders and the lightning current.

In Chapter 4, statistical data analyses are examined usengightning Imaging Sen-
sor (LIS) and the Precipitation Radar (PR) data aboard tbpidal Rainfall Measuring
Mission (TRMM) launched in 1997. The LIS detects optical &sions and locates the
lightning discharges from space. In this chapter we haverham subjects. One is a
parameterization of lightning by an aspect of a convectleed: Knowledge of global
lightning activity has grabbed attention in order to estenthe global N@ production
since lightning discharges are known as one of the majorcesuwf NQ on our planet.
The parameterization of lightning is a useful techniquedtingate the global lightning
activity. From the eight-year analysis, we show that the Ineinof lightning flashes per
second per convective cloud is proportional to the fifth poafethe snow depth. The
other is a study of the impacts of the El Nifio Southern Ogaila(ENSO) events on
lightning activity in the Western Pacific Ocean, includingugh East Asia. The ENSO
is a collective term of an El Nifio and an La Nifia, originallyfided as events in which
sea surface temperature in the waters off Peru increasecgases. The study of these
impacts of the ENSO events on the other parameters is impaitace it leads us to un-
derstand the mechanism of climate changes involving the®EN®& show the remarkable
contrasts associated with lightning activity between thaliBo and the La Nifia events
in the Western Pacific Ocean and discuss the reason why th@astnappear as well.

Finally, Chapter 5 draws the conclusions of the thesis bymsanzing all the results.
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Chapter 1

Introduction

1.1 Physics of lightning

A lightning discharge is one of the most well known naturaépbmena and it is a
sequence of neutralization between positive and negaligeges, which are stored in
the thundercloud. The lightning discharges are classitoeghly into two types: one
is a cloud-to-ground (CG) flash which bridges between threldeds and the ground,
and the other is a cloud-to-cloud (CC) flash which occurs ihundercloud or inter-
thunderclouds. The CG flashes are sub-classified into f@astgccording to their elec-
trical polarity and the direction of the first leader, thatdewnward negative lightning,
downward positive lightning, upward negative lightningdaupward positive lightning.
All four types and a CC flash are illustrated in Figure 1.1.sltidely known that the
downward negative lightning (type (a)) accounts for moentB0% of CG flashes on our
planet [1].

CG flashes basically consist of several processes: prembreakdowns, leader de-
velopments, return strokes, continuing currents, M-camapts, and so on. In the case of
a downward negative flash, first, a negative stepped leatsunshed toward the ground
from negative charge region in the thundercloud. The st pgmders sometimes involve
a train of breakdown, called a preliminary breakdown. Thess of the preliminary
breakdowns are defined as the in-cloud process that leatie iaitiation of the down-
ward moving negative stepped leaders [2]. The steppedreditkrally step in the air,
in other words, repeat to stop and propagate while creategdonducting channel in the
virgin air. The average propagation speed is of the ordef®ind/s [2]. Therefore, if it
begins to develop at the attitude of 10 km in the thundergldauchvels about 100 ms. Af-
ter the contact of the downward stepped leader to the gramdpward lightning current,
called a return stroke, propagates toward the negativgehagions in the thundercloud
at speed of the order of 8@n/s [2]. This sequence of the downward leader and the up-
ward return stroke is termed a stroke. The return stroketharenost luminous event in
the lightning, so what we see by our own eyes is the returkkestroSome CG flashes,
called multiple lightning strokes, have two or more strokebkich consist of dart (dart-
stepped) leaders and subsequent return strokes. Afterakessrelatively-small current,

1



2 CHAPTER 1. INTRODUCTION

(a) Downward negative lightning  (b) Downward positive lightning

(7

N S @
(c) Upward negative lightning (d) Upward positive lightning (e) Cloud-to-cloud lightning

Figure 1.1: lllustrations of four type CG flashes and a CC flashe CG flashes are
classified according to their electrical polarity and theediion of the first leader. Only
the initial leader is shown for each type.

which is termed a continuing current, flows between the teuriduds and the ground.

During a continuing current period, sometimes M-compogsi@stur. M-components are
relatively higher currents than the continuing current arake the lightning channel lu-

minous. In addition, during the time interval between netatrokes, some CG flashes
have J-processes and K-changes. The J-process and the¢fecir@ defined as slow and
fast changes, respectively, in E-field on the ground. FiduPeindicates the schematic
representation of the various processes comprising thetinedCG flash.

In the case of upward lightning, an upward leader is initldtem a tall grounded-
structure, such as a wind turbine and a tall tower, and dpsdtaward the charge region in
the thunderclouds [3]. That is why it is called "upward liging". The upward lightning
also has sequences similar to the downward lightning, namiait leaders, return strokes,
continuing currents and M-components. One noticeableifeaif the upward lightning
is that more than 50% of upward flashes contain no stroke [@]reve only the initial
stage (I1S). The IS is the duration of rather long-term cantig current followed by the
first upward leader development. The long-term continuiagent is termed an initial
continuing current (ICC), which sometimes lasts a few haddrms after the upward
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Figure 1.2: Various processes comprising a negative CG. fladbpted fromRakov and
Uman[2].

leader. Some ICCs involve ICC pulses, which are luminoustsvia the IS, and which
are defined as abrupt lightning current changes.

CC flashes consist of an early (or active stage) and a laten@) §tage [4]. The early
stage typically involves a negatively charged channelraditey at an average speed of the
order of 10 m/s. These processes in the early stage of the CC flash seemespond to
the preliminary breakdowns and stepped leaders of CG flabh#s late stage of the CC
flash, negative charges are apparently transported to gienref the flash origin from
remote sources in the negative charge region. The changgfdrgprocess in CC flashes
is termed a recoil streamer. The recoil streamers are ac@mey by fast change in the
E-field on the ground, so that they cause high current betweenegative and positive
charge region as in return strokes of the CG flashes.

In this way, the lightning discharges have several indiglgarocesses and complexly
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intertwined with other processes.

1.2 Radiations in association with lightning

As we have described in the preceding section, the lightdisgharges have several
complex processes. All these processes are basicallycdaysmovement of electrons.
The bulk of movement of electrons causes a wide variety ¢htiaxhs. Table 1.1 indicates
the main radiations associated with lightning.

Electromagnetic waves in frequency bands from extremelyffequency (ELF) to
low frequency (LF) are radiated from return strokes sind¢errestrokes transfer a great
deal of electric charge over a long distance [5]. Some ligigthocating systems (e.g.,
World Wide Lightning Location Network (WWLLN) [6] and Lighing Positioning And
Tracking System (LPATS) [7]) detect electromagnetic wamegBese low frequency bands
and locate the points of the return strokes in two dimensions

Electromagnetic waves in frequency bands from very higgueacy (VHF) to ultra
high frequency (UHF) are accompanied by leader developnenth as stepped lead-
ers and dart leaders. These processes are the phenometie thlaictric charges around
the tip of the leaders travel as far as several tens meters.VHF digital interferom-
eter (DITF) has been developed in Lightning Research Gr@gpka University (LRG-
OU) and is a system to locate sources of VHF impulses baseleodigital interferom-
etry [8,9]. This system enables us to visualize the negad¢imder developments in 3
dimensions. One of the noticeable results of this system iply the charge distribu-
tions in the thunderclouds [10]. Lightning mapping systeaséng these frequency bands,
have achieved a great success and contributed to the devatopf lightning physics.

Optical emissions, including infra-red radiation and bisilight, are mainly radiated
from return strokes of the CG flash and recoil streamers ofQ@eflash. In the case
of the return stroke, the peak current is of the order of 10 ké the channel of the
return strokes are heated up to 30,000 k [11]. The high teatyper, even very short
duration, causes optical radiations by thermal emissiodsedectron transitions ionized
by the lightning current. The Lightning Imaging sensor (L the Tropical Rainfall
Measuring Mission (TRMM) detects the optical emissionsv@e@ngthA = 777.4nm)
and locates the lightning discharges from space [12]. ®@ppaders and dart stepped
leaders also have optical emissions although the inteon$itige optical signal is much
less than those from the return strokes. An Automatic LiglgtrProgressing Feature
Observation System (ALPS) is to detect weak optical emissassociated with leader
developments [13].

Energetic radiation associated with lightning activityg lieen reported (e.g., [14]). In
this thesis energetic radiation means photon radiatiotisemergy from several hundreds
keV to several tens MeV. These observation results areifsésmto two types according
to the timing of the photon bursts. One is that the radiatiarsts occur several ten
seconds prior to CG flashes [15, 16]. In [15] and [16], thesbas assert that such high
energy photons are generated in the high electric field gtindn the thunderclouds, and
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Table 1.1: Radiations associated with lightning discharge

Frequency bands \ Lightning process \ Radiation process
ELF ~ LF Return strokes Charge transfer
VHF ~ UHF Leader developments Electric current
Return strokes _
IR Thermal emissions

Recoll streamers
Leader developments
M-components, ICC pulses
Leader developments
Charge separation

Visible light Electron transitions

X ray Runaway breakdown

these high energy photon bursts may initiate lightning #astOne possible initiation of
the runaway breakdown is an extensive atmospheric shows)(Ehat consists of a large
number of different elementary particles and fragmentsuadei [17]. In this scenario,

energetic secondary cosmic rays with energy of several Meident on the high E-

field region in the thundercloud work as a "seed" of the ruryalar@akdown. After that,

the runaway breakdown avalanche triggers the lightninghdisge while increasing the
number of free electrons.

On the other hand, many authors reported that radiatiorisbarsthe ground are re-
coded coincidentally with negative leader developmentfBg. In this case, the energetic
radiation bursts are inferred to be caused by the high éduttd region around negative
leaders [23]. Regardless of the two scenarios, it is wideheled that the high electric
field leads to high energy electrons by the runaway proceis tihe photons appearing
as these high energy electrons decelerate [23-25].

Lightning discharges involve a wide variety of radiationghe ultra wide band from
ELF to X ray. These radiations are closely related to eadftdigg process which is
intricately-intertwined with each other.

1.3 Objective and overview of this thesis

Lightning discharges cause radiations in the ultra widguesncy band. The each
radiation corresponds to the processes of the lightninchdigies. One useful approach
to the lightning physics is to observe and analyze the radistassociated with lightning.
Actually, the remote sensing has been playing an importaatand giving a great deal
of fruitful results in the field of lightning physics. Our earch team (LRG-OU) has been
studying the lightning discharges based on the remotersgn¥ie have worked as one
of the members of the team. We have conducted field lightnbsgivation campaign
in Hokuriku, Japan, during winter thunderstorm seasonsOi@62- 2008. In addition,
we have analyzed the LIS data on the TRMM. This thesis cansistive chapters, and
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contents of each chapter are summarizes as follows;

In Chapter 2, we focus on the mechanism of the runaway breakd®he runaway
breakdown process is one of the possible triggers of ligigtid 7]. Many observation re-
sults (e.g., [14]), reporting energetic radiations assed with lightning activity, inferred
that the radiation sources are the E-field strength in thadércloud and/or the tip of
the negative leaders. In this regard there are two integsfuestions. One is the exis-
tence of the electron bursts associated with lightningpdperedicted from the runaway
breakdown theory. To show the existence of the electrondasswell as photon bursts
associated with lightning is evidence to support the ercteof the runaway breakdown
process in association with lightning. The other is the ittige of energetic radiation
bursts associated with positive leaders of natural ligignNo one has reported energetic
radiation bursts associated with the positive leaderstofrallightning. Now the runaway
breakdown theory has been developed based on the hypothaséise runaway break-
down should occur in the thundercloud [26] and/or the tiphef hegative leaders [22].
The evidence of energetic radiations associated with tléip® leaders will change the
view of the mechanism of the runaway breakdown.

A field campaign was conducted during the winter thundemsteeason in Hokuriku
using a Nal scintillator and a thin plastic scintillator P&hich primarily detects high
energy electrons. The winter thunderstorm season in Hakuras remarkable features.
One is that the charge regions in the thunderclouds areddedta lower altitude than in
other regions [27]. This feature is suited to detect thegater radiations from lightning
since the energetic radiation travels only as far as a feanieters. We recorded high
energy photon and electron bursts accompanied by upwasedinetjghtning and upward
positive lightning. These results suggest that photontbare caused by not only negative
leaders but also positive leaders and the photon radigt@veshigh energy electron bursts
as well. This study proofed the occurrence of the runawagkmtewn associated with
lightning discharges and gave a new question concerningidehanism of the runaway
breakdown process associated with positive leaders.

In Chapter 3, there are two objectives. The first objectite darify the charge trans-
fer mechanisms of the ICC pulses of the upward lightning. Uipeard lightning has
long-term ICC, causing great charge transfer [28] and aflalamnage to the triggered
structures like a wind turbine [29]. The understanding efitiiechanism, especially how
the charges in the thunderclouds are transferred, of theid@€eded in the fields of en-
gineering as well as science. To clarify the ICC pulses, f#tigng observation campaign
was conducted with a use of the VHF broadband DITF, a capadaintenna, and a mi-
crowave receiver during winter thunderstorm season innlapi@e VHF broadband DITF
visualizes the negative leader developments, which méwt# enables us to know how
the charges are transferred in the thunderclouds. In theaigm, an upward flash strik-
ing a lightning protection tower was recognized and the upvilash had six ICC pulses.
Among them two ICC pulses, which have fast risetimes, weceapanied by negative
leaders prior to the ICC pulses. The current increases d€xigpulses seem to be caused
by these negative leaders, which means that the negatiderkearoduced the channels
for the ICC pulses. The observation results indicate trattbchanism of the ICC pulses
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are similar to the stepped leader - return stroke sequence.

The second objective in Chapter 3 is to examine when and haromave radia-
tions associated with lightning occur. We have been deasigand manufacturing the
lightning localization system by means of microwave radret. The microwaves have
much shorter wavelengths than the wavelengths of the eteefynetic waves which are
now used for the lightning mappers. A "microwave lightniegdtion system" can be a
more accurate lightning mapper than the other lightninglieation systems based on
the electromagnetic wave observations. As the first stepisfstudy, the microwave
power associated with lightning was measured. We recorgpdrant increases in the
microwave power associated with the upward lightning. Theeovation results imply
that the microwave radiation sources are the tip of the negktaders and the lightning
current and a possibility of a new lightning system by medmaiorowave emissions.

In Chapter 4, the results of two statistical data analyseegamined, using the LIS
and the Precipitation Radar (PR) data aboard the TRMM. @ento the ground-based
observations, the satellite observation allows us to aedbe useful data not only on the
land but also on the ocean. The long-term and bulky data gedvby the TRMM obser-
vation are well suited to conduct statistical analysis. @malysis is a parameterization of
lightning by an aspect of a convective cloud (Section 4.3pntthe eight-year analysis,
we show that the number of lightning flashes per second petective cloud is propor-
tional to the fifth power of the snow depth. This parametdigzaenables us to obtain
knowledge of global lightning activity in order to estimdtee global NQ production.
The other is a study of the impacts of the El Niflo Southern I@sicon (ENSO) events
on lightning activity in the Western Pacific Ocean (Sectiof) 4We show the remarkable
contrasts associated with lightning activity between th&lifo and the La Nifia in the
Western Pacific Ocean and discuss the reason why the ceragsar as well.

In Chapter 5, all results shown in the former chapters aresanzed.




Chapter 2

Energetic radiations from lightning

2.1 Introduction

A field campaign was conducted during the Japanese wintad#ératorm season to
observe radiation bursts associated with lightning disygeusing a Nal scintillator and a
thin plastic scintillator (PS), which primarily detectghienergy electrons. This chapter
presents the observation results and discussions. Ino8ez, the background of this
study is described in details. In Sections 2.3 and 2.4, tisemation method and the
observation results are shown. Finally, in Section 2.5dikeussions of the observation
results and summary of the chapter are shown.

2.2 Background

The relationship between radiation bursts and lightnirtgyi&g has been extensively
studied sinc&Vilson[30] suggested the possibility of bremsstrahlung radmitiche high
electric field region of a thundercloud. Recently, manya#idn bursts in association with
lightning discharges have been reportdtbore et al.[31] reported that radiation bursts
with energies in excess of 1 MeV lasted several millisecdradsre the first return strokes
of the negative cloud-to-ground (CG) flash&swvyer et al.[18, 19, 21] also reported that
radiation bursts with energies up to a few hundred keV weseaated with the stepped-
leaders, dart leaders, and return strokes. Furthermoreradeadiation bursts measured
on satellites have also been reported [32, 33].

These studies suggest the possibility that the high etefitld leads to high energy
electrons by the runaway process, with the photons appeasithese high energy elec-
trons decelerate [17,23-25]. Such energetic radiatiostbinave been recently observed
on the ground and from space, and are inferred to be causeduehyigh electric field
region around negative leaders, which involve a lot of negdtreakdowns [22].

In this study, we have observed high energy electron burgtspoton bursts from
both negative and positive lightning discharges.

9



10 CHAPTER 2. ENERGETIC RADIATIONS FROM LIGHTNING

2.3 Observation

A field observation campaign for lightning discharges in Higlku, Japan, which bor-
ders the Sea of Japan, was conducted from November 2006 todfel2007. Two ra-
diation detectors and a capacitive E-field antenna weralladtat a site about 400 m
away from a wind turbine and its lightning protection towét the foot of this wind-
generator apparatus, two Rogowski coils were equipped tsure lightning currents.
Furthermore, a VHF broadband digital interferometer (DIWas installed about 8 km
away from the wind turbine. All systems were synchronizethv@PS.

The first radiation detector consisted of one rectangulealie&piped plastic scintil-
lator (PS) covered by a foil of 2@m-thick aluminum on the upper side and two photo-
multiplier tube (PMT) detectors attached to the bottom ¢sde Figure 2.1). The PS had
a length of 800 mm, a width of 300 mm, and a thickness of 0.2 mhis dletector was
entirely covered with a 0.05-mm-thick black plastic bage Bmplifier (AMP) filtered the
thermal noise from the PMT signal and converted the sigrnialary00 ns TTL pulse. The
PS was so thin compared to the photon range that most pho&mseg through the PS
without interacting with it. The high energy electron rapngewever, was short enough
to interact with the PS (see Figure 2.2). Thus the PS prignegdorded high energy elec-
trons. The PS was tested in the laboratory using radioastimeces. Figure 2.3 shows the
PS detection efficiency for beta rays and gamma rays, ragplgctdefined by the ratio
of the number of particles detected by the PS to the numbeanticfes incident on the

Plastic Scintillator (PS)

Electron Photon

Figure 2.1: A photo of the PS.

Figure 2.2: A schematic diagram of the PS.
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Figure 2.3: The PS detection efficiency for beta and gammiatrad in the laboratory
using radioactive source®Co and?%“Tl for beta rays13’Cs and®®Co for gamma rays).
The dots in the panel correspond to the actual measuremigesva he energy value for
each dot corresponds to the endpoint energy of each betaouages A dot of gamma
rays at 1.33 MeV includes the effect of 1.17MeV since we empico.

PS from the radioactive sourcé8Co and?®Tl for beta rays3’Cs and®®Co for gamma
rays). A simple Monte Carlo simulation indicated that thed®8ld detect beta rays with
energies from 100 keV to 10 MeV and that the detection effaydor 100 keV gamma
rays was below 0.02%. The measurement and simulation séaditate that the PS de-
tected beta rays with energies in excess of approximatéhka®, and that the response
ratio for the beta rays was almost twenty times higher thahahgamma rays. In order
to check the response of the equipment, we performed a sériests including placing
the PS under a bright flashlight and direct sunlight. We ad$¢he PS at a distance of 8.7
m from a surge generator which produced high voltage sparteaitted strong elec-
tromagnetic waves in various frequency bands. In all theperements the background
rate in the PS count rate did not show any considerable iseredhe PS was mounted
on a board at a height of 50 cm above the ground. The downsitdeed?S was shielded
from ground environmental radiation by 2 rectangle boardsl@mnf copper with 20 mm
thickness on the upper side and lead with 50 mm thicknesseolower side.

The other radiation detector consisted of one 7.6 cm dianbgt&.6 cm thick cylin-
der of a Nal(TI) scintillation detector mounted on a PMT (&&gure 2.4). This detector
was entirely covered with a 1-mm-thick aluminum cylinderack signal from the Nal
was converted to a 600 ns TTL pulse using an AMP. Since thectttwas a cylindrical
scintillation detector, both high energy photons and ebest were recorded. The dis-
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Figure 2.4: A photo of the Nal.

crimination energy level was set at 430 keV, in other wortis, Nlal detects radiations
with energies in excess of 430 keV. Multiple lower energyiatidns arriving in a fast
burst, however, could produce one count. This detector wasdd in a wooden box and
mounted on the roof of the hut at a height of 2.6 m. The TTL mufsem both the PS and
the Nal were measured using the same counter (Contec; CHVId3-at 1 ms sampling
interval, that is, the counter records the number of TTL @silat intervals of 1 ms. The
background count rates of the PS and the Nal detectors wss¢han 0.2 counts/ms.

The capacitive E-field antenna has a time constant of 2.2tseautput was recorded
at a sampling interval of 0.u5s. The Rogowski coil system at the wind turbine could
measure lightning currents as high as 12.6 kA at samplirgrvat of 2ps. Since the
Rogowski coil installed to the tower measured the elecuitent through only one foot
of the tower, which has four feet, the electric current tigtothe whole tower is estimated
as the quadrupled values of the measurement values. The Yo4idhdmnd DITF could
locate wideband VHF impulsive electromagnetic radiationrses of lightning in two
dimensions [8, 9].

2.4 Results

During the observation period, a total of 7 lightning flasleesurred on the wind
turbine or the lightning protection tower. For these 7 esgttte count rate of the Nal
detector exhibited an apparent increase. The count rate&Sph&wvever, exhibited an
apparent increase in only 3 events. We report the resulterflyr 2 interesting events,
which are an upward positive lightning (Flash A) and an uglvergative lightning (Flash
B), respectively.
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Figure 2.5: The count rates, the E-field change, and thenligiptcurrent of Flash A on
the 6th of January in 2007. The lightning struck the windituetat 18:51:42 (JST). Count
rates (counts/s) of the PS and the Nal (top panel), the E-dledahge on the ground, the
lightning current measured at the foot of the wind turbined@te panel), and the count
rates (counts/ms) of the PS and the Nal detectors (bottorl)pan
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Figure 2.6: Similar to Figure 2.5 but for Flash B recorded@#Z:42 (JST) on the 17th
of December in 2006. The lightning struck the lightning padton tower. Count rates
(counts/s) of the PS and the Nal (top panel), the E-field chamgthe ground, the light-
ning current measured at the foot of the lightning protectawer (middle panel), and the
count rates (counts/ms) of the PS and the Nal detectoro(hgitinel).

Flash A

This lightning flash struck the wind turbine at 18:51:42 (J&i the 6th of January in
2007. The top panel of Figure 2.5 shows the count rates (s®)rdf the PS and the Nal
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detectors during a period of 45 seconds around the light#isgeen from this panel, the
Nal and PS count rates increased only at the time when thedlastk, which is different
from previous reports [15], where those authors reportdati@an bursts more than sev-
eral tens of seconds prior to a lightning flash. The middlethadottom panels of Figure
2.5 show a detailed comparison between the count rates ms/ms of the PS and the
Nal detectors and the simultaneously recorded E-field arréiciwaveforms. In this the-
sis, the E-field change waveforms are shown based on the jgltiis sign convention; a
positive current value implies that a positive current fldvesn the cloud to the ground.
As evident from the current waveform and the correspondifigld waveform, the event
was a positive CG flash initiated by an upward negative lefrder the wind turbine at 34
ms, since the current waveform is similar to the typical ohthe upward positive light-
ning [3]. Prior to the current increase, a positive E-fieldmye was noticeable between
0 ms and 30 ms. This is likely caused by a nearby intraclouchdige that triggered an
upward negative leader [29]. For this event, 2048 VHF pulgere recorded in the first
7 ms by the VHF broadband digital interferometer. Thesesyw®™HF radiations” are
caused by negative leaders [34]. Taking account of the H-fiehnge, we conclude that a
negative breakdown should be involved in the intracloudtthsge and would also move
away from our capacitive E-field antenna. The lightning entrwas saturated at 34 ms
with a magnitude of 12.6 kA. This current showed a second pé&al6 kA at 50 ms.

The first count rate burst on the Nal detector appeared frannarthe beginning of
the E-field change. It returned to zero at 20 ms. Accompaniéd tive initiation of the
upward negative leader, both PS and Nal count rates showadicant increases and
then reached their peaks, 22 counts/ms for PS at 33 ms ando22¥ams for Nal at 34
ms. These peaks are roughly in correspondence with theieleatrent peak. After 40
ms there was no significant increase in either the PS or thedadt rates.

Flash B

This lightning flash hit the tower at 10:47:42 (JST) on thehlaftDecember in 2006.
The top panel of Figure 2.6 shows the count rates (countsteed®S and the Nal detec-
tors during a period of 50 seconds around the lightning. I&mbo Flash A, the Nal and
PS count rates increased only at the time when the flash stfbiekmiddle and the bottom
panels of Figure 2.6 are for a detailed comparison betwesiedhnt rates in counts/ms
of the PS and the Nal, and the simultaneously recorded Edisddcurrent waveforms.
As identified from the current and the corresponding E-fiedd@forms, the event was a
negative CG flash initiated by an upward positive leader ftoentower at 8 ms. Prior to
the apparent increase in electric current, a negative B-¢lenge was seen between 0 ms
and 8 ms. Similar to Flash A, this electric field change is idienl as being caused by
a nearby intracloud discharge that triggered the upwardip®$eader [29]. Moreover,
many pulses occurred in the E-field changes during this gesgmnilar to previous re-
ports [35,36]. Itis reasonable to assume that these putsesspond to the developments
of negative breakdowns. From the E-field change waveforseeims that the negative
breakdown was approaching the capacitive E-field antenmalightning current showed
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a peak at 9.6 ms with a magnitude of 22 kA. After the upwardtpasieader, the lightning
current remained negative and had several impulses betiesrs and 15 ms.

The Nal count rate burst appeared from around the beginritigecE-field change.
It increased until 9 ms. Accompanied with the initiation bétupward positive leader,
both PS and Nal count rates showed significant increaseshand¢ached their peaks;
88 counts/ms for the PS at 33 ms and 174 counts/ms for the Nadtdeat 9 ms. These
peaks are roughly in correspondence with the current peak.

2.5 Summary and Discussion

A field observation campaign was conducted during the witltanderstorm sea-
son in order to study high energy electron and photon busstecaated with lightning
discharges. Bursts of high energy electrons with energiesxcess of 100 keV were
recorded. The radiation detected by the Nal and the PS deterst consistent with
bremsstrahlung produced by energetic electrons assdewtelightning. A Monte Carlo
simulation showed that 10 MeV electrons can travel up to 5@ airi This suggests that
high energy electron ranges with energies up to several Me\tmaich shorter than the
distance between lightning paths and the PS. Thereforeégheshergy electrons detected
by the PS did not come directly from leaders in the thundeti®Ve speculate that these
high energy electrons were produced by high energy photenactions such as Comp-
ton scattering near the PS. The high energy photons wereajedeyy the leader of the
thundercloud and traveled to the observation site.

Current (kA)

Current -4
—— E-field change

(nun sanejsy) sbueyod piel4-3

=1 | M
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Figure 2.7: Expanded waveforms for comparing the E-fieldhgkapulse and current
pulse for Flash B between 9.2 ms and 10.4 ms. The black arnoglsaite the E-field
pulses corresponding to the current pulses.
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The increases in the Nal count rate prior to the upward |sasleems to be caused
by the intracloud discharges that involved the negativakmewns. These results are
consistent with previous results [23]. Even though theatioin bursts associated with
positive breakdowns in the laboratory have been reportddvinyer et al.[37], this study
is the first to present a piece of evidence that a positiveeleafinatural lightning could
also cause the increase in the Nal count rate. As seen ind=&jGrfor Flash B, after the
upward positive leader started, several pulses appeareotinthe electric field change
and the current. An expanded waveform comparing the E-fiedahge pulse and current
pulse is shown in Figure 2.7. The black arrows indicate thHeHB-pulses corresponding
to the current pulses. Except for a few E-field pulses thasaraller than the pulses ap-
pearing before the upward leader, the E-field pulses casresppparently to the current
pulses. These E-field pulses are identified as being causenx lypward leader. Upward
leaders in Japanese winter lightning usually involve somiegs as reported BiWang et
al. [38]. These pulses are likely to be related to the increagbarNal count rate. A
few small pulses in E-field change that do not correspondeathirent pulses might be
caused by negative discharges nearby. These negativeudjssh however, did not have
a significant impact on the Nal count rate.




Chapter 3

Electromagnetic radiations from
lightning

3.1 Introduction

During winter thunderstorm season in Japan, a lightninggdagion campaign was
conducted with a use of a microwave receiver and a VHF braatiloigital interfer-
ometer (DITF). The main objects of this campaign is to unaeic the charge transfer
mechanism of the ICC pulse and to examine when and how mieevealiations occur
associated with lightning. In this chapter, the observatesults and discussions are pre-
sented. In Section 3.2, the background of this study is de=ttin details. In Sections
3.3 and 3.4, the observation method and the observatiotigese shown, respectvely.
In Section 3.5, the possible mechanisms of the ICC pulsesrendadiation sources of
the microwave associated with lightning are discusseddasedhe observation results.
Finally, in Section 3.6, all contents in this chapter are swanzed.

3.2 Background

Characteristics of upward lightning have been investijataceMcEachron[39] re-
ported the existence of upward lightning on their obseovettiof lightning currents and
photographic images for the first time. The upward lightiegibs with an upward leader,
which is initiated from a high-grounded object and develmpgard charge regions in the
thunderclouds. After the upward leader, an initial contigicurrent (ICC) lasts in several
hundred milliseconds [40]. Subsequent processes, sudtuas istrokes and the follow-
ing continuing currents, sometimes occur after an initiage (1S), involving the upward
leader and the ICC [41]. The IS often has multiple upward tias that develop toward
charge regions in the thunderclouds independently [3dnss that this characteristic of
the IS sometimes causes much greater charge transfer taalownward lightning [3]
and serious damage to the triggered objects such as a winidéy9]. Therefore the
understanding of the mechanism of the IS is needed in thesf@ldgcience as well as

19
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engineering.

Recently, ICC pulses, which are luminous events in the I8¢ li@en paid attention.
This luminous event is similar to an M-component during tleatmuing current that
follows a return stroke in both natural and triggered lighgn42, 43]. Many researchers
measured some parameters concerning the ICC pulses anduwathe characteristics
of the ICC pulses with those of M-components.

Wang et al[44] showed some lightning current parameters of the ICGgaibf the
negative rocket-triggered lightning, such as the risetithe half peak width, and the
charge transfer. They concluded that all characterisfitiseol CC pulses strongly resem-
ble those of the M-components reportedTyottappillil et al[45]. From the observation
of the upward lightning at Peissenberg tower in Germ&ughs et al.[41] reported a
median peak current for the ICC pulse was 3.9 kA, which is iciamably larger than the
geometric mean (GM) value (312 A) of the current of the ICCspslin the triggered
lightning reported byVang et al[44].

Miki et al. [46] compared the observation results of the ICC pulseswhung lightning
observed in several regions with triggered lightning inridda. They showed that the
ICC pulses of upward lightning tend to have larger curremtikigeand smaller durations,
risetimes, and half peak widths than those of the triggagddring. In addition, some
ICC pulses of the upward lightning have a short risetime teas 1ps in the lightning
current. Since the risetime of these fast pulses is sinol#éing risetime of current pulses
in association with return strokes, they presumed thattfest rise ICC pulses are cased
by a sequence similar to the leader - return stroke. In otloedsy negative leaders are
initiated from the space charge regions and connect to thangh of the ICC. These
assumptions are supported by the optical observationtsd28, 47]. Moreover, from the
observations during winter thunderstorm season in FukpadMiki et al. [48] reported
the results that additional luminous channel connectingpéduminous current channel
of the ICC appeared after the fast rise ICC pulse.

The results reported byliki et al. [48] strongly support the hypothesis presented by
Miki et al. [46]. Their results, however, have shown no leader devetopiefore the fast
rise ICC pulse. In order to prove the hypothesis, we conduaatning observation cam-
paign during winter thunderstorm season in Japan. The bysttive of this campaign is
to present the observation results in association withthegkeader developments prior
to the fast rise ICC pulses.

The second objective of this campaign is to examine when amdrhicrowaves are
radiated from lightning discharges. Although many yeargehHzeen passed since it was
reported that electromagnetic radiations at microwavgueacies are accompanied by
lightning discharges [49], only a few observations at thiesquencies have been con-
ducted [50]. So far, remote sensing systems for lightnisglthrge using electromagnetic
waves up to several hundreds MHz have enabled us to undentarightning physics
(e.g., [10]). Since the wavelength of the microwave is muabrter than the electromag-
netic waves at several hundreds MHz, the studies on the mischs of the microwave
radiation associated with lightning lead us to establiseva lightning localization system
that can map the lightning discharges more precisely tlgdnirling localization system
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Figure 3.1: Sketch map of the observation sites.

detecting electromagnetic waves at lower frequency badndasder to examine when and
how the microwave radiations associated with lightninguocthe microwave measure-
ments were also made in conjunction with the observations.

In this chapter, the observation results concerning theerises ICC pulses are shown
as well as the microwave radiations associated with upwahndhing.

3.3 Observation

A field observation campaign for lightning discharges in delkda-chou, Ishikawa
prefecture of Japan, which borders the Sea of Japan, wascadrom December 2007
to January 2008. Figure 3.1 shows the sketch map of the aigansites. The microwave
receiver was installed at Site A, while Rogowski coils on filset of a 100 m high wind
turbine and a 105 m high lightning protection tower were ppad at Site B to measure
lightning current. A VHF broadband digital interferome(@TF), a capacitive E-field
antenna, and a video camera were installed at Site C. Thendestbetween Sites A and
B was 400 m, while the distance between Sites B and C was 2. Tkmdirection from
Site C toward Site B made an angle of 101t& the north. The heights of Sites A and B
were about 40 m above the sea level, while the height of Site&wery close to the sea
level.

The microwave receiver consisted of a down-converter anganudal horn antenna,
designed for receiving effectively electromagnetic waves 2.6 GHz to 3.95 GHz. The
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maximum gain of the antenna was 15 dB, and a half-power bedimwf the E-plane and
H-plane were 30.6and 31.0 at 2.9 GHz, respectively. The antenna was set up toward
the lightning tower at 30in elevation so that the antenna received mainly the micvewa
radiations from the approximately-square area betweenglod the lightning tower and
the point 300 m above the tip. Each electrical signal at aueeqy of 2.9 GHz from the
antenna was down-converted to 500 kHz and digitalized in avR&a 1 ps sampling
interval.

The Rogowski coil system installed to the foot of the towelasweed lightning cur-
rents as high as 13.5 kA at sampling interval qi2in the frequency range between 0.5
Hz and 100 kHz. Since the Rogowski coil measured the elextin@nt through only one
foot of the tower, which has four feet, the electric currdmbtigh the whole tower was
estimated as the quadrupled values of the measuremensvalue

The VHF broadband DITF located impulses of wideband VHFtedaeagnetic radi-
ation sources in two dimensions [8,9]. The VHF broadbandfbd®nsisted of capacitive
antennas that were equipped at three apexes of a levellispsigit-angled triangle with
a separation of 10 m. The received broadband signals frammniigg were limited by a
band-pass filter with the pass band of 20-100 MHz and dig#dlby a digital oscilloscope
at 4 ns sampling interval. The basic idea of the broadbarnitatiigterferometry is to es-
timate phase differences between the impulsive electragtagwave pulses received by
a pair of two antennas. In this system, two independent ptiifseences were acquired.
If an arrival direction meets the two incident angles, thedtion of an electromagnetic
source was estimated in terms of elevation and azimuth [9].

One of the remarkable features of the VHF broadband DITFlmt@ wide detection
frequency range. Since the Fast Fourier Transform (FFT)appBed for data processing,
we acquired as many phase differences as Fourier compdnesash pair of antenna for
each VHF pulse. From the redundancy of the phase differéine@ccurate estimation of
the directions of VHF radiation sources were realized [9].

The capacitive E-field antenna measured E-field change ayrélued. The capacitive
antenna has a time constant of 10 s at sampling interval of877The video camera
was set up toward the lightning tower and enabled us to aezauatical images in a 33
frame/sec.

3.4 Results

During the observation period, four CG flashes struck on idpeting protection
tower. All flashes are identified as upward negative lighgrftom the tip of the tower.
For these four events, the waveform of the microwave poweibéed apparent increases,
and lightning currents were recorded. The VHF broadband2i3 well as the capacitive
antenna, however, recorded only one flash. In this studyonieeflash that all detectors
detected simultaneously is shown.

The lightning flash struck the lightning protection toweBa27:05 (JST) on the 31st
of December in 2007 (Figure 3.2). In Figure 3.2, the first twogds show the two dimen-
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Figure 3.2: The two-dimensional mapping of the VHF electagmetic waves from Site
C (the first two panels), the lightning current and E-fieldrade(the third panel), and the
microwave power (the bottom panel) of upward lightning. Tipsvard lightning struck

the lightning protection tower at 3:37:05 (JST) on the 31f2@cember in 2007.

sional VHF impulse sources located by the VHF broadband Déldvation and azimuth
from Site C , respectively. The third and bottom panels otiFeg3.2 show the lightning

current waveform measured at the foot of the tower and E-tiklthge at Site C, and
received microwave power at Site A as a bar in eagls,lrespectively. The time zero
corresponds to the triggered time of the VHF broadband DASHN Chapter 2, E-field

change waveforms are shown based on the atmospheric sigentmm; a positive current
value indicates that a positive current flows from the clauthe ground. The lightning




24 CHAPTER 3. ELECTROMAGNETIC RADIATIONS FROM LIGHTNING

Tower 2007 .12.31
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Figure 3.3: One image of the video camera installed at Siter@e upward lightning.
The left luminous channel is the upward lightning, while titker luminous channel is
the lightning flash occurred nearby.

current waveform indicates the polarity of this lightningsth was negative. By high
speed camera observation at Site A, this event was idengifi@toncurrent flash [51,52]
that several flashes occur simultaneously. In other wordsipavard positive leader was
launched from the tip of the tower prior to the lightning thas not striking the tower.
The observation results of the high speed camera indicatethle following lightning
began to develop about 45.2 ms. Therefore, at least aft@rm$s, the observation data
except lightning current are a mix of the two flashes. FiguBesBows an optical image
of the video camera installed at Site C. We recognize tworaus channels; the left one
was hitting the tower and the other was not hitting the towdfigure 3.3. In this study
we focus on only the upward lightning launched from the tiphaf tower.

After the first peak in the current waveform, the current ealemained negative over
whole the flash. The flash has only the IS and does not have anmy itrokes. In this
event, seven abrupt changes in the lightning current agrezed. The first change in
the lightning current is identified as an upward positivelexg UPL) followed by an ICC.
We term the seven changes in the lightning current UPL, ICi8eply, 2, 3, 4, 5, and 6,
respectivedly, from the left in Figure 3.2.

Figure 3.4 shows the extension of Figure 3.2 around the URE. &rror bars in the
first two panels mean the standard deviations calculated the law of propagation of
errors for elevation and azimuth for each VHF electromagmmetise. As seen in the third
panel of Figure 3.4 the waveform in the lightning current ddsin of several impulses
that are similar to the pulsations of upward leaders reddsieseveral authors [46, 53].
Miki et al. [46] reported that these impulsive current waveforms inlf$weere caused by
the stepping process of upward leaders. Therefore, in #negy the UPL propagated
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Figure 3.4: The extension of Figure 3.2 between 0 ms and 1.&rowd the UPL. The
error bars in the first top panels mean the standard dev&ataltulated from the law of
propagation of errors for elevation and azimuth for each \@fi€tromagnetic pulse.

through virgin air until the arrival to the main charge regio the thundercloud. The
impulsive waveform lasted about 30 ms after the beginningetUPL. If the UPL prop-
agated at a speed of Afn/s on a typical average value reportedRgkov[54], the UPL
traveled about 3 km or so. The main charges transferred tgrthend by the UPL were
probably located at the height of 2 or 3 km from the sea level.

As seen in the first two panels of Figure 3.4, a few VHF sourcesrapped in asso-
ciation with the development of the UPL. Those VHF pulsesenecated around 100
in azimuth. Since the lightning protection tower was lodatethe direction of 101.5in
azimuth from Site C, these VHF pulses are likely to be radiftem the upward leader.
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Figure 3.5: The extension of Figure 3.2 between 6 ms and 7.&rowd the ICC pulse
1. In the third panel, the peak in the lightning current cepends to the ICC pulse 1.

According to the previous reports (e.g., [34]), positivaders cause less intense radia-
tions than negative leaders do. Therefore only a few sowess located by the VHF
broadband DITF. The elevation angles of the UPL shown inadpgtinel of Figure 3.4 do
not go upward with time. The VHF location technique employethis study could not
map well the low elevation [8]. Although the leader reallye®ped upward, the upward
developments are not shown in the VHF mapping since thetradisources were located
in low elevations. The bottom panel of Figure 3.4 shows tlvegiases in the microwave
power accompanied by the development of the UPL.

The extension of Figure 3.2 around the ICC pulse 1 is showrigarg 3.5. As see
in Figure 3.5, many VHF impulses were recorded prior to th€ [itilse 1, while a few
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Figure 3.6: The extension of Figure 3.2 between 17.5 ms arilr8 around ICC pulse
2. In the third panel, the peak in the lightning current cepends to the ICC pulse 2.

VHF pulses were recorded after the ICC pulse 1. Since mosedaurces located by the
VHF mapper correspond to negative breakdowns (e.g., [B8)train of VHF radiations
is identified as a negative leader. The preceding negatagetedeveloped from 9%o
102 in azimuth. Since no branch of this upward lightning is retegd in Figure 3.3, the
preceding negative leader propagated within the thunoladcl The preceding negative
leader is likely to be initiated near the tower and connedh&channel of the ICC in
the thundercloud. The pulse peak of the lightning curretiictvis defined as the pulse
peak in the lightning current from the ICC, is 26 kA. The clettansfer caused by the
ICC pulse 1, which is defined as a time integral of the lighgraarrent from the ICC, is
655 mC and the 10-90% risetime in the lightning current ofl@®€ pulse 1 is s. The
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Figure 3.7: The extension of Figure 3.2 between 31 ms and 51mtise third panel, the
peaks in the lightning current correspond to the ICC pulsds B, and 6 from the left.

increase in the microwave power was also recorded corregppto the negative leader
development and the peak of the lightning current.

The extension of Figure 3.2 around the ICC pulse 2 is showigur€ 3.6. Many VHF
pulses were located right before the ICC pulse 2, while no V&tkation is mapped after
the ICC pulse 2. The series of VHF radiations is identified asgative leader since most
sources located by the VHF mapper are negative breakdowms[@1]). This preceding
negative leader propagated from°%® 102 in azimuth. Therefore it also seems that
this preceding negative leader connected to the channéleoédntinuing current. The
peak of the lightning current is 11 kA. The charge transfet thie 10-90% risetime in the
lightning current for the ICC pulse 2 are 1730 mC anduéQrespectively. The bottom
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Table 3.1: ICC pulse parameters.

Polarity Pulse peak Risetime| HPW* | CT** | Preceding
[KA] [bs] [us] [ [mC]| leader

ICC pulse 1 (type 1) | negative 25 8 16 665 O
ICC pulse 2 (type 1) | negative 11 10 6 1730 O
ICC pulse 3 (type 2) | negative 0.56 102 336 | 286 X
ICC pulse 4 (type 2) | negative 0.43 74 232 | 127 X
ICC pulse 5 (type 2) | negative 0.34 42 190 81 X
ICC pulse 6 (type 2) | positive 0.17 28 54 7.9 X
GM** of type 1 — 17 8.9 9.8 | 1060 O
GM of type 2 — 0.34 55 168 | 69.4 X
GM of all ICC pulses — 1.3 30 65 172 —
GM of Miki et al. [46] \ — \ 0.781 \ 44.2 \ 141 \ — \ —

*  The half peak width of the ICC pulse.
** The charge transfer of the ICC pulse.
“* The GM the geometric mean of each parameter.

panel of Figure 3.6 exhibits that the microwave power insesan association with the
development of the negative leader and the peak of the liggntturrent.

Figure 3.7 shows the extension of Figure 3.2 during the gencluding the ICC
pulses 3, 4, 5, and 6. Unlike ICC pulses 1 and 2, no clear negkgader is recognized
prior to those ICC pulses in Figure 3.7. The pulse peaks dighéning current for those
ICC pulses 3, 4, 5, and 6 are 0.56 kA, 0.43 kA, 0.34 kA, and 0A7respectively. In
addition the 10-90% risetimes of ICC pulses 3, 4, 5, and, 6.@qs, 74us, 42us, and
28 s, respectively. Clear increases in the microwave poweaesponding to the VHF
radiation from around 100in azimuth are recognized around 38 ms, 40 ms, 44 ms, and
48 ms. Table 3.1 summarizes the each parameter of the ICEspulshe flash.

3.5 Discussion

3.5.1 Fastrise ICC pulses

The six ICC pulses are clearly sub-classified into two typealing to the pulse
shapes. For convenience, these two types of ICC pulses fareeckto as type 1 (ICC
pulse 1 and 2) and type 2 (ICC pulses 3, 4, 5, and 6). The typeClpi@ses have the
shorter half peak width and 10-90% risetime, and the higlhégeppeak in the lightning
current. Meanwhile, the type 2 ICC pulses have the longdrgealk width and 10-90%
risetime, and the lower pulse peak in the lightning currénirthermore, the type 1 ICC
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pulses have the preceding negative leaders, while the ty@2pulses have no clear
preceding leader.

The 10-90% risetime of the ICC pulse 1 and ICC pulse 2 are 8 @npd,Irespectively.
Since the Rogowski coil employed in this study had the pass lb&tween 0.5 Hz and
100 kHz, a current change faster thanus0wvas not be detectable and recorded as a slow
change. Therefore the 10-90% risetimes of the type 1 ICGeputight be shorter than 8
ps and 1Qus. These current peaks and risetimes are quite differemt tihose of the ICC
pulses of the triggered lightning reported Wang et al[44] and similar to the fast rise
ICC pulses reported byliki et al. [46].

According to the observation results reportedbiki et al. [48], additional luminous
channel appeared after the fast rise ICC pulse, while a lomsinightning channel was
caused by a continuing current. Also, they assumed thatrdezgding leaders are needed
to create the conducting channel for the fast rise ICC pUlke.preceding negative leader
and the type 1 ICC pulses in this study are likely to corredporthe leader prior to the
additional luminous channel and the fast rise ICC pulsespaetively, described byliki
et al. [48]. Before the type 1 ICC pulses, the charge distributiothe thundercloud was
changed significantly by the ICC. The change of the chargeilalision brought about a
great change in E-field strength around space charges ggeérteid the preceding nega-
tive leaders from the space charge regions. The precedgajine leader developed while
creating the conducting channel. After the connection efdteceding leader to the chan-
nel of the ICC, the charges of the current of the ICC pulse wraresferred through both
the channel of the ICC and the conducting channel produceatidopreceding negative
leaders. The conducting channel created by the precedipative leader enabled the
charge to be transferred very fast as well as return stré@sthe geometric mean (GM)
of 10-90% risetime of the type 1 ICC pulses is much smallen tha type 2 ICC pulses.
The sequence of the preceding negative leader and ICC pueeyi similar to the leader
- return stroke sequence.

The preceding negative leaders before the type 1 ICC pulsdgeol a conducting
channel between the space charge region and the existingelhat the ICC. The begin-
ning region of the preceding negative leaders correspanttgetnegative charge regions.
Most estimated elevations for the negative leaders werddcunder 15 which means
that the space charge region laid at a height of 700 m or so st froaddition, the mi-
crowave power exhibited apparent increases during the afidlse period of the preced-
ing negative leader developments. It means that the pregéethders propagated mainly
within the field of view of the horn antenna. The horn antenad & narrow beamwidth
(30.6° in E-plane and 31in H-plane) and could detect the microwaves radiation from
the height of 400 m from the ground at most. These facts alggesi that the charge
regions are located at a very low altitude, namely, at a heifjeveral hundreds meters
at most. The previous reports [27,55] showed that the chragjens in the thundercloud
are close to the ground in winter thunderstorm season imJapeerefore, the estimated
height of these space charge regions reported by this ssuplysisible. Our observation
results support the hypothesis presenteitki et al. [46] that the charges transferred by
the fast rise ICC pulse are located at the low altitude.
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According to the reports [56,57], upward lightning duringter thunderstorm season
in Japan can be initiated from rather low grounded-objdws the upward lightning in
other locations [41]. The low altitude of space chargesh®scthe charge transferred by
the type 1 ICC pulses, probably is one of the reasons why upiigirtning occurs even
from low structures during winter thunderstorm season pada

The type 2 ICC pulses do not have clear preceding negatidetedrom the direction
of the tower prior to the ICC pulses. The type 2 ICC pulses maneh longer GM of 10-
90% risetime of 55us, and longer GM of half peak width of 168 than the type 1 ICC
pulses. These facts indicate that mechanism of the type 2pi@€&s is quite different
from that of the type 1 ICC pulses. Table 3.1 indicates thatGiV values of the type 2
ICC pulses have similar characteristics reportedvilki et al. [46]. Therefore the type
2 ICC pulses are probably "typical” ICC pulses, althoughdbgils of the type 2 ICC
pulses have not been clarified yet.

3.5.2 Microwave radiations associated with lightning

The pulses in the microwave radiations are also sub-cledsiito two types, a short
duration and a long duration. One typical example is seengnrE 3.8, which is the
extension of Figure 3.5 between 6.48 ms and 6.68 ms. Mosteofrilcrowave power
pulses between 6.48 ms and 6.6 ms have short duration les& flsawhile the duration
of the microwave power corresponding to the ICC pulse 1 igslénd 26us. The short
duration pulses of the microwave power appeared simultsteavith the negative leader
development. Another example is seen between 47 ms and 58 Figure 3.7. The
second panel of Figure 3.7 shows that a negative leaderapma:from the direction of
105 to 95 in azimuth during this period. A train of the increases in thierowave
power corresponds to the leader development. The trainsterd short duration pulses
of the microwave power. Because the typical duration of VHIS@s radiated from the
negative leader is less than 640 ns [9], these short pulslee microwave power probably
were components of those impulsive pulses radiated frortigh@f the negative leaders.
In other words, the charge movement in short distance atiphef the negative leader
radiated 2.9 GHz impulsive electromagnetic waves as waiHis electromagnetic waves
detected by the VHF broadband DITF.

On the other hand, the long duration microwave pulses seetortespond to the
current pulse. The waveform of the microwave power has tvakpaccompanied by the
current increase and the E-field change. The third panelgqir€i3.8 shows the peak
power of all VHF pulses recorded by the VHF broadband DITFhat time. No VHF
pulse was recorded during the long-duration microwavecmses. The dead time of the
VHF broadband DITF was less tharud. The long-duration microwave power increases
were not accompanied by VHF radiations, which means thampuiisive phenomena,
such as negative leader developments, occurred nearbgtdirtte. Other examples are
seen in Figures 3.4 and 3.6. The long duration pulses in theomave power correspond
to the peak current of the UPL and ICC pulse. These clearasein the microwave
power, the current increase, and the abrupt E-field changeriea simultaneously. It
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Figure 3.8: The extension of Figure 3.5 between 6.48 ms &&lIrés. The top, second,
fourth, and bottom panels correspond to the top, secondj, tand bottom panels in
Figure 3.2, respectively. The third panel shows the pealepoithe VHF pulses detected
by the VHF broadband DITF. The "Mapped" peak VHF power intlisghe VHF peak

power of the electromagnetic waves whose directions amma&d in terms of elevation
and azimuth, while the "Not mapped" VHF peak power indicéttesvVHF peak power of

the electromagnetic waves whose directions are not be &stin

seems that these apparent increases were caused by thiglaiigjeg current caused by
the UPL and the ICC pulses. These results are consistentivathrevious reports [50].
One possible source of these long duration 2.9 GHz radmi®thermal emissions
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from the channel of the lightning current. The temperatdiretrn strokes was estimated
up to 30,000 K [11]. The temperature of the ICC pulses and URjhtrbe several ten
thousands Kelvin. To prove this assumption, further olmems and discussions are
needed.

3.6 Summary

A lightning observation campaign was conducted during evitihtunderstorm season
in Japan, which borders the Sea of Japan. This observatiopaign aimed to study
the fast rise ICC pulses in the IS as well as the microwaveatadi associated with
the upward lightning. We showed one upward negative ligiggnincluding one upward
leader and six ICC pulses. The six ICC pulses are sub-ckeddifto two types. In
this study we focus on the type 1 ICC pulse, which has the st®@0% risetime in
the lightning current. The negative leader developmentse wecognized prior to the
type 1 ICC pulses. It seems that these preceding negatigerkeareated the conducting
channel that caused the ICC pulse. In addition, the estarfaht of the charge region
transferred by the ICC pulse 1 was around 700 m from the sedadéwmost. These facts
support strongly the hypothesis describedMili et al. [46,48]. They speculated that the
fastrise ICC pulses are caused by the sequence similaderleeeturn stroke. Also, they
assumed that the charges removed by the ICC pulse weredamiatery low altitude.

The waveforms of the microwave power exhibited apparentsmes from the back-
ground level. The observation results implied that the tiegideader developments and
lightning current have detectable microwave radiationisough the results in this study
are preliminary, and further investigation and more evigeare needed, the observation
results imply a possibility of a new lightning mapping systey means of microwave
emissions.




Chapter 4
Analysis of the LIS data on the TRMM

4.1 Introduction

In this chapter, analyses of the Lightning Imaging Sensé8)Ildata on the Tropical
Rainfall Measuring Mission (TRMM) are presented. The TRMdVan earth observation
satellite on which five installments are operated. The massions of the TRMM are to
conduct global scale rainfall observations including ktepocean regions, where obser-
vation points are rare, and to investigate rainfall mectrasi In this chapter we employ
the Precipitation Radar (PR) and the LIS on the TRMM. Two nsaibjects are then dis-
cussed: one is the parameterization of lightning activitySection 4.2) and the other is
the relationship between lightning activity and the El NBauthern Oscillation (ENSO)
events (in Section 4.3). Finally, all contents in this cleapire summarized in Section 4.4.

4.2 A universal fifth power law of lightning activity

4.2.1 Background

Knowledge of global lightning activity has grabbed the egsbers’ attentions to ex-
amine the changes of it as a result of global warming [60] dedEl Nifio Southern
Oscillation (ENSO) events [61-63]. Furthermore, in thedfiel atmospheric chemistry,
in order to estimate the global N@recisely, the global lightning data was used for in the
parameterization (e.g., [64]), since the lightning flasbris of the major sources of NO
on our planet [65].

To estimate the number of lightning flashes all over the walparameterization has
been attempted using some thundercloud parameters supdiastispeed, precipitation,
and storm height [66—70]. Recently, a "fifth power law", whis the relationship that the
flash rate is proportional to the fifth power of the storm heltgs been investigated [66].

Williams[66] simplified the basic Vonnegut's idea [71] and suggestatimple rela-
tionship that the flash rate is proportional to the fifth powtthe thunderstorm under
the following four assumptions: (1) The charge density imithe thunderstorm is inde-

35
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pendently of the thunderstorm size, (2) the thunderstorsnahscale similarity between
vertical and horizontal scales, (3) the updraft velocitgrgportional to the storm height,
and (4) the flash rate is proportional to electrical genenaithin the thundercloud. Then,
Williams [66] shows the fifth power relationship as a result of the fabdervations in
Florida [72, 73], New Mexico [66], and New England [74]. Theservation results were
in very good agreement with the results of the scaling lavesy \ittle attention, however,
was given to lightning activity on the ocean since the oletgmas were based on the land.

Price and Rind67] considered the difference of the updraft velocitiesugen on the
land and the ocean to improve the relationship derive@Mijiams [66]. They applied
their relationships to estimate global lightning disttibns. They estimated the flash
rate from the storm height measured by International S&t€lloud Climatology Project
(ISCCP) over the land and the ocean. Thierice et al.[75] estimated the global NO
production by lightning.

Michalon et al.[68] took into account the effect of the droplet concentnatbon charge
separation in the thundercloud. They asserted that thertiesis proportional to the fifth
power of the cloud top not only on the land but also on the oteaed on the results of
the previous work [67]. The annual distribution of lightgiactivity all over the world
was estimated from General Circulation Models (GCMs) withiit parameterizations.
Furthermore, they estimated a roughRC2ncrease in surface may cause a 10% increase
of global annual flash frequency.

Boccippio[76] andUshio et al.[69], however, showed negative results to the previous
works. Boccippio[76] examined the assumptions in the previous paper [67¢das
Vonnegus theory [71] and asserted that their assumptions in theameterization over
the ocean should be improved from a theoretical standp&lshio et al.[69] analyzed
the data from the TRMM during one month over the land and tleaoncand concluded
that the flash rate increases exponentially with the storighheThis implies that it is not
proportional to the fifth power of the storm height becausettiundercloud formation
mechanisms over the land and the ocean are different. Trerehey proposed that
other parameters or reexamination must be taken into attoyrarameterize the flash
rate.

Although the fifth power law has been examined through sévasse studies on the
basis of ground observations [66] and satellite obsemai69], we do not have a unified
view about it. One reason is that their analyses involvedupleoof problems associated
with the definitions of the parameters. First, the storm hieig used as a thundercloud
parameter. The storm height is defined as a radar echo topthaitd it is not directly
associated with the amount of graupel and ice crystals tisecthe charge separations
in the convective cloud [77-79], because the storm heigiaides the altitude below the
freezing level. Therefore the storm height is not direcigaciated with lightning activity
and should not be employed for the parameterization.

Secondly, the flash rate was employed as a lightning actpatameter. The flash
rate is given as the number of flashes per a minute per a corevebbud with flashes
during the scan time of the LIS [69]. If a convective cloud hadightning flash during
the observation time, the convective cloud is not incluaettheir statistics. However, if a




4.2. AUNIVERSAL FIFTH POWER LAW OF LIGHTNING ACTIVITY 37

convective cloud has a great deal of graupel and ice pagiitlig the convective cloud has
the likelihood of making lightning occurrence. The likadibd of flashes is not included in
the definition of the flash rate because they ignore the coimeedoud without lightning
flashes during the scan time of the LIS.

To resolve the problems of the previous works (e.g., [66]) modifications are ap-
plied. First we introduce the snow depth, which is definechagifference between the
freezing level and the echo top height. Because the snovh degirectly associated with
the volume of the graupel and ice particles, it should betedl#o the lightning activ-
ity. Secondly, we also introduce Number of lightning Flasper Second per Convective
cloud (NFSC). The NFSC is defined as the number of flasheseadiviy the total ob-
servation time of the convective clouds detected all overaibservation periods. In this
study, the TRMM data throughout eight years are employecamée the relationship
between the NFSC and the snow depth. This analysis periotharateas covered by the
TRMM are large enough to process statistically. We show ¢fetionship between the
NFSC and the snow depth under several conditions and dislcegsrameterization of
lightning.

4.2.2 Methodology

In this study, we used data sets obtained from the PR and theohlthe TRMM,
which was launched into a 35 degree inclination orbit on i »f November in 1997.
The PR is a spaceborne radar operating at 13.796 and 13.802a@Hhas 4.3 km hori-
zontal and 250 m vertical resolution over a 220 km swath, Wighminimum detectable
Z ~16-18 dBZ, considering the system noise and signal-toen@sio (S/N) [59] (see

Table 4.1: The specifications of the PR.

Precipitation Radar (PR)

Frequency 13.796 & 13.802 GHz
Swath width 220 km
Vertical Resolution 250 m
Horizontal Resolution 4.3 km

Table 4.2: The specifications of the LIS.

Lightning Imaging Sensor (LIS)
Band 777.4 nm
Swath width 600 km
Horizontal Resolution 4 km
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Table 4.1). The PR have provided monthly and annual pretipit data. The LIS on the
TRMM detects optical emissions from both in-cloud and C@tingng [12], and it locates
lightning flashes that occur within its 600 600 kn? field of view (FOV), a nadir pixel
resolution of 4 km (see Table 4.2). The average view time @Lils is 79 sec before the
TRMM boosting on August 2001 and 93 sec after that.

We introduce the snow depth and the NFSC as new parameteessnbiw depth is
defined as the difference between the echo top height anddéeirig level. Therefore
the snow depthD) is calculated from the storm heighil] and the estimated height of
the freezing levelk) provided by the PR.

D=H-F. (4.1)

In this study, the largedD in a convective cloud is employed for statistical analyses.
The definition of the convective cloud will be shown later.eT$now depth is rounded
off in kilometers. We also introduce the NFSC as a lightniagameter to estimate the
likelihood of lightning activity in the convective cloud.etN(D) denote the number of
convective clouds witld km in the snow depth recorded by the PR. For example, it is
assumed that théh convective cloud with the snow degdihhasL; flashes located by the
LIS. The scan time of thgh convective cloud by the LIS s sec. The NFSC is defined
as follows,

N(D) N(D)
NFSGD)=( 3 L)/( 3 ©) (4.2)

In the case of this study, sinég D) is enough large, the following approximation can be
applied.

N(D)
NFSC(D)%(Zl Li)/(T xN(D)), (4.3)

whereT denotes the average scan time of the LIS. The average scarotithe LIS is
79.1 sec before the TRMM boosting on August 2001 and 92.2 fsecthat. That is to
say, under several conditions, we count the number of ctimeeclouds withD km in
the snow depthN (D)) and the number of flashes located by the LIS in these comeecti

clouds QiNz(lD) Li). After that, the number of flashes is divided by the proddidt @) and
the average scan tinfeof the LIS. In analysis periods, some NFSCs are eliminateghwh

the NFSCs habl(D) less than 200 and the numbg'?:(f) Li of flashes located by the LIS
less than 100 from the analysis because the approximatmridhot be applied.

Lastly, the definition of convective clouds is shown. The 3A4ZR product provides
rain type that distinguishes whether the cloud is stratifor convective. In this study, if
at least two successive pixels are recognized as convenivehe all successive pixels
are included in the PR track, the minimum rectangle comgithose pixels is defined
as a convective cloud. Therefore, a huge convective cldddisuper cell, which has
over 220 km in horizontal scale, and the flashes occurredosetlconvective clouds are
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Figure 4.1: An example of the definition of convective cloud@tese convective clouds
and flashes were observed on the 14 of July on 2001 by the PReaht& on the TRMM.
Almost all flashes were recognized in the defined convectveds.

not included in the analyses because the PR has a 220 km sivegltonvective clouds
with a horizontal scale of 8 - 215 km are involved in this asaly. Figure 4.1 shows an
example for the definition of convective clouds. In the fig@leven convective clouds are
recognized and almost all flashes located by the LIS occunrélse defined convective

clouds.
In this study, we have an assumption that NFSC is propoltimntne power of the
snow depth.

NFSC= 10 x D°. (4.4)

Here,a andf in the formula (4.4) are determined statistically in thisdst Thea andf3
are termed an exponent factor and a coefficient factor, céisply. During analysis peri-

Table 4.3: Summary of analysis.

Analysis period 1998 - 2005
The number of the convective clouds 8:61I0°
The number of the flashes on the PR track 2.06°

The number of the flashes in the convective clouds 21$
Percentage of the flashes in the convective clouds 80.8 %
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Figure 4.2: The cumulative distribution of the horizontedke of the convective clouds in
this analysis. Most convective clouds have 4 or less pixetke horizontal scale.

ods, the exponent factors and coefficient factors are akaiunder several conditions.

The data from January 1998 to December 2005 are used. Tabidhmarizes the
analysis. The number of the convective clouds and flashexteet by the LIS on the
orbit of the PR are more than 8.6 million and 2.4 million, resipvely. They are large
enough to process statistically. Moreover, the perceraéties flashes located by the LIS
within the defined convective clouds exceeds 80%. This iseaegoof evidence for the
validity of the definition method of the convective cloudglis study. Figure 4.2 shows
the cumulative distribution of the horizontal scale of cectwe clouds in this analysis.
This figure shows more than 80% convective clouds definedignahalysis have 4 or
less pixels in the PR, which means horizontal scales of mmstective clouds are less
than 16 km. These results are consistent with the facts lledharizontal scale of most

thunderstorms is 10 km or so (e.g., [80]). Thus these fastssipport the validity of the
convective cloud definition.

4.2.3 Results

Figure 4.3 shows the relationship between the NFSC and tive depth in the double
logarithmic chart all over the detection area of the TRMM\drole 8 years. It is found
out that the figure shows the linear relation in the logarithscale. The exponent factor
and the coefficient factor are 540.1 and -6.2:0.1, respectively. In this study, the errors
mean their standard deviations. Only the relationship up2dm in the snow depth
is shown because the detection efficiency for flashes, edpe€G flashes, decreases
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Figure 4.3: The correlation between the NFSC and the snoehdepwhole eight years
and all over the detection area of the TRMM (from around3t 35N).

drastically for the storms with 13 km or more of the snow degtigure 4.4 shows the
number of convective clouds, the number of the convectivadd with flashes located by
the LIS, and the rate of the number of the convective clouds flashes located by the
LIS to the number of the convective clouds against the sngthdeMany investigators
reported that a higher cloud top causes higher flash rate [81g), so the higher snow
depth should cause higher rate with flashes. In Figure 4e4atle increases up to 12 kmin
the snow depth, while the rate decreases over 13 km in the dapth. According to the
previous reports [82,83], the detection efficiency of th8 id low for flashes occurred in
the lower altitude of the thundercloud because of thickimesise optical depth. It seems
that the thick cloud depth above 13 km in the snow depth deesthe LIS detection
efficiency for flashes. That is why the large snow depth isiekted in this study. In the
whole 8-year analysis all over the TRMM observation ardasNFSC is proportional to
the fifth power of the snow depth.

We conduct the analysis to investigate the regional depeydender the definition
of regional boundaries shown in Table 4.4 and Figure 4.5.1ahgs, the oceans, and the
coast are clearly classified in this division. Any oceangion is at least 5far from any
continents. The oceanic areas have enough distance frotamghyso continents do not
have any effect on the oceanic area. Figure 4.6 shows thiaspiots with Figure 4.3 but
for all regions shown in Figure 4.5.

First, the NFSCs are proportional to the snow depth in thélkologarithmic scale
independent of the region since their linear regressiaslere almost parallel. In other
words, the exponent factors are fairly constant and indéparof the region, although it
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Figure 4.4: The diamonds>) and the trianglesA) correspond to the number of the
convective clouds and the number of the convective cloudss flashes located by the
LIS (the left axis), respectively. The circle§)) correspond to the ratio of the number
of the convective clouds with flashes located by the LIS tonimaber of the convective

cloud (the right axis).

Figure 4.5: Study region boundaries. The regions from 1 t&éd@n 9 to 16, and 17
correspond the lands, the oceans, and the coast, respeciige also Table 4.4.

was believed in the previous papers [67,69] that the besbivep law relationships vary
with location. The average exponent factors aret®.d for the lands and 540.6 for
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Table 4.4: Study region boundaries.

Region No.| Land/Ocean/Coast Latitudes Longitude
1 20° - 35°N 95° - 115°W
2 7.5S-75N 50 -80W
3 35°-20°S 50 - 70°W
4 Land 20° - 35°N 10°W - 45°E
5 7.5°S-7.5N 5°-45°E
6 35°-20°S 15 - 35°W
7 20°-35°N  70°W - 115°E
8 35° - 20°S 120 - 150W
9 20°-35°N  165°E - 135W
10 7.5°S-7.5N 165E-105W
11 35°-20°S 165E - 90W
12 Ocean 20° - 35°N 60°W - 30°W
13 7.5°S-7.5N 30°W - 0°
14 35°-20°S 30W - 5°E
15 7.5S-25N 6CE-9CE
16 35° - 20°S 60E - 100E
17 Coast 7.7°S-7.5N 100E - 14CE

See also Figure 4.5. The regior? (07.5°N and 20W - 0°) was eliminated from
Region No. 13.

the oceans, respectively. Furthermore, the exponentrfeatthe coast is 5.2. Therefore
there is no significant deference in the exponent factor gmmegions. The NFSCs are
almost proportional to the fifth power of the snow depth withiiegional dependencies.

Secondly, most NFSCs of the land are larger than those of¢dkamo The NFSC
of the coast region lies approximately between those ofdahdd and the oceans. This
is consistent with the previous findings that the lightnict\aty over the ocean is lower
than that on the land [60,84,85]. The average coefficienvfa@are -5.9-0.4 for the lands
and -7.6t0.9 for the oceans, respectively. The coefficient factottiercoast is -6.7. The
average coefficient factor for the land is larger than thattie ocean approximately by
one. This indicates that convective clouds on the land heaey10 times more lightning
flashes than those on the ocean even if they have the same sptiw Roughly speaking,
this fact is coincident with the report [86] that lightningaurs mainly over land with an
average land/ocean ratio of around 10.

To examine the seasonal dependencies, we conduct the satysisrfior the four
seasons, that is, from March to May (MAM), from June to AugusA), from September
to November (SON), and from December to February (DJF). pactel of Figure 4.7
shows the correlation between the NFSC and the snow depétinregion with the same
format as in Figure 4.6. Because of the less numbers of theective clouds and flashes,
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Figure 4.6: The correlation between the NFSC and the snowhdepeach region for
whole eight years with the same format as Figure 4.3.

Table 4.5: Average of each parameter in each season.

Region| Season Exponent factor Coefficient factor
DJF 50+ 04 -5.8+ 0.6
Land MAM 52+04 -6.0+ 0.5
JJA 51+05 -5.9+04
SON 51+0.5 -59+04
DJF 54+0.5 -7.3+1.0
Ocean MAM 52+0.3 -7.1+ 0.6
JJA 54405 -7.3+1.0
SON 53+04 -7.3+0.9
DJF 5.2 -6.8
Coast MAM 5.1 -6.6
JJA 5.4 -6.8
SON 5.2 -6.6

the exponent and coefficient factors are not calculated imesconditions, namely the
region number 14 in the panel of MAM, 13 in the panel of SON, &B8d14, 16 in the
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Figure 4.7: The correlations between the NFSC and the snpth deeach region for all
four seasons with the same format as in Figure 4.6.

panel of DJF. The NFSCs are proportional to the snow depthtiaid regression lines
seem to be parallel in each season as well. There is no segmifiifference among these
panels in Figure 4.7. Table 4.5 shows the averages of thenerpand coefficient factors

in each season. These results indicate that both the exipfawtors and the coefficient
factors are independent of the seasons. The exponentdart®ialmost five. When we
focus on only the regional dependencies, regardless oktlwoss, the average exponent
factors are 5.20.4, 5.3t0.4 , and 5.2:0.1 for the lands, ocean, and coast, respectively.
In other words, most exponent factors are almost five indegtty of region and season.
The NFSCs in the lands exceed them in the oceans and the NR 8@sdoast lie between
the lands and the oceans in Figure 4.7.

Finally, we conclude that the NFSC is proportional to thehfifiower of the snow
depth irrelevant to any region and season. Moreover, tierdifce between the land and
the ocean affects not the exponent factors but the coeffifaetors.
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4.2.4 Discussion

To confirm the results discovered statistically, there @@ gcenarios to interpret. If
we have a reasonable assumption that electric energy ceashyna flash is constant, a
convective cloud with greater electric energy in it has nligigning activity in it. In other
words, the electric energy in the convective cloud is propoal to the NFSC (Scenario
1). If we have another reasonable assumption that the chargealized by each lightning
stroke is constant, the charge generated in the convedtivel ¢s proportional to the
NFSC (Scenario 2). The details of the two scenarios will kewshin turn.

Scenario 1

In this discussion, the electro-static energy stored inrvective cloud is calculated.
We have learned the charge distribution inside the conweectoud is more complicated
than we expected (e.g., [87]). That means not only a dipoldenbut also a tri-pole
one are still insufficient. In the most active stage of a tlarolbud, the electric charge
distribution may be more than five or six layers. However, akethe problem simple we
dare to introduce the dipole model in this discussion, aeddhowings are the principle
assumptions.

(A) The dipole thundercloud model is applied.
(B) The electric field in the convective cloud is vertical aswdle independent.

(C) The distance of the positive and negative charge cerst@r®portional to the snow
depthD.

(D) The total volumes where charged graupel and ice pastetést are proportional to
DS,

(E) The NFSC is proportional to the static energy of the eledipole in the convective
cloud.

With assumptions (A), (B), (C), and Gauss’ law, the elesti@tic energyV is propor-
tional to the product of the positive and negative chargentiies, and inverse propor-
tional to the distance of the charge centers.

QpQn
D )
where, A, Qp, Qn are a constant, the positive and negative charge quarititis® con-

vective cloud, respectively. The formula (4.5) is transfed into the formula (4.6) with
assumption (D),

W = A'qpgampm,D2, (4.6)

W=A (4.5)

becaus& [ qpmpD3 andQ, O g,m,D3. Here A, dp (On), andm, (my,) are a constant,
the mean positive (negative) electrical charges of indiaictloud particles, and the mass
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densities of the positively (negatively) charged regi@spectively. Since thgy, dn, mMp,
andm, are intensive, they should be scale independent. It folloars assumption (E)
and the formula (4.6) that

NFSCOW = A’D°. 4.7

Here,A” is a constant and scale independent. The formula (4.7) mbanthe NFSC is
proportional to the fifth power of the snow depth. The contsédirepresents the depen-
dency on the mass densitisg, andmy, in the convective clouds. Since the rebounding
graupel-ice crystal collisions cause the lightning eleatharge separation (e.g., [77]), a
vigorous charge separation needs a great deal of ice gattithe ice water path, which
corresponds to the ice water mass in the convective cloudhetand is mainly much
higher than that on the ocean [70]. Then, the mass densiiesn, on the ocean are
lower than those on the land. Therefore the constdrin the oceans is lower than that
on the lands.

Scenario 2

In this discussion, we calculate the temporal differemiatd Q/dt) of electric charge
generated in a convective cloud, which should be propaatitmthe NFSC. According
to the previous reports [88—90], the differentiation isgwdional to the product of down-
ward flux of the solid precipitation and the upward flux of icarcles in a charging
zone where the collisions between graupel pellets and idecles occur. We have six
assumptions as follows.

(F) dQ/dt is proportional to the product of downward flux of the soli@gpitation and
the upward flux of ice particles in the charging zone.

(G) The base of the charging zone defined as a rectanguldrisgiroportional to the
D2.

(H) The depth of charging zone is scale independent.

() The terminal velocity of the solid precipitation in thBarging zone is scale indepen-
dent.

(J) The upward velocity of ice particles in the charging z@ngroportional to thé.
(K) dQ/dt is proportional to the NFSC.
From assumption (F),
dQ/dt =BpF. (4.8)

Here,B, p, andF are a constant, the downward flux of the solid precipitateomg the
upward flux of the ice particles, respectively. The shapeénefdharging zone is "like a
pancake”, and the depth of the charging zone is less than Bkin The depth of the
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charging zone can be scale independent. With assumptigra(3H), the formula (4.8)
is transferred into the formula (4.9).

dQ/dt = BMyM;D*V U, (4.9)

becausep = MpD?V andF, = M;D?U, here, B,Mp, M;, V, U are a constant, the mass
density of precipitable particles, the mass density of igdiges, the average terminal
velocity of the precipitable particles, and the averagerafbarelocity of the ice particles,
respectively. To make the discussion simple, the averagertal velocityV is presumed
to be scale independent with the assumption that the sizeeoifgatating particles in the
charging zone is scale independent [92]. Then with assompiil) and (J) the formula
(4.9) is transferred into the formula (4.10).

dQ/dt = B"D°, (4.10)

here,B” is a constant and scale independent. Then with assumptjadh¢formula (4.10)
is transferred into formula (4.11).

NFSCO dQ/dt = B"D>. (4.11)

The formula (4.11) also means that the NFSC is proportiomdhe fifth power of the
snow depth. Furthermor8,’ depends on the product of the mass densities of precipitable
particles and ice particles. Therefore, since the convectouds on the lands have much
more precipitable particles and ice particles (e.g., [7B])in the formula (4.11) on the
land are greater than that on the oceans. Finally, thesdestfitpensional analyses agree
with the results of the TRMM observation.

4.3 Relationship between lightning activity and ENSO everst

4.3.1 Background

The EI Nifio Southern Oscillation (ENSO) is a well recognifeature of the ocean-
atmosphere system in the Tropical Pacific. It is known thatrttajor impact of the sea
surface temperature (SST) change during the El Nifio evetiteishift in convection
from the western to the central and the eastern Pacific Otkargby affecting the re-
sponse of rain-producing cumulonimbuRasmusson and Carpentf&3] reported that
the ENSO event may impact the Asian-Australian monsoonséd laémospheric circula-
tion changes during ENSO events could influence storm fregyuand intensity [60, 94],
and connections have been found between lightning acavityENSO events in various
regions [62].

The 1997-1998 EI Nifio event, which began to develop in Ma@®7land strength-
ened rapidly, was one of the strongest El Nifio events. Aftgraalual decline in the
intensity of these thermal anomalies in early 1998, the BoNivent abruptly ended dur-
ing July-August 1998. A La Nifia event started soon after stisngest El Nifio event.
This La Nifla event continued more than a year, and then disapgd in the spring of
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2000. Hamid et al.[61] asserted that during the El Nifio period, lightning wasrenfre-
guent despite fewer convective storms in Indonesia. Inghidy, first we focus on my
attention on the relationship between Southern Oscitidiilex (SOI) and the lightning
activity in East/South-East Asia Region (EAR;9DB0°E, 10°S-40°'N) including Indone-
sia. Secondly we investigate the contrast of the conveatitwity between EI Nifio and
La Nifia periods over the Western Pacific Region (WPR:B8OE, 40°S-40'N), which
includes EAR.

4.3.2 Methodology

In this study, we used data sets provided by the Tropical fRlhikleasuring Mis-
sion (TRMM) and the NCEP/NCAR Reanalysis Project. The daf@ecipitation, radar
reflectivity, and lightning discharge are obtained fromdipygation Radar (PR) and Light-
ning Imaging Sensor (LIS) on the TRMM. The PR data we usedrer8A25 (version 2)
PR products which provide monthly atmospheric parametens as total and conditional
rain rates and radar reflectivity for eachdnd 0.5 grid. In this product, we employ the
0.5> monthly average of the radar reflectivity for convectiveucls at a height of 6 km
and the rain count defined as the number of detections ofptaton at a height of 2
km by the PR. We defined flash rates which were normalized v time of LIS for
each 2 grid. The data of wind velocity and sea level pressure araiodtl from the
NCEP/NCAR Reanalysis Project. From this project, we usedntionthly mean of the
U-wind (the latitudinal wind velocity), V-wind (the longitlinal wind velocity), and sea
level pressure at the surface or near the surface level. derave also used the South-
ern Oscillation Index (SOI) defined as normalized sea-lpvessure difference between
Tahiti and Darwin [95].

We studied the data from January 1998 to December 2003. @tims period, two El
Nifilo and one La Nifia events are recognized. The first El Nif@mewccurred from the
spring of 1997 to the summer of 1998, and the second is frorsghag of 2002 to the
winter of 2002/2003. The La Niila event occurred from the muntwf 1998 to the spring
of 2000. In this study we defined the El Nifio period from JagpuarAugust 1998 and
from March 2002 to February 2003, and the La Nifia event fropteSaber 1998 to May
2000.

4.3.3 Results

It was reported that lightning activity over Indonesia dgrihe El Nifio period was
more frequent than during the La Nifia period as a result cd&-yanalysis byHamid et
al. [61]. To clarify this relationship, we expand the analysesipd into six years. Figure
4.8 shows the monthly variation of SOI and the variation & filash rate in EAR from
1998 to 2003. Here, the variation of the flash rate is repteddoy the rate of variability
from the six-year average. Though the index of correlatietwieen SOI and the variation
of flash rate is -0.43 for all six years, it is -0.61 when we ®on only the El Nifio and
La Nifa events. Furthermore it is noticeable that duringptbeod from January 1998 to




50 CHAPTER 4. ANALYSIS OF THE LIS DATA ON THE TRMM

05 T T T T T SOI 3
] -
044 . ’ --®--- Flash rate

SOI
ajeJ yse|4

041 .
—05 ] EINifio || La Nifia | El Nifio I

I I I I I
1998 1999 2000 2001 2002 2003

Year

Figure 4.8: The monthly variation of SOI and the variatiortted flash rate in EAR. In
the period two El Nifio and one La Nifia are recorded.

May 2000 the index is -0.73. This analysis period includesit®97-1998 El Nifio period
which is well-known as one of the strongest El Nifio eventhalast century [96]. This
fact indicates that stronger El Nifio causes stronger ievewsrelation. The flash rate
variability has a strong inverse correlation with SOI dgril Nifio and La Nifia events.
This means the lightning activity in EAR has strong depewrdeon the phase of the
ENSO.

In order to find out what causes the contrast of the lightnictividy, we focus on
the areal distributions between El Nifio and La Nifa for salvparameters. Figure 4.9
and 4.10 show the areal distributions of the anomaly of ttehftate and the rain count,
respectively. The anomaly is derived as described belovgt,Ehe annual averages for
all six years and only for El Nifio or La Nifia periods are crddtem the monthly data
about the flash rate and the rain count. Then, the El Nifio aridifimannual averages are
compared with their six-year averages about each parantaiethe flash rate anomaly,
we do not show the flash rate less than 5 flashes per year in éapgidl From Figures
4.9, we can see the flash rate during the El Nifio period is migttehthan that during the
La Nifa period in a large region including East Asia, Indeacand Western Australia.
These results are consistent with Figure 4.8 and the repdtamid et al.[61]. The
yellow ellipses in Figures 4.9 and 4.10 show the areas wihhigh flash rate anomaly.
The rain count has clear difference with the boundary shasvtha pink line in Figure
4.10. The rain count during the El Nifio period is smaller tki@at during the La Nifia
period in the Western Pacific and Australia. These resultseagith previous findings
(e.g., [97]). From Figures 4.9 and 4.10, it is noticeabld tha regions where the flash
rate and the rain count increase are not the same. The flashcetases despite the lower
rain count in Western Australia and Indonesia during the iBbNberiod. In the La Nifia
period, the areal coverage of lower flash rate and higherc@umt is larger than that of
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W >130%>" >105%>0>95%>M >70% >N

Figure 4.9: Distributions of the anomaly of the flash ratetf@r six-year average sampled
on a Fgrid (a) El Nifio and (b) La Nifa.

W >130%>" >105%>0>>95%>M >70%>N

Figure 4.10: Distributions of the anomaly of the rain cowntthe six-year average sam-
pled on a 0.5 grid, (a) El Nifio and (b) La Nifla. The pink line in this figureasts the
boundary between increase and decrease in rain count.




52 CHAPTER 4. ANALYSIS OF THE LIS DATA ON THE TRMM

B : increase no less than 105% in flash rate and
decrease no more than 95% in rain count

B : decrease no more than 95% in flash rate and
increase no less than 105% in rain count

Figure 4.11: Distributions of the correlation between flagte and rain count for the
six-year average sampled on‘agrid, (a) El Nifio and (b) La Nifa.

the six-year average.

To clarify this point, we plot the regions where the flash natzeases and the rain
count decreases and, where the flash rate decreases andntlceuat increases (see
Figure 4.11). This figure shows a clear contrast between i lhd La Nifia. During the
El Nifio period the flash rate increases with less rain coudthis tendency is especially
enhanced in Western Australia and Indonesia. On the otheat Haring the La Nifa
period the flash rate decreases in spite of high rain courgs& results indicate a distinct
difference of convective activity between El Nifio and La aljferiods.

The areal distributions of the anomaly of the variation o tiadar reflectivity are
shown in Figure 4.12. The method of calculating the anomalyhé same as in Figure
4.9. During the EI Nifio period on the west side of the pink [ithe areal coverage of the
higher radar reflectivity is larger than that of the six-yaagrage while the La Nifia shares
the same characteristic on the east side of the pink linepita ef the trend of the El Nifio
period, however, the Figure shows increase in radar refigcin Western Australia and
Indonesia. Since high radar reflectivity is positively etated with the accumulation of
ice-phase condensate in the mixed phase region, the high raftectivity is positively
correlated with strong updraft [79]. A larger accumulatiohice-phase and stronger
updraft cause a more vigorous charge separation by colidgietween graupel and ice
particles [77, 78]. Therefore the higher flash rate in Westaustralia and Indonesia is
caused by these vigorous charge separations. Strong ¢weveluds in these areas
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W >130%>" >105%>0>95%> M >70%>1

Figure 4.12: Distribution of variation of the radar refledy for convective clouds at an
altitude of 6 km for the six-year average sampled on & Qridl, (a) El Nifio and (b) La
Nina.

cause a high flash rate despite a low rain count.

Figure 4.13 represents the areal distributions of anosafithe sea level pressure and
the wind vector from the NCEP/NCAR Reanalysis Project. Tlie¢hod of calculating the
anomaly is the same as before. Figure 4.13 shows that duliNgi& period the sea level
pressure in the WPR is much higher than that during the La Né&iaod. Furthermore
the pressure over the ocean is higher than over the landgdin&nEl Nifio period. From
Figures 4.10 and 4.13, it is obvious that the rainfall fregryedecreases in the region
with the high sea level pressure. From Figure 4.13, we cantfiatthe wind anomaly
vector spreads from the region where the sea level pressungh to the low pressure
region over the land. Moreover the flash rate increases iretliens where wind anomaly
vectors reach land from ocean, which are marked with arravicgure 4.13 (c) and (d).

4.3.4 Discussions

In this study, first we investigated the relationships betwée ENSO events and
lightning activity in the EAR using the data sets from LIS eb&tions. There was an
inverse correlation between lightning activities over BfR and SOI. The strong ENSO
events highly influence the lightning activity there. In@thvords, the lightning activity
increases during the EIl Nifio periods, and decreases dured.d Nifia period in this
region. In addition we discussed the convective activitiethe WPR during El Nifio
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Figure 4.13: Distributions of the variation of the sea lgmedssure and wind vector for
the six-year average, (a),(c) El Nifio and (b), (d) La Nifa.
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and La Nifia events using data sets obtained from LIS, PR arEPNMBCAR Reanalysis
Project. During El Nifio period, the sea level pressure isiéighan that of the six-year
average, especially over the ocean including the northafdadonesia and north-west
of Australia. These high-pressure systems decrease tgmdaatl the rainfall frequencies
are diminished in the same region. In the regions where théesel pressure anomalies
are higher over the ocean than over land, however, the wintbrefrom the ocean to
the land are remarkable. The moist air from the ocean is wauawer the land, and then
makes strong updrafts. As a result, strong convectiveigctievelops and makes much
lightning activity over land. During the La Nifia period, dmetother hand, lower sea
level pressures make several low-pressure systems andntregse rainfall frequency.
Furthermore the contrast of the sea level pressure, whildwisver the ocean and high
over the land, causes the increase of wind from the land todban. It is followed by the
repression of strong updrafts and less deep convectivatgciihough the results in this
study are preliminary and further investigation and monel@vwe is needed, we found
the implications of the change in convective activity dudtdNifio and La Nifia events
on the lightning activity and their possible correlatioriméome parameters for storms.

4.4 Summary of the analyses of the TRMM data

In this chapter we conducted the data analyses using the ndSP& data on the
TRMM. The statistical analysis results shown in Sectionahd 4.3 were based on very
long-term analysis, that is, eight years for Section 4.2saxgears for Section 4.3, respec-
tively, so that these results possess high reliability.dotf®n 4.2, the parameterization of
the thunderstorm was performed in terms of TRMM/PR and LISeotations. Though
both north and south 35 degrees were the limit of obsenatilue to the inclination of
the TRMM orbit, the obtained results were meaningful from &spect of statistics. The
NFSC was shown to be proportional to the fifth power of the sdepth independent of
regions and seasons. Moreover, the simple dimensionajsashgree with the results.
A new universal fifth power law between lightning and coniectlouds is established.
In Section 4.3, the impacts on the lightning activity in thedtérn Pacific Ocean of the
ENSO events were shown. We discussed the reason why lighaaitivity in the region
was affected from the ENSO events. This study has given opéoksolve the mecha-
nisms of the ENSO events. The studies in the chapter havalmaied to the atmospheric
electricity to understand the charge separation mechanisine thunderclouds.




Chapter 5

Conclusions

This thesis is devoted to study on radiations in associattimlightning discharges.
We conducted lightning observation campaign for energ€i@pter 2) and electromag-
netic radiations (Chapter 3), and performed observatida daalyses for optical emis-
sions from lightning (Chapter 4) in order to acquire knovgedabout the physics of the
atmospheric electricity, needless to say, lightning dasghs. The summary of each chap-
ter is shown.

The objective in Chapter 2 is to study the energetic radiassociated with lightning
discharges. A field campaign was conducted during the Japammmter thunderstorm
season to observe radiation bursts associated with ligdnischarges using a Nal scin-
tillator and a thin plastic scintillator (PS), which prinigrdetects high energy electrons.
We successfully recorded the bursts of high energy elestwoth energies in excess of
100 keV from lightning discharges. It seems that these higghrgy electrons were pro-
duced by high energy photon interactions near the PS. O@raditsons suggest that not
only negative leaders but also positive leaders can causei@ase in the Nal count rate.

The objective in Chapter 3 is to study the charge transfeihamr@em of upward light-
ning and the microwave radiation associated with lightnidgring winter thunderstorm
season in Japan, a lightning observation campaign was ctediwith the use of a mi-
crowave receiver, a VHF broadband digital interferomedi ), a capacitive antenna,
and Rogowski coils. All the detection systems recorded qveand negative lightning
stroke hitting a lightning protection tower. The upwardhliging consists of only the Ini-
tial Stage (IS) with one upward positive leader and six ahitiontinuing current (ICC)
pulses. The six ICC pulses are sub-classified clearly intotigwes according to current
pulse shapes. The type 1 ICC pulses have a higher geometait (&) current peak of
17 kA and a shorter GM 10-90 % risetime of &8, while the type 2 ICC pulses have a
lower GM current peak of 0.34 kA and longer GM 10-90% risetiofi®5 ps. The type
1 ICC pulses have the preceding negative leaders conndotitg channel of the con-
tinuing current. These negative leaders probably causedutrent increases of the ICC
pulses, which means that the negative leaders created édmaels for the ICC pulses.
The height of the space charge transferred by the ICC pulseestamated about 700 m
above sea level at most. We also recorded apparent increaties microwave power
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associated with the upward lightning. The microwave raaliasources seems to be the
tip of the negative leaders and the lightning current.

The objective in Chapter 4 is to conduct statistical analya®l to study the mecha-
nisms of the electrification in the thundercloud and the atenchanges. The Lightning
Imaging Sensor (LIS) and the Precipitation Radar (PR) abther Tropical Rainfall Mea-
suring Mission (TRMM) were employed. We have two main resgfection 4.2 and
Section 4.3) in this study.

In Section 4.2, coincident data from the PR and the LIS abttee@RMM are used to
examine the correlation between the Number of lightninglfrlaer Second per Convec-
tive cloud (NFSC) and the snow depth. The snow depth is deisg¢te height from the
freezing level to the echo top height. It is found that the BRSproportional to the fifth
power of the snow depth. Additionally, it should be notickdttthe relationship does not
have regional and seasonal dependencies. In other woedsSR8C is constantly propor-
tional to the fifth power of the snow depth. Two simple dimensil analyses indicate that
the fifth power of the snow depth is proportional to the stastdic electric energy and
to the temporal differentiation of the electric charge gatexl in the convective cloud.
These analyses agree with the outcomes from the TRMM olis@nga In conclusion, a
new universal fifth power law between lightning activity atmhvective clouds is estab-
lished.

In Section 4.3, the remarkable contrasts between El NifioLanNifia in the East/
Southern-East Asia region and the Western Pacific Regioreamted. One is that the
lightning flash rate in the East/South-East Asia region shawlear inverse correlation
with the Southern Oscillation Index (SOI). The lightningieity increases during the El
Niflo period and decreases during the La Nifia period in thga.ailhe other is that the
contrast of the areal distribution of the variation of thesiflaate in the Western Pacific
region. During the EI Nifio period the moist air from the océawarmed over the land,
and that makes strong updrafts in high-pressure systemsm/eceanic area. As a result,
well-developed cumulonimbus with frequent lightning aityi is observed in the coastal
area. During the La Nifa period, low-pressure systems ofatieecause the increase of
rainfall frequency with less lightning activity.

These studies in Chapter 4 have contributed to the atmaspdlectricity to under-
stand the mechanisms of the electrification in the thundads and the climate change.
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