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Abstract

The ratio of intracloud (IC) discharges to cloud-to-ground (CG) discharges, which
is denoted by Z-value, is one of the key parameters in the lightning physics because
it has close relation to the climatological difference in the thundercloud formation
and structure in the tropical, subtropical and temperature regions and because it
is one of the major parameters for the quantitative evaluation of lightning con-
tributions to the global electric circuit (GEC). However, the latitudinal, regional
and seasonal dependences of Z-value are not fully clarified so far. In order to esti-
mate the effects of lightning and rainfall currents on GEC, a simple 2D model was
developed in the previous study. However, it only treats the extremely simplified
input parameters, such as constant lightning and rainfall currents and constant at-
mospheric conductivity, with relatively low temporal and spatial resolutions. The
purpose of this dissertation is to estimate more statistically reliable Z-value and
its latitudinal, regional and seasonal dependences and to quantitatively evaluate
the effects of lightning and rainfall currents on GEC with more appropriate input
parameters and with more high temporal and spatial resolutions. For this pur-
pose, firstly, we have developed new methods to classify IC, positive CG (+CG)
discharges, and negative CG (-CG) discharges using the lightning optical data
obtained by the Global Lightning and Sprite Measurements on Japanese Experi-
ment Module (JEM-GLIMS) mission and ground-based lightning data. Secondly,
we have estimated Z-value and its latitudinal, regional, and seasonal dependences.
Finally, we have quantitatively evaluated the contribution of lightning and rain-

fall currents to GEC using newly developed 3D GEC model. In this study, a
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total of 8354 JEM-GLIMS lightning events detected in the period from Novem-
ber 2012 to August 2015 are analyzed. These lightning events are first classified
into the three discharge types,i.e., IC, -CG, and +CG discharges by compared to
the ground-based lightning data provided by the JLDN, NLDN, WWLLN, and
GEON. Then, the identified discharge events are used to estimate Z-value, and we
have first estimated its latitudinal, regional and seasonal dependences. It is found
that the Z-ratio in the continental region is slightly higher than that in the oceanic
region. The average of Z-ratio over continental and oceanic region are 1.7 and 1.1,
respectively. In addition, the averaged Z-value in the local summer season (1.2)
is higher than that in the local winter season (0.6). The latitudinal dependence
of the Z-value estimated in this study shows a good agreement with the results
shown in the previous studies. The estimated Z-ratio varies in the range of 2.9 -
0.19 from the equator to 50° latitude, and the global mean value is 1.6. As a next
step, we have developed a new 3D GEC model, which can calculate atmospheric
electric field with 5 min time resolution and 0.2° x 0.2° spatial resolution. In this
model, lightning and rainfall activities are regarded as the electric current gener-
ator. In addition, this model uses the input parameters of time-variable lightning
and rainfall activities and time-variable column resistance and associated atmo-
spheric conductivity. First, the regional dependence of Z-ratio derived from this
study is applied to the CG lightning data provided by the WWLLN network in
order to estimate the occurrence number of IC discharges. Then, the estimated
occurrence number of IC and CG discharges and the precipitation data obtained
by the global precipitation measurement (GPM) project are used for the 3D GEC
model. Finally, the total upward current from thunderclouds to the ionosphere
is calculated. It is found that the average lightning and precipitation currents in
the GEC are estimated to be ~70 A (~ 6%) and ~1080 A (~ 94%), respectively.
We have also compared the fair weather electric field predicted by the GEC model
to that observed at Syowa station in Antarctica and Reading station in UK. It is

found that the absolute amplitude of the fair weather electric field estimated by
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the model is comparable to that observed at Syowa and Reading stations. It is also
found that the diurnal variation of the fair weather electric field estimated by the
model is well correlated with that observed at the two stations. We found that the
regional dependence of Z-value obtained by the combination of the ground-based
and space-based observations greatly contributes to more accurate estimation of
the total lightning and rainfall currents in the GEC. It is first quantitatively pre-
sented that the upward current from thundercloud to the ionosphere generated by

lightning activities is only 6% and that the rainfall activity play a crucial role in

the GEC.
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Chapter 1

Introduction

1.1 Lightning discharges

Lightning, produced by a thunderclouds (cumulonimbus clouds), is a powerful and
sudden electrostatic discharge. It is believed that lightning occurs on average 44
+5 times per second over the entire Earth or 1400 millions discharges for one year
(Christian et al., 2003; Cecil et al., 2013). The averages lightning discharges per
one square kilometre or the flash rate is 1.5 km?/year. Of course, the flash rate
is much higher in certain areas (i.e., the Central Africa, with a rate of 80 per
km? /year), while other areas have almost zero lightning discharges (i.e, near the
North Pole and the South Pole).

The most common type of lightning discharges is an intracloud (IC) discharge,
which typically occurs between a main positive and a main negative charge region
inside a thundercloud (Lépez et al., 2016; Mecikalski and Carey, 2018). Approx-
imately 1/3 of lightning discharges is a cloud-to-ground (CG) discharge. Most
of the CG discharges are the negative cloud-to-ground (-CG) discharge that pri-
marily originate from a main negative charge region inside a thundercloud and
carry negative charges to the Earth’s surface (Williams et al., 1991; Orville, 1994;
Orville and Huffines, 2001). Meanwhile, the rest of the CG discharges are called

the positive cloud-to-ground (+CG) discharge because they would transfer posi-



tive charges from a thundercloud to the Earth’s surface.

Cumulonimbus cloud (Cb)

R
++++ +++++
+ +

+ + 0 F
0
#F fa™

Ground

Figure 1.1: Common type of lightning discharges are the IC, +CG, and -CG
discharge.

Typical -CG discharges have a peak current of 10-100 kA with 30 kA of me-
dian, and 30 —200us of decay time with a median of 75us. The +CG discharges
are normally stronger than -CG discharges, the peak current of typical +CG dis-
charges varies from 5 to 300 kA with a median of 35 kA, and decay time varies
from 25us to 2 ms with a median of 230us (Berger et al., 1975). Besides those two
main discharges, IC discharges are relatively less understood than +CG and -CG
discharges because of several reasons, i.e., the observation of IC discharge is more
difficult due to it occurs inside a thundercloud, and the currents of IC discharges
cannot be measured directly because a discharge channel of IC discharge does not

contact with the ground.



1.2 Ratio between intracloud and cloud-to-ground discharges

One of interesting parameter in thunderclouds is the ratio between IC and CG
discharges. This ratio is important to be known supporting by several standpoints:
(i) to evaluate regional or global NOx production by lightning discharge (Pickering
et al., 1998; Rakov et al., 2004; Ott et al., 2007), (ii) to estimate the contribution
of lightning to the global electrical circuit (Williams, 2009; Rycroft and Odzimek,
2010; Mareev and Volodin, 2014), (iii) to study kinematics and microphysics of
thunderstorms (Williams et al., 1999; Buechler et al., 2000). The ratio is denoted
by Z = Njc/Ncg, where Njc and N¢g are the occurrence number of IC and CG
discharges, respectively.

In recent years, many pieces of research show an advance technique in deter-
mining regional or global estimates of variability in Z-ratio (Cummins et al., 1998;
Shindo and Yokoyama, 1998; Christian et al., 1999; Goodman et al., 2000; Orville
et al., 2001). The variation of the Z-ratio with latitude was firstly reported by
Pierce (1970). It was found that Z-ratio decreases with the increment of latitude,
as shown in Figure 1.2. Prentice and MacKerras (1977) used Z-ratios obtained
from 29 ground-based stations located in different places around the world to
analyze the correlation of Z-ratio and latitude, and confirm the latitudinal depen-
dences of Z-ratio. It decreases from the equator to the mid-latitudes in the range
of 9.0 to 1.5, while the average of Z-value is 3.4. Mackerras et al. (1998) used the
lightning data provided by the cloud-ground ratio 3 for studying a worldwide ratio
of cloud discharges to ground discharges in thunderstorms. The instruments at
sites covering a latitude range from 59.9°N to 27.3°S. They found that the Z-ratio
decrease from 3.96 near the Equator to 1.96 at the mid-latitude.

The observation of lightning discharges from space by using satellites such as
the Optical Transient Detector (OTD) and the Lightning Images Sensor (LIS)
could be easily conducted over wider regions and long periods with a high de-

tection efficiency (Christian et al., 2003; Koshak, 2010). Boccippio et al. (1999)



compared OTD data obtained during the four-years-observation period to ground-
based lightning data collected by the National Lightning Detection Network and
determined the geographical distribution of the climatological lightning flashes
and Z-ratio over the continental of the United States. They reported that the
value of Z over this region varies from 2.6 to 3.0. It is also found an unusual low
Z-ratio over the mountain, while high Z-ratio can be found over the great plains.
The larger values of Z-ratio are found in the regions where the occurrence rates
of +CG discharges and severe storms are high. They also investigated the depen-
dence of the Z-ratio on latitude, longitude, and orographic effects. However, they

did not find out the apparent geographical dependence of Z-ratio.

Traditional Fits with Underyling Data

0] e Prentice & Mackerras (1977) fit
10 - = = =« Piorca (1970} fit
| | ® Mackerras el al (1998) dala
B Prentice and Mackerras (1977) data
IS e L) © Plerca (1970) data

IC:CG Ratio

0 T | (i [ P T T i R E TR L L L R L L . D . TR L L L B L L L (AL i

0 10 20 30 40 50 60 70

[Latitude| [deg]

Figure 1.2: Previous ensemble observations of regional Z-ratio and its inferred

dependence on latitude (Boccippio et al., 1999)

Kuleshov et al. (2006) analyzed the ground-based lightning data obtained by
the lightning flash counters (CIGRE-500 and CGR3) and the satellite-based light-

ning data obtained by the OTD and LIS in order to estimate the Z-ratio over



Australia using the same methodology as Boccippio et al. (1999). They found the
values of Z-ratio ranged from 0.75 to 7.7 and concluded that the most representa-
tive Z-ratio is ~ 2 +30% in the latitudinal range of Australia; however, the clear
dependence with latitudinal effect was not indicated. Rivas Soriano and Davila
(2007) also analyzed both the satellite-based lightning data obtained by the OTD
and the ground-based lightning data obtained by the Spanish lightning detection
networks to estimate the Z-ratio over the Iberian Peninsula (35°N — 44°N). It is
found that the estimated Z-ratio decreased with respect to an increment of the
latitude. It is also found that the Z-ratio varies from 2.2 to 6.0 and the spatial
and annual average of the Z-ratio in this latitudinal range was 3.48. de Souza
et al. (2009) used the OTD data and the ground-based lightning data from the
Brazilian Lightning Detection Network (BrazilDat) to estimate Z-ratio over the
southern part of Brazil (14°S - 25°S). In their studies, the dependence of latitudi-
nal effect on Z-ration was not confirmed in this area, as well as and that there is

no clear relation between Z-ratio and the population of +CG discharges.

1.3 Global Electric Circuit

The global electrical circuit (GEC) is formed between the ionosphere and the
Earth’s surface. As shown in Figure 1.3, lightning and rainfall play as important
electrical sources of upward currents through the ionosphere and maintain the
potential 250 kV between the Earth’s surface and the ionosphere (Williams, 2009).

It is believed that each of the 1000 thunderstorms active at any one time
generates an upward D.C. (Wilson) current of 1 kA to the ionosphere (Rycroft
et al., 2000; Liu et al., 2010; Mach et al., 2011). Then, the global electric circuit
closes in the fair-weather (i.e., non-cloudy) regions remote from thunderstorms
and electrified rain/shower clouds, creating a downward electric current density
and electric field. A typical value of the fair weather field and current density in

clean and unpolluted air is ~120 V/m and 2pA/m?, respectively (Rycroft et al.,



2000; Harrison, 2005; Nicoll, 2012).
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Figure 1.3: Schematic diagram showing the upward electric current to the iono-

sphere generated by thunderstorms and electrified rain/shower clouds in the global

electric circuit.

The fair weather electric field normally shows a daily variation that follows

the universal time. This diurnal cycle variation is widely known as the Carnegie

curve. The maximum fair weather electric field around 19:00 UTC and minimum

around 03:00 UTC as shown in Figure 1.4. The Carnegie curve is named after the

geophysical survey boat of the Carnegie Institution of Washington which measures

the fair weather electric field around the world (Harrison, 2005). It is believed



that the daily variations in atmospheric electrification associates with the different

global disturbed weather regions (Harrison, 2012).
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Figure 1.4: Potential gradient of the fair weather electric field measured by
Carnegie Cruise III (points). The dotted line is a fitted line from the data. The

greyed area is the standard errors (Harrison, 2005).

Rycroft et al. (2007) introduced the simple 1-dimensional equivalent circuit of
the global electric circuit. As illustrated in Figure 1.5, they described that both
thunderstorms and electrified rain/shower clouds are the main current generators.
These generators behave as small batteries that drive upward electric currents to
the ionosphere. Figure 1.5 could describe that a thunderstorm is represented in the
circuit as a structure of resistances, and capacitors in parallel with them. A thun-
derstorm is assumed to be a cylindrical shape whose diameter is approximately
20 km. The top and bottom of the thundercloud are located at an altitude of 15
km and 5 km respectively. At the bottom of the thundercloud, there is a charge
of -26C and, at the top +14C (Mach et al., 2009). The electrified rain/shower
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cloud is also presented in this circuit, as a two series resistors (Rs and Rg), and a

constant current source Ipc in parallel with a resistor Rg.
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Figure 1.5: Circuit diagram of the global electric circuit (Rycroft et al., 2007). In
this circuit, thunderstorms and electrified rain/shower clouds are the main currents

generators.

One of the important parameter for calculating the contribution of lightning
and rainfall to the global electric circuit is the resistance of the areas where do
not have thunderclouds. This resistance is called the fair-weather resistance, and
it is represented by Rpw in the circuit in Figure 1.5. The value of Rpy was
calculated using the model of atmospheric conductivity profile as shown in Figure
1.6 (Makino and Ogawa, 1985; Nickolaenko et al., 2016). Assuming there are 1000
thunderstorms active at the same time all over the world, the values of fair-weather

resistance was calculated by:

1 Zion dz
Rew=-—— |  —— 1.1
W A — 1000A7 /Zg o(2) 1)



where Ag is the area of the Earth’s surface (5.101 x 10'*m?), Az is the area of
a thunderstorm (constant value of 314km?), and z is a height. Using the model
of atmospheric conductivity profile (Figure 1.6), Rycroft et al. (2007) introduced
that the global resistance was 250 Q. Baumgaertner et al. (2013) included the
effect of galactic cosmic ray flux, radon emissions from the Earth’s surface, aerosol
number concentrations, cloud, and temperature in the electric conductivity model,
and calculated the yearly average column resistance using the Community Earth
System Model (CERM1). They found that the total global resistance varied from
220 to 245 Q.
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Figure 1.6: Electric conductivity profile of the air (o(z)) for calculating the values

of resistance in the global electric circuit (Rycroft et al., 2007).

Using the 1-dimensional equivalent circuit of the global electric circuit as shown
in Figure 1.5, Rycroft and Odzimek (2010) found that all thunderstorms generate
600 A upward current to the ionosphere, while electrified rain/shower clouds could

generate only 400 A, leading to a total upward current of 1kA to the ionosphere.



It was also found that lightning discharges from the global electric circuit is only
~40 A. This number has a good agreement with those reports in Mareev et al.
(2008), they used a numerical model to estimate the contribution of lightning to
the global circuit, and found that lightning discharges contribute between 50 and
400 A to the global circuit. Consequently, global rainfall contribute ~ 960A to the

global electric circuit.

1.4 Limitation of the previous studies and the Purposes of

this study

Although the lightning data obtained by the space-borne and ground-based obser-
vations were combined for clarifying the geographical distribution of Z-ratios with
a high detection efficiency, these studies focused on only a specific and limited
region where the ground-based lightning data was available. Consequently, the
regional, seasonal, and latitudinal variations of Z-ratios in the global scale are not
fully understood yet. The purposes of the first part in this study are (i) to develop
a new method classifying a discharge type using satellite-based lightning obser-
vation data obtained by JEM-GLIMS and ground-based lightning data obtained
by the Japanese lightning detection network, the national lightning detection net-
work, the world wide lightning location network, and the global ELF observation
network, and (ii) to estimate the Z-value and its latitudinal, regional, and seasonal
dependences.

As discussed in Section 1.3, the contribution of lightning and rainfall to the
global electric circuit are not fully understood due to the difficulty in estimation
the occurrence number of lightning discharges especially intracloud discharges. In
addition, it is difficult to quantitatively estimate the contribution of global rainfall
current to the global electric circuit due to the difficulty of identifying the rainfall

volume and its global distribution. Therefore, the purposes of the second part of
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this work are (i)to develop the 3-dimensional circuit model for the global electric
circuit using the CG discharges data provided by the world wide lightning location
network and the global rainfall data provided by the global precipitation project,
(ii) After that, the new model will be used for estimating the contribution of
lightning and precipitation activities to the global electric circuit. (iii) Apart of
the estimation, the new model will also be used to simulate the fair-weather electric
fields and compared with the observation fair weather electric fields observed at
the Syowa station, Antarctica, Reading station, United Kingdom, and Kakioka
station, Japan.

This thesis will be divided into 6 main chapters, which could be described as
follows. The first part of Chapter 2 of this work presents the optical instruments
of JEM-GLIMS space-based mission used for measuring the lightning emission. In
addition, ground-based lightning detection networks are also described. The sec-
ond part of Chapter 2 explains the method for identifying the lightning discharge
type using the lightning data provided by JEM-GLIMS and the ground-based net-
works. Besides, the method for calculating the Z-ratio is also presented. Chapter
3 discusses the optical properties of the identified IC, +CG, and -CG discharges
obtained from JEM-GLIMS optical instruments. In this chapter, the latitudi-
nal, regional, and seasonal dependences of Z-ratio were also discussed. Chapter 4
explains the 3-dimensional model of the global electric circuit, which was newly
developed. The method for calculating the upward electric currents by lightning
and rainfall is also presented in this chapter. Besides, the method for calculating
the fair-weather resistance using the average column resistance map is also pre-
sented. Chapter 5 gives the results on the contribution of lightning and rainfall
to the global atmospheric circuit. It also discusses the correlation between the
lightning and precipitation activities and the fair-whether electric filed. Finally,

chapter 6 summarizes the main points of this work.
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Chapter 2

Estimation of the ratio between
intracloud discharges and

cloud-to-ground discharges

2.1 Satellite-based lightning data

In order to study the regional, seasonal, and latitudinal dependence of Z-ratio, the
lightning events obtained by the Global Lightning and Sprite Measurements on
Japanese Experiment Module (JEM-GLIMS) observation were used. JEM-GLIMS
is a spaced-based mission which was designed to study lightning discharges and
lightning-associated transient luminous events (TLEs), i.e., sprites, elves, blue
Jets, from the International Space Station (ISS) in the nadir direction (Sato,
2015).
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Figure 2.1: JEM-GLIMS optical instruments (PHs and LSI) and electromagnetic
waves receiver (VLFR) (Sato, 2015).

As illustrated in Figure 2.1, the instruments onboard JEM-GLIMS are the
optical instruments and electromagnetic waves receivers. The main optical in-
struments are the six-channel spectrophotometers (PHs) and the Lightning and
Sprite Imager (LST). The PHs measure the absolute optical intensity of lightning
discharges in the wavelength range of 150-280 nm (PH1), 310-321 nm (PH5),
332-342 nm (PH2), 386-397 nm (PH6), 599-900 nm (PH4), 755-766 nm (PH3),
respectively (Sato et al., 2011b; Adachi et al., 2016). Meanwhile, the LST consists
of wideband (LSI-1) and narrowband (LSI-2) Complementary Metal Oxide Semi-
conductor (CMOS) cameras. The LSI-1 acquires the optical images of lightning
discharges in the wavelength range of 768-830 nm, while the LSI-2 acquires the

optical images of lightning discharges in the wavelength range of 760-775 nm (Sato
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et al., 2011a; Sato, 2015; Sato et al., 2016). JEM-GLIMS conducted the lightning

and TLE optical observations in the local time (LT) range of 19 : 00— 05:00 LT

(Sato, 2015). The detail of the optical instrument of JEM-GLIMS are summarised

in table 2.1

Table 2.1:

JEM-GLIMS optical instruments

Name

ID

Specification

CMOS Camera LSI

Photometer

PH

Two CMOS cameras

512x 512 pixels

FOV=28.3° x 28.3°, fps = 29,

10 bit resolution,

LSI-1:A = 765-830nm, LSI-2:A = 7624+5nm,
6-channel photometers

Apg1 = 150-280nm, Apys = 316+5nm,

Apr2 = 337+5nm, Apye = 392+5nm,

Apps = 762+5nm, Apgys = 600-900nm

JEM-GLIMS measured the optical emissions of the 8354 lightning discharges,

over 32 months in total, during November 2012-August 2015. These lightning

events were mainly detected in the latitudinal range from 51°S to 51°N over both

oceanic and continental regions as shown in Figure 2.2. It must be noted that, the

gray hatched area in Figure 2.2 represents the region where the observations using

JEM-GLIMS were not conducted due to the limitation of the orbital inclination

angle of the ISS.
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Figure 2.2: Global distribution of the 8354 lightning events detected by JEM-
GLIMS between November 2012 and August 2015.

2.2 Ground-based lightning data

The ground-based lighting data in this study is provided by the Japanese Lightning
Detection Network, the National Lightning Detection Network, the World Wide
Lightning Location Network, and the Global ELF Observation Network. The
detailed information on the specifications and operation of details of each ground-

based network would be explained as follows:

2.2.1 Japanese Lightning Detection Network

Japanese Lightning Detection Network (JLDN) consists of thirty lightning detec-
tion sensors that are installed nationwide for detecting lightning discharges in the

whole extent of Japan. These sensors are divided into two categories, i.e., the
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IMPACT-ESP sensor and the LPATS-IV sensor (Matsui and Hara, 2011). These
sensors observe waveforms of electromagnetic impulses from lightning discharges in
a wide frequency band ranging from VLF to LF frequency, and estimates location,
peak current, discharge types, and polarity of lightning discharge, i.e., IC, +CG,
and -CG discharges. The detection efficiency of JLDN over Japan continental is
more than 90% with the location accuracy less than 500 m. More detailed infor-

mation on the specifications and operation of JLDN can be found in the papers

of (Ishii et al., 2005; Matsui and Takano, 2010; Matsui and Hara, 2011).

2.2.2 National Lightning Detection Network

The U.S. National Lightning Detection Network (NLDN), consisting of a set of
LS7002 sensors located in different part of the United States, has been providing
lightning data since 1989 (Nag et al., 2014). The NLDN was originally established
for monitoring lightning hazards (Cummins et al., 1998; Cummins and Murphy,
2009). More than 100 LS7002 sensors over the US continental report lightning
discharges in near real time (Cummins et al., 2006). This network works with
a combination of the magnetic direction finding and time of arrival techniques
to geolocate lightning discharges, and uses multiple waveform parameters to clas-
sify cloud and cloud-to-ground lightning polarity, amplitude of lightning flashes
(Orville, 1994; Orville and Huffines, 2001; Nag et al., 2011). The detection effi-
ciency for cloud-to-ground and intracloud discharge over the entire United States
is approximately 95% and 50%, respectively. Meanwhile, median location accu-
racy of 150-250 m over the majority of the United States is confirmed (Cummins

and Murphy, 2009; Zhang et al., 2016).

2.2.3 World Wide Lightning Location Network

The World Wide Lightning Location Network (WWLLN), has been providing

global lightning data since 2004 (Rodger et al., 2009), has been developed using
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existing researches by a number of all-over-the-world research institutes. So far,
more than 60 sensors were installed in the network (Nag et al., 2011). These
sensors observe lightning discharges using the time of group arrival for the elec-
tromagnetic wave packets from individual lightning discharges (Dowden et al.,
2002). The WWLLN provides real-time locations of cloud-to-ground and cloud
discharges occurring anywhere on the Earth with the detection efficiency is less
than 50% and mean location accuracy is less than 10 km. However, WWLLN
also has a limitation because lightning was not observed with the same detection
efficiency in any area. This is due to variable WWLLN station coverage (Rodger
et al., 2009; Abarca et al., 2010).

2.2.4 Global ELF Observation Network

The Global ELF Observation Network (GEON), consisting of the orthogonal
search coil magnetometers in the geomagnetic north-south (H-component) and
the east—west (D-component) directions, is a network to measure a magnetic field
perturbation in the frequency range of 1-100 Hz from a lightning discharge. The
network provides a location, peak current, and polarity of CG discharges, i.e.,
+CG, and -CG discharges, around the world. The main instruments, i.e., the
orthogonal search coil magnetometers, of this network have been installed at the
Syowa station (69.0°S, 39.6°E), the Onagawa observatory (38.4°N, 141.5°E), in
Japan, as well as, the Esrange (67.9°N, 21.1°E) in Sweden (Sato et al., 2003).
More detailed information on the specifications and operation of GEON can be

found in the papers of Sato et al. (2003).
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2.3 Hstimation of the ratio between intracloud versus cloud-
to-ground discharges

The observation period of 32-month, starting from November 1, 2012, to August
31, 2015, using satellite-based and ground-based lightning was conducted in this
study for studying the latitudinal, regional, and seasonal dependences of Z-ratio.
Figure 2.3 shows the flow chart for classifying JEM-GLIMS lightning events to
be IC, +CG, and -CG discharge by compared JEM-GLIMS lightning events with
the ground-based lightning data provided by ground-based networks, i.e., JLDN,
WWLLN, GEON, and NLDN.

In order to describe this method, JEM-GLIMS data was firstly compared to
the ground-based lightning data to identify discharge types, i.e., IC, +CG, and
-CG discharge. There are two adopted conditions for identifying the coincidence
between the JEM-GLIMS lightning events and ground-based lightning events: 1)
the horizontal distance (D) of JEM-GLIMS lightning events and ground-based
lightning events, and 2) time difference (A7) between the detection time of JEM-
GLIMS lightning events (Tgrims) and detection time of ground-based lightning
events (TGround)- In the case that the value of D < 160 km and At is set to be
< 1.5 ms, the JEM-GLIMS lightning event is identified to be the same lightning

event detected by the ground-based lightning networks.
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Figure 2.3: Flow chart showing how the discharge type of JEM-GLIMS lightning

events were classified into IC, -CG, +CG, ambiguous flash using the ground-based

lightning data.

The condition of time (Ar = 1.5 ms) represents the delay time (0.2 ms) from

a light source to a cloud top due to the multi-path scattering in thunderclouds

(Koshak et al., 1994) and of 1.3 ms which is the average travel time of light from

a cloud top to the JEM-GLIMS altitude. While the condition of D is set to be

160 km, because a lightning event could occur anywhere inside the field of view of

the JEM-GLIMS optical instruments as shown in Figure 2.4.
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FOV of PH
(160.0 km)

Figure 2.4: Schematic illustration showing the field of view of PHs and a distance

between JEM-GLIMS nadir point and a ground-based lightning event (D)

The ELF magnetic field waveform data detected by the GEON was further
analysed for estimating the polarity of CG discharges, i.e., +CG or -CG discharge,
using the magnetic direction-finding method, proposed by Sato et al. (2003). In
brief, electromagnetic waves obtained by the orthogonal search coil magnetometers
in the geomagnetic north-south (H-component) and the east-west (D-component)
directions were used for considering the CG discharges polarity. In Figure 2.5(a),
an upward moving return stroke current would come from a -CG discharge. For a
+CG discharge, the current would point downward, and the signal from the loop

antenna would have the opposite polarity as shown in Figure 2.5(b).
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Figure 2.5: Electromagnetic waves obtained by orthogonal search coil for identi-

fying the polarity of lightning discharge.

In Figure 2.5, lightning strikes are located north-west (quadrant 1) of the an-
tenna. Therefore, a large positive signal from a -CG discharge would be detected
by H-component and D-component search coil. For a +CG discharge, a large neg-
ative signal would be detected by both H-component and D-component search coil
as shown in Figure 2.5(b). For the CG discharge occurring at another quadrant,
the polarity was considered from Table 2.2

According to these procedures, JEM-GLIMS lightning events would be cat-
egorized into five categories: 1) “IC discharge”, 2) “4CG discharge”, 3) “-CG
discharge”, 4) CG discharge, and 5) “ambiguous discharge events”. It should be
noted that JEM-GLIMS lightning events were identified as an ambiguous dis-
charge because these lightning discharges were not reported by the ground-based
lightning networks.

By comparing JEM-GLIMS lightning data with ground-based lightning data,
571 of JEM-GLIMS lightning events were classified to be 75 of IC discharges, 102 of
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Table 2.2: Electromagnetic waves signal in D and H component for considering

the polarity of CG discharge.

-CG +CG

H-component D-component H-component D-component

Quadrant 1 + + - -
Quadrant 2 - + + -
Quadrant 3 - - +
Quadrant 4 + - -

+CG discharges, and of 394 -CG discharges, respectively. However, this method is
not applicable for other 7783 JEM-GLIMS lightning events because of two major
reasons, as follows: 1) using both JEM-GLIMS lightning data and NLDN, or
JLDN is useful for classifying discharges type; however, these lightning networks
are specifically available only at the specific area. 2) Even though the comparison
of JEM-GLIMS lightning data and WWLLN is possible to classify the discharge
type of JEM-GLIMS lightning events for all-over-the-world, WWLLN has much
low efficiency in detection (Rodger et al., 2009; Hutchins et al., 2012). Therefore,
in order to identify the discharge type of both 6532 of ambiguous lightning events
and 1251 of CG events, a new criteria, which is the intensity ratio between blue and
red emissions measured by PHs, i.e., PH2/PH3, PH5/PH3, PH6/PH3, PH2/PHA4,
PH5/PH4, and PH6/PH4 should be used as the indicator of the discharge types.
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Figure 2.6: Model of atmospheric transmittance in the wavelength range of 200-
1000 nm calculated by the MODTRAN code. The blue, green and red lines show
the transmittance from a light source located at the 4, 8, and 12 km altitude to

the zenith direction, respectively.

The new method for classifying the remaining JEM-GLIMS lightning events
is based on the different attenuation rates of blue and red emissions from light-
ning discharge channels to the ISS as shown in Figure 2.6. Blue emissions from
lightning discharges (i.e., 310-321 nm, 332-342 nm, 386-397 nm) are more ab-
sorbed and attenuated than red emissions (i.e., 755-766 nm, 599-900 nm). Lu
et al. (2012) pointed out that the normal discharge channels of +CG discharges
tend to occur at a higher altitude in the thundercloud or near the cloud top (Fig-
ure 2.7). Consequently, the PH intensity ratio of +CG discharges becomes the
highest since blue emission from +CG lightning discharge channel can escape to
the ISS altitude. This can also happen in IC discharges because the discharge
channel of IC discharges locates between the cloud top and cloud base where a

main positive charge and a main negative charge are located (Lopez et al., 2016;
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Lyu et al., 2016). In contrast, the normal discharge channels of -CG discharges
occur at the lower altitude or near the cloud-based (Ballarotti and Saba, 2005;
Sun et al., 2016). Consequently, the PH intensity ratio of -CG discharges should
lower than that of +CG and IC discharges because the optical blue emissions from

lightning discharge channels tend to be more absorbed.

|
1

10km

5km .

round
Figure 2.7: The difference of the altitude of IC, +CG, and -CG discharge channel

that might be used for classify the discharge types.

In a final step, in order to calculated the Z-ratio, the occurrence number of 1C,

+CG, -CG discharges detected by JEM-GLIMS was counted at each 3.0° x 3.0°
grid. After that, the Z-ratio at each grid would be calculated by Equation 2.1.

Nic

_ DEc
Z= ( Nicc N_cc ) (2.1)
DE,cc ' DE_cc
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where Njc, Nicg, N—cg are the occurrence number of IC, +CG, and -CG dis-
charges, respectively, while DEjc, DE ¢, and DE_¢g are the detection efficiency
of IC, +CG, and -CG discharges, respectively. The estimated efficiencies of JEM-
GLIMS IC, +CG, and -CG flashes detection were approximately 11.2%, 28.3%,
and 19.7%, respectively. The detail of how to estimate the detection efficiency of
JEM-GLIMS for IC, +CG, -CG discharge will be described in Appendix B.
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Chapter 3

Regional, Seasonal, and Latitudinal

dependences of Z-ratio

3.1 Example of -CG, +CG and IC discharge

3.1.1 Example of -CG discharge

By comparing JEM-GLIMS lightning data with the ground-based lightning data
provided by JLDN, NLDN, WWLLN, and GEON;, the total 571 of JEM-GLIMS
lightning events were classified to 75 of IC, 102 of +CG, and 394 of -CG discharges,
respectively. Then, the ratios between blue and red PH channels for each identified
discharge were calculated. Figure 3.1 shows an example of the identified -CG
discharge. The event was detected by the JEM-GLIMS optical instruments at
20:15:49.803 UT on March 24, 2014, where JEM-GLIMS was located at (37.212°E,
7.564°N) over Africa.
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Figure 3.1: (a) -CG Lightning event detected by JEM-GLIMS optical instruments
at 20:15:48.80348 UT on 24 March 2014. Figure (b) and (c), plot of the ELF

magnetic field waveform data acquired at Syowa and Kuju station, respectively.

As shown in Figure 3.1(a), PH2-PH6 detected optical emissions from the light-
ning discharges,while Figure 3.1(b) and 3.1(c) is a plot of ELF magnetic field
waveform data obtained at Syowa atation, Antarctica, and Kuju stations, Japan,
between 20:15:49.35-20:15:50.35 UT. Considering the optical propagation time of
1.35 ms from the assumed light source at the altitude of 10 km to the JEM-
GLIMS altitude of 411.6 km, the distance between JEM-GLIMS nadir point and
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Syowa station and JEM-GLIMS nadir point to Kuju station is 8527.1 km and
9928.8 km, respectively. Therefore, a wave propagation time from the lightning
event to Syowa station and Kuju station is Ar = 35.53 ms and Ar = 41.37 ms,
respectively. The expected arrival time of the magnetic waves at Syowa and Kuju
station would be 20:15:49.838 UT and 20:15:49.844 UT, respectively. As shown
in Figure 3.1(b) and 3.1(c), there is a clear transient ELF waveform at the PH
trigger time. Note that all PH channels except for PH1(150 — 280nm) succeeded
in detecting the optical emissions of this -CG discharge. The possible explanation
is that the FUV emitted by this -CG discharge is severely absorbed by the Earth’s
atmosphere. Therefore, the FUV emitted by this -CG discharge could not escape
to JEM-GLIMS optical instruments.
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Figure 3.2: Electromagnetic waves signal on H-component and D-component for

considering the polarity of CG event of Figure 3.1.

By considering the component of electromagnetic waves detected by the H-
component and D-component and the location of lightning event as shown in
Figure 3.2 and Table 2.2. This lightning event was identify to be a -CG discharge.
Then, the logarithmic of PH intensity ratio, i.e., PH2/PH3, PH5/PH3, PH6/PH3,
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PH2/PH4, PH5/PH4, PH6/PH4, at t = 0 ms and LSI intensity ratio of this

lightning event was calculated.
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Figure 3.3: An example of (a) lightning discharge image on LSI-1(b) Same as (a)
except for LSI-2.Figure (c¢) and (d) is the plot of raw count for each y-pixel for
LSI-1 and LSI-2.

In order to estimate the intensity ratio between lightning emission obtained by
LSI-2 and LSI-1 or the LSI intensity ratio, the maximum emission value in LSI-2

and LSI-1 were used. As a first step, the raw count intensity for each y-pixel was
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plotted as shown in Figure 3.3. As shown in Figure 3.3(b) and (d), it is found
that the maximum raw count in LSI-2 is located at the pixel X = 135 and Y =
300. Therefore, the value of lightning emission in this pixel, both in LSI-2 and
LSI-1 images, was used to estimate the LSI intensity ratio. The saturation level
of the LSI image data is 210 digit (10-bit data), that is 1024 digit. So, the signal
level was not saturated in this event. Note that the lightning events that has the
saturated data in LSI-1 or LSI-2 were excluded for estimating the LSI intensity

ratio.

3.1.2 Example of +CG discharge

Figure 3.4 presents an example of the identified +CG discharge. The event was
detected by the JEM-GLIMS optical instruments at 03:25:22.383 UT on Septem-
ber 13, 2014, where JEM-GLIMS was located at (16.051°E, 6.767°S) over Africa.
As shown in Figure 3.4(a), PH2-PH6 detected optical emissions from the lightning
discharges,while Figure 3.4(b) and 3.4(c) is a plot of ELF magnetic field waveform
data obtained at Syowa atation, Antarctica, and Kuju stations, Japan, between
03:25:21.25-03:25:27.25 UT. Considering the optical propagation time of 1.35 ms
from the assumed light source at the altitude of 10 km to the JEM-GLIMS al-
titude of 414.3 km, the distance between JEM-GLIMS nadir point and Syowa
station and JEM-GLIMS nadir point to Kuju station is 7135.2 km and 12760.6
km, respectively. Therefore, a wave propagation time from the lightning event to
Syowa station and Kuju station are Ar = 28.38 ms and Ar = 51.82 ms, respectively.
The expected arrival time of the magnetic waves at Syowa and Kuju station would
be 03:25:22.411 UT and 03:25:22.435 UT, respectively. As shown in Figure 3.4(b)

and 3.4(c), there is a clear transient ELF waveform at the expected arrival time.
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Figure 3.4: (a) Positive cloud-to-ground lightning event detected by JEM-GLIMS
optical instruments 03:25:22.383 UT on September 13, 2014. Figure (b) and (c),
plot of the ELF magnetic field waveform data acquired at Syowa and Kuju station,

respectively.

By considering the component of electromagnetic waves detected by the H-
component and D-component and the location of lightning event as shown in
Figure 3.5. This lightning event was identify to be a -CG discharge. Then, the log-
arithmic of PH intensity ratio, i.e., PH2/PH3, PH5/PH3, PH6/PH3, PH2/PH4,
PH5/PH4, PH6/PH4, and the LSI intensity ratio at t = 0 ms of this lightning

event was calculated.

31



Figure 3.5: Electromagnetic waves signal on H-component and D-component for

considering the polarity of CG event of Figure 3.4.

Figure 3.6(a) and (b) show an image of +CG discharges on LSI-1 and LSI-2.
The LSI intensity ratio of this identified +CG discharge was also calculated and
it presented in Figure 3.6. As shown in Figure 3.6(b) and (d), it is found that
the maximum raw count in LSI-2 is located at the pixel X = 90 and Y = 276.
Therefore, the value of lightning emission in this pixel, both in LSI-2 and LSI-1

images, was used to estimate the LSI intensity ratio for this +CG discharge.
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Figure 3.6: An example of (a) lightning discharge image on LSI-1(b) Same as (a)
except for LSI-2.Figure (c¢) and (d) is the plot of raw count for each y-pixel for
LSI-1 and LSI-2.

3.1.3 Example of IC discharge

An example of the IC lightning event is shown in Figure 3.7. This event was
observed at 08:10:46.352 UT on March 12, 2014, where JEM-GLIMS was located at
(76.238°W, 3.891°S) over South America. Figure 3.7(a) illustrates that, PH2-PH6
detected lightning emissions. Figure 3.7(b) and 3.7(c) is a plot of ELF magnetic
field waveform data obtained at Syowa and Kuju stations between 08:10:45.500-
08:10:46.900 UT.
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Figure 3.7: (a) IC Lightning event detected by JEM-GLIMS optical instruments
at 08:10:46.352 UT on 12 March 2014. Figure (c) — (d), plot of the ELF magnetic

field waveform data acquired at Syowa and Kuju station, respectively.

Considering the optical propagation time of 1.35 ms from the assumed light
source at the altitude of 10 km to the JEM-GLIMS altitude of 414.3 km, the
distance between JEM-GLIMS nadir point and Syowa station and JEM-GLIMS
nadir point to Kuju station is 10605.3 km and 15713.9 km, respectively. Therefore,
the wave propagation time from this lightning to Syowa station and Kuju station

is At = 44.19 ms and Ar = 65.47 ms, respectively. The expected arrival time of
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the electromagnetic waves at Syowa and Kuju station would be 08:10:46.396 UT
and 08:10:46.417 UT, respectively. As shown in Figure 3.7(b) and 3.7(c), there is
no clear transient SR waveform at around the PH trigger time. Consequently, we
concluded that this lightning event is an IC lightning. Then, the logarithmic of
PH intensity ratios and LSI intensity ratio at t = 0 ms of this lightning event is

also calculated.
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Figure 3.8: An example of (a) lightning discharge image on LSI-1(b) Same as (a)
except for LSI-2.Figure (c¢) and (d) is the plot of raw count for each y-pixel for
LSI-1 and LSI-2.
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Figure 3.8(a) and (b) show an image of IC discharges on LSI-1 and LSI-2.
The LSI intensity ratio of this identified IC discharge was also calculated and
it presented in Figure 3.8. As shown in Figure 3.8(b) and (d), it is found that
the maximum raw count in LSI-2 is located at the pixel X = 466 and Y = 388.
Therefore, the value of lightning emission in this pixel, both in LSI-2 and LSI-1

images, was used to estimate the LSI intensity ratio for this IC discharge.

3.2 PH intensity ratio and LSI intensity ratio of lightning
discharges

Figure 3.9. Figures 3.9(a)-3.9(f) illustrates the histogram of the logarithmic of the
PH intensity ratio ,i.e., PH2/PH3, PH5/PH3, PH6/PH3, PH2/PH4, PH5/PH4,
PH6/PH4, for the identified 75 IC, 102 +CG, and 394 -CG discharges. In those
mentioned in figures 3.9, PH intensity ratios are indicated on the horizontal axis
in logarithmic scale while the vertical axis is the number of events. The median
and standard deviation of the logarithmic PH intensity ratios are also calculated
and they are concluded in Table 3.1.

As shown in Figure 3.9 and table 3.1, the result reveals that the PH intensity
ratio of the IC discharges is the highest in all cases of PH intensity ratios. It is
also found that the PH intensity ratio of -CG discharges is always the lowest value
compared with others while the PH intensity ratio of +CG discharges is smaller
than those of IC discharges but larger than those of -CG discharges. The LSI
intensity ratios of the identified JEM-GLIMS lightning events were also calculated,
and the histogram of the calculated LSI intensity ratios is presented in Figure 3.10.
Both the median and standard deviation are also calculated and these number are

presented in Table 3.1.
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Figure 3.9: Histograms of the PH intensity ratios with the logarithmic scale.
The blue, red and green bars correspond to the ratio of IC, +CG, and -CG dis-
charges, respectively. In this figure, (a)-(f) are the ratios of PH2/PH3, PH5/PH3,
PH6/PH3, PH2/PH4, PH5/PH4, and PH6/PH4, respectively.
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Figure 3.10: Histograms of the LSI intensity ratio of 45 IC (blue), 12 +CG (red),

and 17 -CG (green) discharges.

The number of lightning events used in the LSI intensity ratio calculation is
smaller than the one used in the PH intensity ratio calculation analysis due to the
LSI-2 could detect lightning optical emissions only 107 from 571 lightning events.
The reason is that the lightning emissions at 762 nm were severely attenuated
by the atmospheric oxygen molecules; Consequently, LSI-2 would not be able to
collect all 521 of lightning events in the calculation of LSI intensity ratio. As
illustrated in Figure 3.5, the median values of IC, +CG and -CG discharges were
0.063, 0.049, and 0.038, respectively. It is clear that the characteristics of the LSI
intensity ratio has a good agreement with the result of PH intensity ratio, i.e.,
the LSI intensity ratio of IC and +CG discharges is higher than those of -CG

discharges.
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Table 3.1: Summary of the PH and LSI intensity ratios of 75 IC, 102 +CG, and
394 -CG discharges. In this table, the median value of the logarithmic PH and

LSI intensity ratios and the standard deviation (o) are listed.

+CG IC -CG

median ©,cc median o©j ¢ median ©_cg

log(PH2/PH3 -0.33 048 0.097 032  -0.36 0.32

log(PH5/PH3 -0.72 0.57  -0.62 0.23 -1.0 0.46
0.019 038 0.099 017 -0.27  0.36

-1.5 0.67  -0.71 0.48 -1.6 0.49

(

(

log(PH6/PH3

log(PH2/PH4
(

log(PH5/PH4

)
)
)
)
) -15 068 144 028 22 055
)

log(PH6/PH4 -0.79 0.55  -0.68 0.29 -1.5 0.54

LSI-2/LSI-1 0.049 0.068 0.063 0.057 0.038 0.053

The difference in PH and LSI intensity ratio between IC and -CG discharges
would be explained by the difference of the light source altitude of lightning dis-
charges since the atmospheric transmittance in the blue and red wavelengths from
lightning discharge are different as discussed in Section 2.3. The normal discharge
channels of IC discharges tend to occur in the middle of the thunderclouds (Lépez
et al., 2016) while the discharge channel of -CG discharges tends to occur at lower
altitudes or near the cloud-base (Ballarotti and Saba, 2005; Sun et al., 2016; Lyu
et al., 2016). Consequently, both blue and red emissions from the IC discharges
escapes to the JEM-GLIMS optical instruments with a relatively low attenuation
rate. On the other hand, only red emission from -CG discharges mainly escapes
to the JEM-GLIMS optical instruments due to the strong attenuation rate of blue
emission in the atmosphere. Therefore, the PH and LSI intensity ratio of IC dis-
charges are higher than that -CG discharges. The PH and LSI intensity ratio

of +CG discharges, however, were not in an agreement with the assumption in
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Section 2.3 because it smaller then those of IC discharges. The main cause of the
discrepancy is due to the +CG discharges which initiate from the lower positive
charge region (LPCR). Although the discharge channels of +CG discharges tend
to occur at a high altitude between the main positive charge region near the cloud
top and the ground (Rust et al., 1981; Lu et al., 2012), some +CG discharges
arise from the LPCR in the thundercloud (Pawar and Kamra, 2004; Stolzenburg
et al., 1998c,a,b). The discharge channel of these +CG discharges locates at the
lower altitude than the normal +CG discharges. Consequently, the median PH
intensity ratio of +CG discharges is smaller than those of IC discharges but still
higher than those of -CG discharges.

As shown in Figures 3.9, Figure 3.10 and Table 3.1, the distribution of the
PH and LSI intensity ratios of the IC, +CGQG, and -CG discharges shows the clear
difference. Consequently, these PH and LSI intensity ratios are useful indicators
for distinguishing the discharge type of 6532 events and 1251 CG events obtained
by JEM-GLIMS observation.

3.3 Regional Dependence of Z-ratio

Figures 3.11 shows the global distribution of the identified IC, +CG, and -CG
discharges. Next step, in order to estimate regional dependences of the Z-ratio,
the number of lightning discharges in each 3.0° x 3.0° grid are counted. Then, the

Z-ratio would be calculated on every square boxes.
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Figure 3.11: Global distribution of the identified IC, +CG,and (c) -CG discharges
detected by JEM-GLIMS in the period from November 2012 — August 2015
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The spatial distribution of the Z-ratio is presented in Figure 3.12. It is found
that the Z-ratio varies from 0.2 to 17.1 and that the average value is equal to
1.6, even though Mackerras and Darveniza (1994) estimated the value of 1.9 of
mean Z-ratio from the analysis of the lightning data obtained by the CGR3 net-
work. Interestingly, the result also shows that the higher Z-ratio tends to occur
over the continental rather than the ocean. The average value Z-ratio over the
continental and oceanic areas were 1.7 and 1.1, respectively. It should be noted
that the definition of the continental and the oceanic areas used in this study is
same as what Mackerras et al. (1998) introduced. The appropriate explanation for
this finding may be, the thundercloud structure and the electrical charge distribu-
tions in thunderclouds are different in the continental and oceanic thundersclouds.
The lightning occurrence frequency relates to the strong upward velocity in thun-
derclouds and the convective available potential energy (CAPE) (Lhermitte and
Williams, 1983). The strong CAPE are usually observed in the continental air
masses, while the weaker CAPE are usually observed in the oceanic air masses.
The difference in the CAPE energy between continental and ocean causes the
weaker updrafts in the oceanic thunderclouds than the continental thunderclouds
(Zipser, 1994; Zipser and Lutz, 1994). The weaker updrafts in the oceanic thun-
derclouds cause a less efficient charge separations (Takahashi, 1984; Norville et al.,
1991; Stolzenburg et al., 1998¢,a,b). Thus, the main negative charge region inside
the oceanic thunderclouds tends to locate at the lower altitude than that inside the
continental thunderclouds, which enhances the occurrence rate of CG discharges.

However, this assumption needs to be verified in a future study.
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Figure 3.12: Spatial distribution of the Z-ratio over the latitudinal range of +51°

used for calculating the occurrence number of IC discharges

3.4 Seasonal Dependence of Z-ratio

Figures 3.13(a)-3.13(d) show the global map of the Z-ratio in the period of De-
cember - February, March - May, June - August, and September - November,
respectively. In the period of December - February, the pixels where the Z-ratio
exists can be found mainly in the southern hemisphere, especially, between the
equator to 30°S, as shown in Figure 3.13(a). While, in the period from June -
August, these pixels can be found mainly in the northern hemisphere between the
equator to 30°N, as shown in Figure 3.13(c). However, the distribution of those
pixels in the period of March - May and September - November can be found
both in the northern and southern hemispheres, and they are mainly located in
the latitudinal range of 30°S - 30°N, as shown in Figures 3.13(b) and 3.13(c). It

is found that in the northern tropics (from 0° to 20° N) the average Z-ratio value
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in the local summer (June - August) is 2.4 times higher than that in the local
winter (December - February). Similarly, it is found that in the southern tropics
(0° to 20°S) the average Z-ratio value in the local summer (December - February)
is 2.3 times higher than that in the local winter (June - August). In contrast, the
averaged Z-ratio values in the northern and southern hemispheres in the period
of March - May are almost comparable to those in the period of September -
November.

A possible explanation for the difference of Z-ratio values in the local summer
and winter may be related to the altitude difference of the main negative charge
region in the thunderclouds. As we describe in Section 3.2, the height of the main
negative charge region in thunderclouds is the function of the freezing levels and
CAPE. In the local summer, the ground temperature is higher compared to the
local winter. Consequently, the main negative charge region tends to locate at
the higher altitude and tend to be closer to the main positive charge region. The
shorter distance between the main positive and negative charge regions enhances
the occurrence frequency of IC discharges than CG discharges, which brings the

enhancement of Z-ratio.
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Figure 3.13: Spatial distribution of the Z-ratio in the period of (a) December-
February, (b) March-May, (c) June-August, and (d) September-November, respec-

tively.
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3.5 Latitudinal Dependence of Z-ratio

The zonal-mean Z-ratio was calculated, and its latitudinal dependences in the
northern and southern hemispheres are plotted in Figures 3.14(a) and 3.14(b),
respectively. The vertical bars attached to each data point represent the standard
deviation (£10 level) of the Z-ratio variation in each latitudinal range. It is found
that the Z-ratio gradually decreases from the equator to the higher latitude from
2.9 to 0.2 in the northern hemisphere as shown in Figure 3.14(a), while from 2.9
to 0.5 in the southern hemisphere as shown in Figure 3.14(b). These character-
istics are well comparable to the results reported by Pierce (1970), Prentice and
MacKerras (1977), Mackerras and Darveniza (1994), Mackerras et al. (1998), and
Boccippio et al. (1999).

The comparison between Z-ratios derived from this study and previous studies
are summarized in Table 3.2. As shown in this table, the mean value of the Z-ratio,
which is shown in the bracket in the latitudinal range of 20°S-20°N, is estimated
to be 2.5 with a standard deviation of 0.46. This value is smaller than the trop-
ical (20°S-20°N) Z-ratio (6.2 and 5.9) estimated by Pierce (1970) and Prentice
and MacKerras (1977), while this value well agrees with the Z-ratio estimated by-
Mackerras and Darveniza (1994), where the mean Z-ratio in the tropics was 2.3.
At the latitudinal range of 20°N - 40°N and 20°S - 40°S, the mean value of Z-ratio
is 1.9 with a standard deviation 0.33, again it is considerably lower than the ratio
of 4.2 by Prentice and MacKerras (1977) and 2.2 by Mackerras and Darveniza
(1994) in the same latitudinal range. As for the result of Z-ratio in the latitudinal
range of 40°N - 60°N and 40°S - 60°S, the mean Z-ratio value derived from this
study is 1.1. It is lower than the ratio of 1.3 by Mackerras and Darveniza (1994)
in this latitudinal range.

There are two possible explanations for this disagreement. First, there were
limitations of the visual and flash counter observations in the previous studies. The

obtained results were not reliable in the high lightning activity regions because
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of the difficulty in distinguishing between IC and CG discharges. Second, there
were limitations of the observation areas. In the previous studies, Z-ratios were
estimated from the lightning data obtained over the land region, and they did not
include the ratios over the oceanic areas where the Z-ratios are believed to have

lower values than those over land regions as we presented in Section 3.1.
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Figure 3.14: Latitudinal dependences of the Z-ratio in the northern hemisphere.
(b) Same as (a) except for the southern hemisphere. In these figures, the zonal-
mean Z-ratio values are calculated every 3° latitudinal range and plotted. Vertical

bars at each data point represent the =10 of Z-ratio values
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3.6 Relationship between Z-ratio and +CG discharges

The relationship between Z-ratio and the percentage of occurrence of 1C, -CG,
and +CG discharges at each 3.0°x3.0° grid box is presented in Figure 3.15. In
Figure 10(a), each data point shows the pairwise value of Z-ratio and the per-
centage of IC discharges for each 3.0°x3.0° grid block. The Z-ratio in Figure
3.15 is the corresponding to Figure 3.12. Figure ?7(b) and ?7(c) same as 77(a)
except for +CG and -CG discharges, respectively. The previous studies have re-
ported a significant correlation between Z-ratio and +CG discharges. They found
that the high Z-ratio values would be founded in the areas where the occurrence
percentage of +CG discharges is high (Boccippio et al., 1999; Pinto et al., 2003;
de Souza et al., 2009). In this study, however, it was found that the occurrence
percentage of +CG discahrges decreases when the Z-ratio increases as illustrates
in Figure 3.15(b). It was also found the clear relations between the increasing
Z-ratio and the increasing occurrence percentage of IC discharges (Figure 3.15(a))
and between the decreasing Z-ratio and the increasing occurrence percentage of
-CG discharges (Figure 3.15(c)). The relationship between Z-ratio and occurrence
percentage of IC, +CG and -CG discharges illustrates that the increase of Z value

in thunderclouds is enhanced by the increasing rate of IC discharges.
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Figure 3.15: Scatter plot of the estimated Z-ratio and the occurrence percentage

of (a) IC discharges, (b) +CG discharges, and (c) -CG discharges, respectively.
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Chapter 4

The 3-dimensional model of the global

electric circuit

4.1  Calculation of the upward electric current by lightning
discharges

The flow chart showing how the input parameters of the global electric circuit
were calculated is summarized in Figure 4.1. As a first step, in order to estimate
the number of IC, +CG, and -CG discharges, CG discharges data provided by
WWLLN was divided into 0.2° x 0.2° grid as shown in Figure 4.2(a). Note that
the grid cite 0.2° x 0.2° was used in this study correspondence to the size of
a typical thundercloud i.e.,~ 20km (Rycroft and Odzimek, 2010). Then, using
lightning data provided by WWLLN (Figure 4.2(a)) and the detection efficiency
map of WWLLN (Figure 4.2(b)), the global occurrence number of CG discharges

was calculated by:

i=1800j=900 n7. -

Neo= ), L

i=0  j=0

i 4.1
DE, (4.1)
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where DE; ; is detection efficiency of WWLLN and Ncg,; is the occurrence

number of CG discharges of cell i,j, respectively.

Resolution 0.2° x 0.2°, 5 minutes

Input parameters

Output parameter

e

Figure 4.1: (a) Flow chart showing how the input parameters of the global electric

A

2. From JEM-GLIMS observation
3. The global precipitation measurement

circuit were calculated using CG lightning data provided by WWLLN; rainfall data

provided by GPM, and the average column resistance map .

Secondly, using CG lightning data provided by WWLLN and the global dis-
tribution map of Z-ratio (Figure 3.12), the number of IC discharges (Njc) was

calculated by,

i=1800/=900 N/~
Ne=Y Y z;—" (4.2)
i=0  j=0 DE;;
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where Z; ; is the Z-ratio of cell i,j. After that, the occurrence number of +CG
discharges (Nicg) and -CG discharges (N_¢g) was finally calculated by using the
ratio between +CG and -CG discharges (0.07:0.93) which is introduced by Rakov
et al. (2004).

Nicg = 0.07Ncg (4.3)

N_cG = 0.93Ncg (4.4)

As a next step, in order to estimate the total upward current to the ionosphere
by lightning, the currents waveform of lightning discharge was used (Plooster,

1971; Heidler et al., 1999; Javor, 2009). Then, the total current was calculated by:

L CG

tic
I = (NIC/() ]p,ce_l/rdl‘ +N+Cg/() IP+CGe_t/Tdt

_cG
+N_cc / Ip e '%dt))T
0

where Ip., Ip, ;, and Ip_.; are a peak current of IC, +CG, and -CG discharges
respectively, while #;c, t1cg, and t_cg are a decay time of IC, +CG, and -CG dis-
charge respectively. The important input parameter for calculating the lightning
current were summarised in Table 4.1. In this study, the lightning occurrence
number was calculated in every 5 minutes. Therefore the time resolution T is 300

seconds was also used for calculating the currents.
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Table 4.1: The input parameters for calculating the upward current to the iono-

sphere by lightning discharges.

Ip ka) Decay time (us) A (us)

IC 7 20 5
+CG 35 230 40
-CG 30 75 15

4.2 Calculation of the upward electric current by rainfall

As mentioned in Introduction, global rainfall is a fundamental current source in
the global atmospheric electric circuit (Wilson, 1921; Williams et al., 2000). The
mean annual global rainfall is estimated to be about 1000 mm (Legates and Will-
mott, 1990; Michaelides et al., 2009), and it generates around 600-800 A of electric
current to the ionosphere (Mareev et al., 2008). In this study, the upward electric
current to the ionosphere generated by rainfall was estimated from the precipi-
tation data provided by the Global Precipitation Measurement (GPM) mission,
which provides the most recent global estimates of rainfall at high spatial and
temporal resolutions.

The GPM project is a joint mission of international space agencies to make
observations of Earth’s rainfall. This project provides global rainfall data to assist
researchers in improving weather forecasting and studying global climate (Kidd
and Huffman, 2011). The main observatory instruments on the satellites of this
project are the Dual-Frequency Precipitation Radar (DPR) and the GPM Mi-
crowave Imager (GMI) (Hou et al., 2014). These instruments estimates the sizes
and density of particles inside thunderclouds and then converse them to a rain-

fall rate (Liu et al., 2008). For more detailed information and operation of GPM
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project can be found in the paper of Flaming (2005); Kidd and Huffman (2011);
Hou et al. (2014)

30°N iz
—

e o
_—
as [

60°5 |-t

Rainfall (mm)

Figure 4.3: Example of the rainfall data provided by the GPM on June 4, 2014,

which was used to calculate the upward electric current to the ionosphere.

In this study, GPM data with 30 min temporal and 0.1° spatial resolution was
used for estimating the upward current produced by rainfall. As shown in Figure
4.3, rainfall volume (mm) in each 0.2° x 0.2° grid was used to calculate electric
current using the equation introduced by (Soula and Chauzy, 1997). An electric

current produced by rainfall was calculated by:

i=1800 /=900
Ip="Y, Y PAiVrain, (4.6)
=0 j=0

where Vggin is the rainfall (mm), and p is a specific charge density. The spe-
cific charges density for precipitation over continental and oceanic cell are 0.42
nA/m?mm? and 1.21 nA/m?mm? Mach et al. (2009). The parameter A in the

equation is an area of a 0.2° x 0.2° cell. Note that, rainfall contributed from
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clouds which cloud top temperature grater than the freezing level (273 K) was
excluded for calculating the electric current generated by rainfall because these
clouds do not produce electric charges due to its absence of ice particles (Liu et al.,

2008).

4.3  Calculation of the fair weather resistance

On of the crucial parameter for calculating the contribution of lightning and rain-
fall to the global electric circuit is the fair-weather resistance. Using the rainfall
data provided by the GPM and lightning data provided by the WWLLN, a cell
where has a lightning event or/and rainfall was identified to be a generator cell.
Then, the accompanying resistance of the three resistors, as shown in Figure 4.4,

was calculated using standard electrostatic theory as

1 [ dh
Ry = A_T /il —G((h)) ; 1=20,,80 and hi —h;_1 = lkm (4.7)
1 /i dh
Ry = AT_ /i_l —G((h>) = 57,20 and hi _hi—l = lkm (48)
1 /i dh
RB — AT [_1 _G((h)) ; 1= 0”5 and hi_hifl = lkm (49)

where Ry is the resistance between cloud-top and the ionosphere (20km —
80km), Ry is the resistance of the thunderstorm, and Rp is the resistance between
the cloud-based and the ground, respectively. The ¢ (h) is an electric conductivity

of the air as shown in Figure 1.6 and A7 is the area of the generator cell.

o7



Ionosphere 80 km

Cloud-top (20 km)

R /—Cloud—base (5 km)

—Ground (0 km)
R

B 0L2*
0.2

Figure 4.4: Schematic diagram of the three resistors in the generator cell. The
accompanying resistance are R4, R7, and Rp represent the resistance between
cloud-top and the ionosphere, the resistance of the thunderstorm, and the resis-

tance between the cloud-based and the ground, respectively.

As a next step, a cell where does not has lightning events and rainfall was
identified to be a fair-weather cell, and these fair weather cells were combined
with the average column resistance map (Figure 4.5) and the effect of galactic

cosmic rays (Velinov et al., 2013) for calculating the global fair weather resistance

(Rrw). by:

1

= i=1800 y-/=900
Yico Yj—o YAijRij

Rrw (4.10)

where A; ; is an area of a 0.2° x 0.2° cell and R; ; is an average column resistance
of cell i,j as shown in Figure 4.5. The parameter ¥ is a fraction from the yearly

mean value of the galactic cosmic rays.
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Figure 4.5: Average column resistance map that was used for calculating the

fair-weather resistance (Baumgaertner et al., 2013).

The capacitance in the global electric circuit was also calculated using standard

electrostatic theory (Rycroft et al., 2007) as

£
Cr 0Ar .

=——-i=0,...,80,h — hj_ = 1k 4.11
i hi_hi—l’l 5 eeey OUL T i—1 m ( )

where &) is the dielectric permeability of free space, hg = 0 km is the mean
ground level, and hgy = 80 km is the height of the ionosphere.

In a final step, the tree inputs parameters that are the upward electric current
produced by lightning discharges (1), the upward electric current produced by
rainfall (Ip), and the fair weather resistance (Rpw) were used in our 3-dimensional
model (Figure 4.6), which was newly developed. In Figure 4.6, a cell where has
lightning and/or precipitation was identified as a generator cell, and it was used
for calculating the upward current to the ionosphere. While a cell where does not
has lightning and precipitation was identified as a fair-weather cell, and it was

used for calculating the fair-weather resistance. Then the output parameter,i.e.,
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the fair weather electric field was estimated. As a final step, the estimated fair
weather electric field was compared with the observation fair weather electric field
at Syowa station, Antarctica, Reading station, United Kingdom, and Kakioka,

Japan.

Tonosphere

80 km

<—Scale height 1 km

Ground

179.6°E 179.8°E 180.0°E
( Longitude)

Syowa station

Figure 4.6: The 3-dimensional model that was used to estimated the fair-weather

field.
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Chapter 5

Contribution of lightning and rainfall to

the global electric circuit

5.1 Calculation of the fair weather electric field on May 17,

2013

This section presents the contribution of lightning and rainfall to the global electric
circuit. The result on May 17, 2013, was selected as a case study because the
weather condition at both Syowa station, Antarctica, and Kakioka station, Japan,
are the fair weather, i.e., no cloud, no rainfall, and the wind speed less than 6m/s.

Figure 5.1(a) presents the total lightning discharges over the globe on March
16, 2014. The blue, red, green, red, yellow, and pink lines represent the occurrence
of lightning numbers over Southeast Asia, Africa, South America, North America,
and the other areas, respectively, while the black line represents total lightning
discharges. It was found that the average of lightning discharges on May 17, 2013,
is 49 events per second, and the IC:+CG:-CG ration is 38:0.7:10.
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Figure 5.1: ( a) Occurrence number of lightning around the world on March 16,
2014. (b) Electric current generated by +I1C(blue), -IC(purple), +CG(red), and

-CG(green) lightning.
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The electric current produced by lightning discharges was also calculated and
it is shown in Figure 5.1(b). The blue, pink, red, and green lines represent the
electric current generated by +IC, -IC, +CG, and -CG discharges respectively.
The total upward electric current to the ionosphere is represented by the black
line in Figure 5.1(b). The calculation revealed that the average lightning current in
the global electric circuit on May 17, 2013, was 40.7 A with the standard deviation
5.99 A.

Figure 5.2 shows the diurnal variation of the rainfall over continental(red line),
oceanic areas(blue line), and the global rainfall (black line). It was found that
25.3% of the global rainfall was rainfall over continental areas and the remaining
(74.7%) was the rainfall over the oceanic areas. The possible explanation for this
result is that the oceanic areas are larger than continental areas, especially over the
tropical area (20°S — 20°N) where is the main source of rainfall. Therefore, rainfall
over oceanic areas was higher than that of continental areas. An upward electric
current generated by global rainfall on May 17, 2013, was also calculated and it is
shown in Figure 5.2(b). The electric current in Figure 5.2(b) was calculated from
the global rainfall in 5.2(a). It was found that the average upward electric current
to the ionosphere generated by global rainfall was 744.2 A. As shown in 5.2(b), it
was clear that almost upward electric current was generated by the rainfall over
the oceanic area (74.7%).

Figure 5.3 shows the fair weather resistance that was calculated from the rain-
fall data provided by the GPM, the lightning data provided by the WWLLN, and
the average column resistance map (Figure 4.5). The average of fair weather resis-
tance on May 17, 2013, is 228.3 Ohm, and this number has a good agreement with
the fear weather resistance 220-240 Q that introduced by Rycroft et al. (2007);
Rycroft and Odzimek (2010); Baumgaertner et al. (2013).
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Figure 5.2: (a) Rainfall over continental, oceanic, and global which calculated
from the GPM on May 17, 2013 (b) Electric current from rainfall which calculated
from the precipitation data in Figure 5.2(a).
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Using input parameters in Figure 5.1, 5.2, and 5.3, the fair weather electric
field (Ezg) near the ground on May 17, 2013, was also calculated. Then it was
compared with the observation fair weather electric fields (Ezp) at Syowa station,
Antarctica (Figure 5.4(a)), and Kakioka, Japan (Figure 5.4 (b)). In the Figure
5.4(a), the red, blue, and green line shows Ezp measured by the filed-mill sensors
number 1, 2, and 3 respectively. Each dot in Figure 5.4 presents the average of

Ezp every 5 minutes.
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Figure 5.3: Fair weather resistance on May 17, 2013, calculated from the average

column resistance.

The estimated Ezg has a good agreement with the observed Ezo at both Syowa
station and Kakioka station. The correlation coefficient between Ezg and Ezo at

Syowa station and Reading station are 0.322 and 0.326.
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Figure 5.4: (a)Comparison between the estimated fair-weather electric field and
the observed fair-weather electric field at the Syowa station on May 17, 2013. (b)

similar to (a) but for at the Kakioka station.
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The fair weather current density was also calculated. It is found that an average
current density was 1.7 pA/m?, and it smaller than an average fair weather current
density 2-3 pA/m? introduced by Wilson (1921). It can be concluded that the
contribution of the lightning discharges to the global electric circuit on May 17,
2015, is 40.7 A (5.2%) while the contribution of the rainfall in the global electric
circuit is 744.2 A (94.8%).

5.2 Calculation of the fair weather electric field on March

16, 2014

This section presents another case study on the contribution of lightning and
rainfall to the global electric circuit on March 16, 2014. The result on this day
was selected as a case study because the weather condition at both Syowa station,
Antarctica, and Reading station, UK, are the fair weather, i.e., no cloud, no
rainfall, and the wind speed less than 6m/s.

Figure 5.5(a) presents the total lightning discharges over the globe on March
16, 2014. The blue, red, green, yellow, and pink lines represent the occurrence of
lightning numbers over Southeast Asia, Africa, South America, North America,
and Oceanic areas, respectively, while the black line represents total lightning
discharges. It was found that the average of lightning discharges on March 16,
2014, is 57 events per second, and the IC:4+CG:-CG ration is 43:0.9:13.
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The electric current produced by lightning discharges was also calculated and it
is shown in Figure 5.5(b). The blue, pink, red, and green lines represent the electric
current generated by +1C, -IC, +CG, and -CG discharges respectively. The total
upward electric current to the ionosphere is represented by the black line in Figure
5.5(b). The calculation revealed that the average lightning current in the global
electric circuit on March 16, 2014, was 79.1 A with the standard deviation 23.6 A.
The correlation between lighting current and UT time is interesting because the
maximum phase of the lightning current is between 1200 — 1800 UTC when the
thunderstorms over Southeast Asia and Africa actives as shown in Figure 5.5(a).

Figure 5.6 shows the diurnal variation of the rainfall over continental(red line),
oceanic areas(blue line), and the global rainfall (black line). It was found that
18.8% of the global rainfall was the rainfall over continental areas and the re-
maining (81.2%) was the rainfall over the oceanic areas. The possible explanation
for this result is that the oceanic areas are larger than continental areas, especially
over the tropical area (20°S — 20°N) where is the main source of rainfall. There-
fore, the rainfall over oceanic areas was higher than that of continental areas. The
upward electric current from rainfall was also calculated and it was shown in Fig-
ure 5.6(b). The electric current was calculated from the rainfall in 5.6(a). It was
found that the average rainfall current was 1118.2 A. As shown in 5.6(b), it was
clear that almost rainfall current was generated by the rainfall over the oceanic
area (90.9%). The minimum and maximum electric current produced by rainfall
were around 0800 UTC and 1900 UTC, respectively. The maximum rainfall cur-
rent around 1900 UTC was enhanced by the thunderstorms and electrified rain
over South America which actives between 1800 UTC - 2200 UTC (Liu et al.,
2010).
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Figure 5.7 shows the fair weather resistance that was calculated from the rain-
fall data provided by the GPM, the lightning data provided by the WWLLN,
and the average column resistance map (Figure 4.5). The average of fair weather
resistance on March 16, 2014, is 238.4 Q, and this number matches with the fear
weather resistance 220-240 Q that introduced by Rycroft et al. (2007); Rycroft
and Odzimek (2010); Baumgaertner et al. (2013).
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Figure 5.7: (a) Fair weather resistance on March 16, 2014, calculated from the

average column resistance.

Using input parameters in Figure 5.5, 5.6, and 5.7, the fair weather electric
field (Ezg) near the ground on March 16, 2014, was also calculated. Then it was
compared with the observation fair weather electric fields (Ezp) at Syowa station,
Antarctica (Figure 5.8(a)), and Reading station, United Kingdom (Figure 5.8 (b)).
In the Figure 5.8(a), the red, blue, and green line shows Ezp measured by the filed-
mill sensors number 1, 2, and 3 respectively. Each dot in Figure 5.8 presents the
average of Ezp every 5 minutes.

The estimated Ezg has a good agreement with the observed Ezp at both Syowa
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station and Reading station. The correlation coefficient between Ezg and Ezo at
Syowa station and Reading station are 0.373 and 0.455. However, it was found
that many spikes were appeared on the observed fair weather electric field at
Syowa station. These spikes are originated from the high speed wind at the Syowa
station (Minamoto and Kadokura, 2011). When the wind speed is high (> 6 m/s),
the particles of snow are raised by the wind and charged by frictional electricity.
Then, these charged snow particles disturb the atmospheric electric field. The fair
weather current density was also calculated. It is found that an average current
density was 2.5 pA/ m?, and it has a well agreement with the current density 2-3
pA/m? introduced by Wilson (1921). It can be concluded that the contribution of
the lightning discharges to the global electric circuit on March 16, 2014, is 79.1 A
(6.6%) while the contribution of the rainfall in the global electric circuit is 1118.2
A (9.34%). This upward electric current maintain the potential 285.4 kV between

the Earth’s surface and the ionosphere.
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Figure 5.8: Comparison between the estimated fair-weather electric field and the

observed fair-weather electric field at the Syowa station on March 16, 2014.
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5.3 Contribution of lightning to the global electric circuit

In order to evaluate the upward current to the ionosphere by lightning discharges,
the CG lightning data provided by WWLLN and the Z-ratio map were combined
to estimate the occurrence number of both IC and CG flashes. Then the total
lightning current from lightning around the world was estimated from the average
peak current and the average of the decay time of lightning discharges. Figure
5.9(a) and (b) show the average diurnal variation of lightning flashes and the
upward current from lightning discharges from 26 fair weather days as shown in
Table 5.1.

The average lightning flashes was 54 +6 per second, whereas, from the space-
based Optical Transient Detector (OTD) instrument, Christian et al. (2003) es-
timate that the average of lightning flash rate was 44 +5 per second. The ratio
between IC discharges, +CG discharges, and -CG discharges was also calculated,
and it was found that the ratio between IC:4CG:-CG discharges is 42:0.81:12,
while, Rakov et al. (2004) introduce that the approximately 10 -CG discharges
per second, 0.7 +CG discharges per second, and the remaining 33 discharges per
second are 1C discharge. Although the occurrence number of +CG and -CG light-
ning in this study has a good agreement with those mentioned in the previous
studies, the occurrence number of IC lightning in this study seems to be higher
compared with the previous studies. A reasonable explanation for this might be
the difficulty in detecting IC discharges, which is hard to detect especially for the

weak IC discharges, in the previous mission.
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Table 5.1: Selected date for estimating the fair weather electric field.

Syowa station Kakioka station Reading station

1. May 5, 2013 1. January 1, 2013 1. March 16, 2014

2. March 16, 2014 2. May 17, 2013 2. September 3, 2014
3. May 29, 2014 3. April 1, 2014 3. December 28, 2014
4. June 4, 2014 4. June 1, 2014 4. February 8, 2015
5. July 14, 2014 5. October 28, 20 5. March 7, 2015

6. July 29, 2014 6. December 13, 2014 6. April 7, 2015

7. September 15, 2014 7. April 9, 2015

8. October 10, 2014 8. April 14, 2015

9. November 29, 2014 9. April 18, 2015

10. January 6, 2015 10. July 9, 2015

The upward current to the ionosphere from lightning discharges was also cal-
culated, and it is shown in Figure5.9(b). This current was calculated from the
occurrence number of lightning discharges in Figure5.9(a). As shown in the fig-
ure, the correlation between the total lighting current (black line) and UTC is
interesting because the maximum phase of the lightning current is 1800 UTC
when the thunderstorms over Africa actives (Roy and Balling, 2013). The average
lightning current and standard deviation (STD) were 73.1 A and 17.2 A, respec-

tively. This number has a good agreement with 50-400 A previously estimated by

Mareev et al. (2008).
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Figure 5.9: (a) Lightning flashes as a function of UTC. (b) The estimated light-

ning current as a function of UTC. The +10 values are indicated in Gray area.
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Although the correlation between lightning current and the Carnegie curve is
in good agreement, the amplitude of total lightning flashes from the median is
7.92%. This number is smaller than that of the Carnegie curve (19.7%). This
evidence illustrates that lightning (~ 70A) is not the main generator in the global

electric circuit.

5.4  Contribution of rainfall to the global electric circuit

Figure 5.10(a) shows the diurnal variation of rainfall in universal time. Although
most electrified rain/shower clouds occurred over ocean (81.2%), rainfall over land
(18.8%) shows more diurnal variation than the rainfall over the ocean. As shown
in Figure5.10(b), the difference between minimum and maximum of the rainfall
over ocean and land are 12.2% and 32.4%, respectively.

The upward electric current generated by the rainfall was also calculated, and
it is shown in Figure 5.10(c). This upward current was calculated from the rainfall
in Figure 5.10(a). The average upward current to the ionosphere by land (red)
and ocean (blue) rainfall is 105.1 A and 983.6 A, respectively. Therefore, the
upward current was totally 1088.7 A. The correlation between the upward current
from rainfall and UTC is very interesting finding. As shown in Figure 5.10(c),
the maximum phase of the current is 2000 UTC when the thunderstorms and
electrified rain/shower over South America actives. This finding confirms that the
main current source in the global electric circuit is the rainfall which contributes

around 1080 A (94.4%) to the ionosphere.
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Figure 5.10: (a) The average of global rainfall over continental and oceanic areas.
(b) The comparison between the Carnegie curve (gray curve) and the diurnal
variations of total rainfall (black solid) over land (dashed) and over ocean (dotted).

(c¢) Upward electric currents generated by global rainfall calculated from Figure

5.10(a).
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5.5 Fair-weather resistance

The correlation between the fair weather resistance (Rpw) and universal time is
presented in Figure 5.11 (black line), and the standard deviation is also shown in
the figure (gray area). The result reveal that the diurnal variation of the global
resistance links with the precipitation and lightning activities. As shown in Figure
5.11, the maximum Rpwy is 1900 UTC when the lightning and precipitation reach
the maximum phase. Meanwhile the minimum Rgy is 0500 UTC when the global
lightning and precipitation current is in the minimum phase. The reasonable
explanation of the links between the fair weather resistance and the rainfall is an
area of the Farth’s surface that is covered by thunderclouds. Between 2000 - 2200
UTC, when the rainfall reaches the maximum phase, the Earth’s surface is more
covered by thunderclouds than those of between 0300 - 0600 UTC. Therefore, the
increase of the thunderclouds area decreases the fair weather areas and increases

the fair weather resistance between 2000 - 2200 UTC.
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Figure 5.11: Diurnal variations of total global resistance. The black line shows

the mean value, and the gray area presents the +10.
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The average of the global resistance is 230.7Q with the standard deviation of
0.75. The fear weather resistance in this study well agrees to the value of those
(220 —250Q2) which estimated by Rycroft and Odzimek (2010) and Baumgaertner
et al. (2013).

5.6  Simulation of a fair-weather electric field

The further analysis was made in order to find the correlation between the esti-
mated fair weather field (Ezg) and the observed fair weather field (Ezp) at the
Syowa station. To do this, the three input parameters i.e., lightning current, rain-
fall current, and fair weather resistance, were used as inputs parameters in the
developed 3-dimensional global electric circuit model (Figure 4.6). Figure 5.12(a)
— 5.12(f) show the comparison between Ezg and Ezp. The blue, red, and, green
line represent the Ezp obtained from sensors numbers 1, 2, and 3, respectively.
The black dot shows the Ezg of every five minutes from 0000UTC to 2359 UTC.
The correlate coefficient between Ezg and Ezp was also provided in the Figure.
As shown in Figure 5.12, the Ezg estimated from the developed 3D-model is in
good agreement with the Ezp. Although the correlation coefficient between Ezg
and Ezp was high (the average correlation coefficient for all cases was 0.424), we
found many spikes that the developed 3-dimensional global electric circuit cloud
not be explained. A satisfactory explanation for this limitation may be that the
strong wind at the measurement filed affects the Ezp as introducing by Minamoto

and Kadokura (2011).
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Figure 5.12: Comparison between the estimated fair-weather electric filed (black
dot) and observed fair-weather electric filed (red, green, and blue) at the Syowa
Station. The red, blue, and green lines in the Figure represents the observed

fair-weather electric fields obtain from Sensor 1, 2, and 3 respectively.
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Figure 5.13: Average of the estimated fair weather electric field at Syowa station.

The average Ezg in this Figure calculated using the data as shown in Figure 5.12.
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Although the percentage of variation from the mean of Ezg (black line in Figure
5.13(b)) well agree with the Carnegie curve (Black dotted line in Figure 5.13(b)),
As shown in Figure 5.13(a), the absolute magnitude of Ezg was smaller around 2
times of the global (yearly) average of fair-weather electric fields (120V /m) Har-
rison (2012). However, this is not particularity surprising given a fact that the
column resistance at the Syowa station might be smaller than other areas due to
the effect of the galactic cosmic rays. Near the geomagnetic north and south pole,
the galactic cosmic rays easily penetrate to the Earth’s atmosphere. The increas-
ing of GCR ionization at high geomagnetic latitudes more reduces the column
resistance than other areas. Consequently, due to Ohm’s law, the decreasing of
the column resistance would also link to decrease in the fair-weather electric filed
if a constant current source is assumed.

Figure 5.14 presents the comparison between the estimated Ezg and the ob-
served Egg at Reading station, located in United Kingdom. It was found that the
estimated Ezg has a good agreement with the Ezo the high correlation coefficient
(the average correlation coefficient for all cases was 0.497). The average of Ezg
was also calculated, and it is shown in Figure 5.14. We found that the average of
the fair-weather electric field is 124.4 V/m. This number has a good agreement
with the 120 V/m introduced by Wilson (1921); Harrison (2005); Rycroft and
Odzimek (2010); Harrison (2012).
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Figure 5.14: Comparison between the estimated fair-weather electric filed (black

dot) and observed fair-weather electric filed (blue line) at the Reading Station,

located in the United Kingdom.
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Figure 5.15: Average of the estimated fair weather electric field at Reading sta-
tion. The average Ezg in this Figure calculated using the data as shown in Figure

5.14.
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The fair weather electric field at Kakioka station, Japan, was also calculated
and it is shown in Figure 5.16. The black dotted in Figure 5.16 shows the average
fair weather electric field every five minutes while blue line presents the observed
fair weather electric field. The result reveal that the estimated fair weather electric
field has a good agreement with the observed fair weather electric field. The
average correlation coefficient for all cases was 0.258.

The average of estimated fair-weather electric field was also calculated, and
it is presented in Figure 5.17. The result reveal that the average of the fair-
weather electric field is 39.7 V/m with the standard deviation 5.57 V/m . Al-
though the absolute value of both estimated and observed fair-weather electric
field at Kakioka station smaller around 4 times of the fair-weather electric field in
the previous study Wilson (1921); Harrison (2005); Rycroft and Odzimek (2010);
Harrison (2012), the fraction from the mean of the estimated fair-weather electric
field at Kakioka station has a good agreement with the Carnegie curve as shown

in Figure 5.17

86



(a) 20130101

120 T T

F - Ey ]
100 |- Correlation coefficient =0.334

E(V/m)

1 L L L
8 10 12 14 16 18 20 22

L8]
=
-

UTC(Hour)
) 20130408
120 T T T
- . - nk.\K ] -
100 - Correlation coefficient = 0.330 l—nu mated

| | L
8 10 12 14 16 18 20 22
UTC(Hour)
20130517

(C ) 120 T T

100 = Correlation coefficient = 0.326

=
1
IS
ok

Il 1 1 Il 1 1 L
10 12 14 16 18 20 22
UTC(Hour)

L]
S
ok
o0

20140401

(d) 120 T T T
100 F correlation coefficient = 0.116 E

. .
10 12 14 16 18 20 22
UTC(Hour)

(e) 120 T T T

[
s
ok
o

100 Correlation coefficient = 0.256
_s0F E
E] ’
S Y
] . b\ 4 A .
40 AT AV Sy ¥ o iy
0L 3

s s s
10 12 14 16 18 20 22
UTC(Hour)

(=]
]
IS
oy
=<

Correlation coefficient =0.217

[ L L L L 1
0 2 4 6 8 0 12 14 16 18 20 22
UTC(Hour)

Figure 5.16: Comparison between the estimated fair weather electric filed (black
dot) and observed fair weather electric filed (blue line) at the Kakioka Station,

Japan.
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5.16.
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Chapter 6

Summary

The new method for identifying lightning discharges types was newly developed.
The new method used the ratio between blue and red emission provided by JEM-
GLIMS space-based mission. It is found that there is a difference in the PH and LSI
intensity ratios of IC, +CG, and -CG discahrges. This facts are strongly related
to the difference of the atmospheric transmission from the lightning discharges
channels to the ISS. However, this method may not be suitable for classifying
between -CG discharge and +CG discharge that arise from the lower positive
charge region. The discharge channel of this +CG discharge might located at
the same altitude of typical -CG discharges. Therefore, the +CG discharge that
initiates from the lower positive charge region might be identified as -CG discharge.
From these limitations, it would be essential to utilize not only satellite data but
also the ground-based lightning data.

Using the new method described above, the occurrence ratio of IC discharges
to CG discharges (Z-ratio) was estimated using the lightning optical data obtained
by the JEM-GLIMS mission in the period from November 2012 to August 2015.
The results derived from our analysis show that the Z-ratio in the continental
thunderclouds is higher than that of the oceanic thunderclouds, especially in the
area where the lightning activities are high, i.e., central Africa, south-east Asia,

and central America. It is also found that the Z-ratio in the local summer is
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higher than that in the local winter in both the northern hemisphere and southern
hemisphere. The latitudinal dependence of the Z-ratio is clearly found, which is
comparable to the previous studies (Pierce, 1970; Prentice and MacKerras, 1977;
Mackerras and Darveniza, 1994; Mackerras et al., 1998). The estimated Z-ratio
varies from 2.9 - 0.19 from the tropics (20°S - 20°N) to the mid-latitude (20°S
- 40°S and 20°N - 40°N) with the global mean of 1.6. The decrease of the Z-
ratio from the tropics to the mid-latitude is confirmed both in the northern and
southern hemispheres.

Lightning and rainfall play an important part role in the global electric circuit
as a current generator. Therefore, in this paper, we assessed the contribution of
lightning and rainfall to the global electric circuit using lightning data provided
by WWLLN and rainfall data provided by GPM. The major evidence from this
study suggests that global rainfall might be an important current source in the
global electric circuit. We found that the ratio between the upward current to the
ionosphere generate by rainfall and lightning is 16:1. However, the current study
was limited by the limitation of warm rain data from TRMM that provided warm
rain between 35° S - 35° N. We assumed that precipitation between 90° S - 35° S
and 35° N - 90° N carries the electric charge to the ground. However, we believe
that our results may improve knowledge about the current source in the global
electric circuit. To further our research we plan to include the effect of thin clouds

in our model for the more accuracy of our estimation.

90



Appendix A

The absolute intensity of LSI image

The Lightning and Sprite Imager (LSI) cameras have been calibrated with a stan-
dard light source in the laboratory before JEM-GLIMS was launched. LSI-1 and
LSI-2 measure the intensity of a standard light source (raw count) that was in-
stalled in a spherical dome as shown in Figure A.1. Then, the raw count data

were used as the calibration data for calibrating the LSI cameras.

CMOS Lens system Filter
(LSI-1:765-830nm)
(LSI-2:765+10nm)

A standard tight source

Figure A.1: Schimetic diagram for calibrating the LSI-1 and LSI-2 cameras.

A first step, the specific intensity of a light source (Ig(A) : W /srm*nm), in each
wavelengths, were multiplied by the transmission coefficient of the filter (e) to

estimate the passed filter specific intensity(Ir(4) : W /srm*nm). Then, the passed
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filter specific intensity was integral to estimate the absolute intensity (I4) by:

I = /)L " ol5(2)da (A1)

Secondly, the correlation between the absolute intensity (I4) from a standard
light source and the relative intensity value (Ig) obtained by LSI-1 and LSI-2

camera was measured and they were presented in Table A.1.

Table A.1: Absolute intensity from a standard light source (Is) and the relative

intensity (Ig) obtained by LSI-1 and LSI-2 camera (Bandholnopparat et al., 2019).

LSI-1 LSI-2

Is Ir Is Ig

(W /srm*nm) Counts (W /srm*nm) Counts

50x 107 568 50x 107 799
2.0x 1074 245 2.0x107% 321
1.0x 107 129 1.0x 107 170
50x107 75 50x107 95
20x107 41 2.0x 107 51
1.0x 107 29 1.0x 107 31
2.0x107° 26 2.0x107° 18

Thirdly, the variation of the absolute intensity(Iy) is plotted toward the relative
intensities (Ig), as shown in Figure A.2, in order to find an equation which presents

the relationship between the absolute intensity (I4) and the relative intensity (Ig).
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Figure A.2: The variation of the absolute and relative intensities for (a) LSI-1

and (b) LSI-2) Bandholnopparat et al. (2019).
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Two functions: (i) the linear function, f(x) =Ax+ B and (ii) polynomial func-
tion, f(x) = Ax2+ Bx+C were used. The parameters A, B, and C are the parameter
to be fitted. It was found that the coefficient of determination (R;) is 0.99832 (lin-
ear) and 0.99897 (polynomial) for LSI-1 and 0.99984 (linear) and 0.99994 (poly-
nomial) for LSI-2, respectively. Consequently, the polynomial function was used
for transforming the relative intensity into the absolute intensity for LSI-1 and

LSI-2 cameras.

Ly, =2.5937 x 1073, +5.7251 x 10157 (A.2)

Ly, , = 1.0783 x 102 I7g;_» +1.1097 x 10 I » (A.3)
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Appendix B

Lightning Detection Efficiency of
JEM-GLIMS

As we mentioned in Chapter 2, the JEM-GLIMS optical instruments were de-
signed to detect optical emissions of lightning discharges and lightning-associated
TLEs. The event triggering threshold of these instruments was set to be high
due to the limitation of the telemetry speed between the ISS and the ground, and
the average detection number was ~10 events/day. Therefore, JEM-GLIMS opti-
cal instruments detected only intense lightning emissions and missed many weak
lightning emissions, that tend to have smaller optical energy. Figure B.1 shows
the optical energy distribution of JEM-GLIMS lightning events measured in the
period from November 2012 to August 2015. Each data point shows the opti-
cal energy in the wavelength range of 400 - 1000 nm which was calculated from
PH4(599-900 nm) lightning curve data. The optical energy in the wavelength
range of 599 - 900 nm is 29.2% of the optical energy radiated by lightning dis-
charges in the wavelength range of 400 - 1000 nm (Orville and Henderson, 1984).
Therefore, we also included this percentage in the calculation of the optical energy
in the wavelength range of 400 - 1000 nm for all JEM-GLIMS lightning flashes.
It is found that these events have the optical energy larger than 2.1 x 10% J. This

means that the JEM-GLIMS optical instruments missed lightning flashes having
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the optical energy less than 2.1 x 10°.

1000 o
HMIC A+CG @-CG |

Optical energy (x10'7)

Event number

Figure B.1: Optical energy distribution of lightning events detected by JEM-

GLIMS optical instruments in the wavelength range of 400 - 1000 nm.

In order to estimate the JEM-GLIMS detection efficiency of lightning emis-
sions, i.e., the ratio between detected lightning events and total lightning events,
we first performed further analysis to classify the relation between the optical
energy of lightning discharges and the detection number of lightning discharges.
Figure B.2 shows the relation between the detection number of lightning discharges
by the JEM-GLIMS optical instruments and optical energy. For this plot, the op-
tical energy of each data point was estimated every 0.001 MJ step. Then, we use
the linear regression to find the correlation between the occurrence number and
the optical energy in the optical energy range from 0.08 x 10® J to 102.0 x 10°
J, as shown by the solid and dashed lines in Figure B.2. The reason why we
used this optical energy range is that the average optical energy of IC, +CG, and
-CG discharges are 1.5 x 10% J, 9.7 x 10° J, and 3.5 x 10° J, respectively, and that
these numbers well agree with the optical energies reported by the earlier stud-

ies (Orville, 1980; Orville and Henderson, 1984; Quick and Krider, 2013). It was
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found that the correlation between the occurrence number of IC, +CG, and -CG
discharges, and the occurrence number of lightning discharges can be empirically

estimated by the following linear regression functions,

Nic(E) = —336.1{n(E) + 1352 (B.1)
NicG(E) = —12.21In(E) +69.53 (B.2)
N_cG(E) = —89.15In(E) +417.4 (B.3)

where Njc(E), Nicg(E), and N_cg(E) are the occurrence number of 1C, +CG,
and -CG discharges having the optical energy of E, respectively. Then, the total
occurrence number of 1C, +CG, -CG discharges, i.e., (Njc, Nicg, N—cg), can be
estimated by integrating the equations B.1, B.2, and B.3 in the energy range from
0.08 x 10 J to 102.0 x 10% J. Finally, the detection efficiency (DE) is estimated
by

Nicg
DEjc = 100 x —Glins (B.4)
Nic

NicG,.
DE. cG = 100 x —CGtins (B.5)
Nice

where Nici,.. s N+CGgins» @04 N_cG,,, are the number of IC, +CG, and -CG
discharges detected by JEM-GLIMS optical instruments. Using this method, the
JEM-GLIMS detection efficiency of IC, +CG, and -CG discharges are estimated
to be 11.2%, 28.3%, and 19.7%, respectively.
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Figure B.2: Optical energy distribution of lightning events detected by JEM-

GLIMS optical instruments in the wavelength range of 400 - 1000 nm.
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ARTICLE INFO ABSTRACT

We developed a new method to distinguish the lightning discharge type using lightning data obtained by JEM-
GLIMS spaced-based mission and ground-based lightning network that are JLDN, NLDN, WWLLN, and GEON. As
a first step, we selected 1057 lightning events detected by the JEM-GLIMS cameras (LSI) and spectrophotometers
(PH) in 2014. Then, we compared the JEM-GLIMS optical data to the ground-based lightning data in order to
check the simultaneous detection of JEM-GLIMS lightning events by the ground-based lightning networks, and
finally we identified the discharge type of the JEM-GLIMS lightning events. We succeed in identifying 941
simultaneous lightning events and found that 582, 93, and 266 lightning events were IC, +CG, and -CG dis-
charges, respectively. As a next step, we calculated intensity ratios between blue and red PH channels, ie.,
337nm/762 nm, 316nm/762 nm, 392nm/762 nm, 337nm/(599-900 nm), 316nm/(599-900 nm), and 392nm/
(599-900 nm) for the 941 lightning events in order to specify the optical characteristics of IC, +CG, and -CG
discharges. It is found that the PH intensity ratio of +CG discharges is the highest and that the PH intensity ratio
of IC and -CG discharges is smaller than that of +CG discharge. We also found that the characteristics of the LSI
intensity ratio are almost comparable to those of the PH intensity ratio. As the differences of the 337nm/762 nm,
337nm/(599-900 nm), and 392nm/(599-900 nm) ratio of IC, +CG, and -CG discharges are relatively large,
these three ratios are a useful proxy for classifying the discharge types for additional 7349 lightning events
detected by JEM-GLIMS in order to estimate the global ratio between IC and CG discharges (Z ratio).

Keywords:

Intracloud lightning
Cloud-to-ground lightning
JEM-GLIMS

Nadir observation

1. Introduction

The detection and identification of intracloud (IC) discharges and
cloud-to-ground (CG) discharges is essentially important to estimate the
Z ratio (IC/CG). This ratio is an important parameter in order to study
(1) the occurrence ratio of IC discharges to the total lightning flash and
its regional and latitudinal dependences, (2) climatological differences
of thundercloud development, (3) regional and global production of
NOx by lightning discharges, and (4) the quantitative contribution of
lightning discharges to the global electric circuit (Mackerras and
Darveniza, 1994; Mackerras et al., 1998; Buechler et al., 2000;
Boccippio et al., 2001; Schumann and Huntrieser, 2007; Rycroft and
Odzimek, 2010). However, most of previous ground-based observations
focused on the detection of only CG discharges, which is comparatively
easier than the detection of IC discharges over the globe by the ground-
based electromagnetic wave observations (Orville et al, 2002;

Greenberg and Price, 2004; Schulz et al., 2005; Sato et al., 2008;
Yamashita et al., 2011).

In order to detect IC discharges and to identify discharge type, some
ground-based and space-based observations were performed so far. The
Australia Bureau of Methodology estimated the altitude range of the
lightning channels in Brisbane, Australia. They found that the altitude
range of the lightning channel of CG discharges and IC discharges lays
between 0-4 km and 4-12 km, respectively (Mackerras, 1968; Ely et al.,
2008; Fuchs and Rutledge, 2018; Mecikalski and Carey, 2018). Al-
though the difference of the electromagnetic waveform radiated by
lightning discharges enable us to distinguish between IC and CG dis-
charges (Kitagawa and Brook, 1960; Mackerras, 1968; Smith et al.,
2004), the detection of those electromagnetic waves would be limited
only to a specific observational region since the electromagnetic waves
radiated by IC discharges can not travel longer horizontal distances.
The IC discharge channel tends to flow horizontally and has a
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horizontal current moment (Mackerass, 1968; Coleman et al., 2003;
Tan et al., 2006). This current processes a weak horizontal electro-
magnetic waves and challenging to detect by the ground-based ob-
servation. Moreover, the ambiguity in identifying IC and CG discharges
based on the VLF/LF signals occurs in the cases where the return stroke
has high peak currents because the IC discharges with high-peak cur-
rents may be identified as CG discharges, while the CG discharges with
low-peak currents can be identified as IC discharges (Davis et al., 2002;
Orville et al., 2002).

Goodman et al. (1988) compared the characteristics of the optical
signals emitted by IC and CG discharges from the cloud top and mea-
sured by the optical pulse sensor (OPS) on board the NASA U2 aircraft.
This observational results provided an important fact that it is very
difficult to classify the discharge type using only the OPS optical data.
The spaceborne optical instruments such as Optical Transient Detector
(OTD) and Lightning Imaging Sensor (LIS) can measure both IC and CG
discharges over a much wider area than the OPS measurements
(Williams et al., 2000; Christian et al., 2003; Koshak, 2010). Never-
theless, it is difficult to classify the discharge type only from the OTD
and LIS optical data. In order to classify the discharge type of lightning,
it is essential to use not only space-based optical data but also ground-
based lightning data. This analysis technique was adopted in the studies
by Boccippio et al. (2001) for the continental US, Soriano and de Pablo
(2007) for European regions, and de Souza et al. (2009) for Brazil.
However, this kind of analysis is applicable for the region where the
ground-based lighting data are available. Thus, the classification of the
lightning discharge type is still possible only in the specific target areas.

In contrast, if multispectral optical measurements of lightning
emissions are performed from space, there is high possibility that the
lightning discharge type can be easily distinguished (Adachi et al.,
2016). When lightning emissions propagate from thunderclouds to
space, they are scattered inside the thunderclouds and are absorbed and
attenuated by the Earth's atmosphere. The optical emissions in the
shorter wavelength, such as ultra violet (UV) (300-400 nm), violet
(380-450 nm), and blue (450-495nm), are more absorbed and atte-
nuated than those in longer wavelength (Quick and Krider, 2013). This
difference of the atmospheric transmission would be a key parameter
for classifying the lightning discharge type since the IC and CG dis-
charges tend to occur at higher and lower altitudes, respectively.

In this paper, we introduce the newly developed method for clas-
sifying lightning discharge type using multispectral optical data ob-
tained by the Global Lightning and Sprite Measurements on Japanese
Experiment Module (JEM-GLIMS) mission on board the International
Space Station (ISS) and the ground-based lighting data provided by the
Japanese Lightning Detection Network (JLDN), the National Lightning
Detection Network (NLDN), the World Wide Lightning Location
Network (WWLLN), and the Global ELF Observation Network (GEON)
(for a detailed review on the ground-based lighting detection networks,
see Matsui and Takano (2010); Olume (2002); Cummins and Murphy
(2009); Nag et al. (2011); Rodger et al. (2006); Hutchins et al. (2012);
Sato et al. (2003, 2008)). The optical intensity ratio of the blue and red
emission derived from the JEM-GLIMS spectrophotometers data shows
a clear difference between IC and CG discharges. It is also found the
same result in the optical intensity ratio between wideband
(A = 768-830nm) and narrowband (A = 760-775nm) camera data.
These results imply that the lightning discharge type can be determined
by the multispectral optical data obtained from space. In section 2,
JEM-GLIMS data, ground-based lightning data, and data analysis
technique are introduced. In section 3, the optical intensity ratio de-
rived from JEM-GLIMS spectrophotometers and cameras and the in-
terpretations of these results are presented. Finally, the conclusions of
this research are presented in section 4.

2. Data and methods

The JEM-GLIMS instruments are designed to measure lightning
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Fig. 1. Modeled atmospheric transmittance in the wavelength range of 200-
1000 nm calculated by the MODTRAN code. The blue, green and red lines show
the transmittance from a light source located at the 4, 8, and 12 km altitude to
the zenith direction, respectively.

discharges and lightning-associated transient luminous events (TLEs)
from the ISS in the nadir direction and comprise both optical instru-
ments and electromagnetic waves receivers (Sato et al., 2015). The
JEM-GLIMS optical instruments consist of the six-channel spectro-
photometers (PHs) and the Lightning and Sprite Imager (LSI) composed
of wideband and narrowband Complementary Metal Oxide Semi-
conductor (CMOS) cameras. The PHs measure the absolute optical in-
tensity of lightning emissions in the wavelength range of 150-280 nm
(PH1), 310-321nm (PH5), 332-342nm (PH2), 386-397 nm (PH6),
599-900 nm (PH4), 755-766 nm (PH3), respectively (Sato et al., 2011a,
2015, 2016; Adachi et al., 2016). The wideband CMOS camera (LSI-1)
acquires the optical images in the wavelength range of 768-830 nm,
while the narrowband CMOS camera (LSI-2) in the wavelength range of
760-775nm (Sato et al., 2011b, 2015, 2016). Fig. 1 shows the modeled
atmospheric transmittance in the wavelength range of 200-1000 nm
calculated by the Moderate Resolution Atmospheric Transmission
(MODTRAN) code (Berk et al., 2014, 2015). As the optical emission in
762 nm propagating from the troposphere to the ISS altitude is severely
absorbed by the atmospheric oxygen molecules, LSI-1 and LSI-2 mainly
observe the lightning emissions and TLE emissions, respectively (Blanc
et al., 2004, 2007; Sato et al., 2015, 2016). JEM-GLIMS conducted the
lightning and TLE optical observations in the local time (LT) range of
19:00-05:00 LT (Sato et al., 2015). More detailed information on the
specifications and the operation of the JEM-GLIMS instruments can be
found in the papers of Sato et al. (2015, 2016), and Adachi et al. (2016).

In this study, we selected 1057 lightning events detected by JEM-
GLIMS in 2014, that are not accompanied by TLEs, in order to estimate
the PH intensity ratio and LSI intensity ratio of IC, +CG, and -CG
discharges. These lightning events were mainly detected in the latitu-
dinal range from 51°S to 51°N over both oceanic and continental re-
gions as shown in Fig. 2. Note that, the gray hatched area in this figure
corresponds to the region where JEM-GLIMS did not conduct the ob-
servations due to the limitation of the orbital inclination angle of the
ISS.

The flow chart showing how we classify the discharge type of the
JEM-GLIMS lightning events using the JLDN, NLDN, WWLLN, and
GEON is summarized in Fig. 3. As a first step, we compared the JEM-
GLIMS data to the ground-based lightning data detected by the JLDN,
NLDN, and WWLLN in order to identify the discharge types of the JEM-
GLIMS lightning events. We adopted two criteria to identify the coin-
cidence between the JEM-GLIMS lightning events and ground-based
lightning events: (i) the horizontal distance (D) between the JEM-
GLIMS nadir point and the ground-based lightning location, and (ii) the
time difference (4t) between the detection time of the JEM-GLIMS
lightning event (Tgjims) and the that of the ground-based lightning event
(Tground)- When we calculate At, the time lag of 1.5 ms representing the
delay from the light source to the cloud top due to the multi-path
scattering in thunderclouds (Koshak et al., 1994) and of 1.3 ms which is
the average travel time of light from cloud top to the ISS altitude are
subtracted from Tgjims. If D and At are found to be D < 90 km and At <
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Fig. 2. The distribution of the 1057 selected lightning events detected by JEM
them to the ground-based lightning data.

1.5 ms, respectively, the JEM-GLIMS lightning event is identified to be
the same lightning event detected by the ground-based lightning net-
works. The criterion 90 km is defined based on the half radius of the PH
field of view (FOV) and the location error of the ground-based lightning
network, ie, 500m for the NLDN (Nag et al., 2011), 10km for the
WWLLN (Hutchins et al., 2012), and > 500 m for the JLDN (Matsui and
Takano, 2010). The procedure for calculating the criterion D < 90 km is
given in Appendix A.

Secondly, the polarity of CG discharges, i.e., +CG or -CG was ob-
tained. Although the polarity of CG discharges is already provided by
the JLDN and the NLDN, it is not provided by the WWLLN. When the
parent lightning of the JEM-GLIMS events is found in the WWLLN data,
we further analyze the ELF magnetic field waveform data detected by
the GEON and estimated the polarity of CG discharges using the mag-
netic direction finding method, which is introduced in Sato et al.,
(2003). According to these procedures, the JEM-GLIMS lightning events
were classified into one of four categories: 1) “IC discharge”, 2) “+CG
discharge”, 3) “-CG discharge”, and 4) “ambiguous discharge events”.
Note that if the amplitude of the ELF signal is too weak (< 10 pT) to
estimate the polarity and the wave propagation path, the JEM-GLIMS
lightning events were classified into the “ambiguous discharge event”.
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-GLIMS in 2014 and used in this study to identify the discharge types by comparing

Finally, the PH intensity ratio (PH2/PH3, PH5/PH3, PH6/PH3,
PH2/PH4, PH5/PH4, and PH6/PH4) and the LSI intensity ratio (LSI-2/
LSI-1) were computed for each event.

3. Results and discussion
3.1. Classification of the discharge type

By comparing the JEM-GLIMS lightning data and the ground-based
lightning data, we succeeded in identifying the discharge type in 941 of
1057 events, which corresponds to 89.0% of the total events. It is found
that 582 (55.1%), 93 (8.80%), 266 (25.2%), and 116 (10.9%) of 1057
events were identified to be IC, +CG, -CG discharges, and ambiguous
discharge events, respectively.

Fig. 4(a), (b), and (c) show the global distribution of the identified
IC, +CG, and -CG discharges, respectively. It is found that the 78.9% of
the identified IC discharges occurred mainly between 20°S and 20°N.
The same characteristics can be seen in the global map of the identified
-CG discharges (Fig. 4(c)). It is found that 73.6% of those -CG dis-
charges were occurred in the latitudinal range 20°S to 20°N. In contrast,
the distribution of the identified + CG discharges shown in Fig. 4(b)

Criteria
1. ELF signal > 10 pT

2.D <90 km
3At<1.5ms

Other areas
(890 events)

JLDN, NLDN

(97 events)

NO

NO|

IC
(471 events)

GEON

Ambiguous
(116 events)

-CG
(46 events)

-CG
(188 events)

Fig. 3. Flow chart showing how the discharge type of the JEM-GLIMS lightning events are classified into IC, -CG and + CG using the ground-based lightning data

(JLDN, NLDN, WWLLN, and GEON).
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Fig. 4. (a) Global distribution of the identified 582 IC discharge events. (b), (c) Same as (a) except for the identified 93 +CG and 266 -CG discharge events,
respectively. These lightning events were detected by JEM-GLIMS optical instruments in 2014.

does not show the same characteristics as that of the IC and -CG dis-
charges. The number of identified + CG discharges in the tropics
(Niropics) (i.e., 20°S - 20°N) and in the mid latitude (Np;q) (i.e., 40°S -
20°S and 20°N - 40°N) is estimated to be (Niropics:Nmia) = (0.92:1.0).

3.2. PH intensity ratio

Fig. 5 shows an example of a JEM-GLIMS + CG discharge event.
This event was detected at 06:19:19.72434 UT on 25 September 2014,
when JEM-GLIMS was located at (108.301°W, 29.998°N) over Mexico.
Fig. 5(a) shows the light curve data obtained by PH with absolute in-
tensity values. In this plot, t = O ms is the time at 06:19:19.72434 UT.
Fig. 5(b) shows the logarithmic of PH intensity ratios of this lightning
event derived from the light curve data in Fig. 5(a). For the further
analysis, the logarithmic of PH intensity ratio at t = 0 ms was used.

Fig. 6(a), (b), and (c) are the histogram of the blue-to-red ratio of
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the PH intensities, i.e., PH2/PH3, PH5/PH3, and PH6/PH3 ratios for
the identified 582 IC, 93 + CG, and 266 -CG discharges, respectively.
Fig. 6(d), (e), and (f) are the same as Fig. 6(a)-(c) except for the PH2/
PH4, PH5/PH4, and PH6,/PH4 ratios, respectively. The median value of
the logarithmic PH intensity ratio is summarized in Table 1. As shown
in Fig. 6 and Table 1, it is found that the PH intensity ratio for the +CG
discharges is the highest in all cases. It is also clear that the PH intensity
ratios of the IC and -CG discharges are smaller than that of the +CG
discharges and that the ratio of -CG discharges is always the smallest.
These results would be explained by the difference of the light source
altitude of lightning discharges since the atmospheric transmittance in
the blue and red wavelengths are different as shown in Fig. 1. The
normal arc-type discharge channels of +CG discharges tend to occur at
higher altitude near the cloud top (Lu et al., 2012). Thus, the PH in-
tensity ratio becomes higher since both blue and red emissions can
propagate from the +CG discharges to the JEM-GLIMS optical
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Fig. 5. An example of (a) light curve data obtained by the six PH channels at 06:19:19.72434 UT on 25 September 2014. (b) Intensity ratios between blue and red PH

channels.

instruments with the relatively low attenuation rate. The high PH in-
tensity ratio value can be found in IC discharges as the discharge
channels generally located at the middle of the thunderclouds (Lopez
et al., 2016). In contrast, based on recent LMA/VHF studies (Sun et al.,
2016; Lyu et al., 2016) and high-speed imaging (Ballarotti et al., 2005;
Stolzenburg et al., 2013), the discharge channels of -CG discharges tend
to occur at lower altitude or near the cloud bottom. Consequently, the
PH intensity ratio of -CG discharges becomes lower than that of +CG
and IC discharges because the red emission of -CG discharges can
mainly arrive at the JEM-GLIMS optical instruments.

As shown in Fig. 6 and Table 1, the distribution of the PH intensity
ratios of the IC, +CG, and -CG discharges show a clear difference.
Especially, the difference of the PH2/PH3, PH2/PH4, and PH6/PH4
ratios among those discharges are the largest. Thus, we can conclude
that these PH intensity ratios are useful proxy to distinguish the dis-
charge type for others JEM-GLIMS lightning events detected during the
mission period of 2012-2015.

3.3. LSI intensity ratio

The LSI intensity ratio (LSI-2/LSI-1) of the identified IC, +CG, and
-CG discharges were also calculated. Fig. 7(a) and (b) are the example
images of LSI-1 and LSI-2. This lightning event is the same event as
Fig. 5(a). The strong lightning emission was measured by LSI-1. As
shown in Fig. 7(b), the optical emissions are also confirmed in the LSI-2
image. Then, we calculated the LSI intensity ratio using the absolute
optical intensity at the pixel where the highest optical intensity was
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detected in the LSI-2 image.

Fig. 8 is the histogram of the calculated LSI intensity ratio. The
median value and standard deviation are provided in this figure and
Table 1. Note that the lightning event number used for this LSI intensity
ratio analysis (73 events) is smaller than that in the PH intensity ratio
analysis. This is because the LSI-2 could detect lightning optical emis-
sions only in 207 (19.6%) from 1057 lightning events since the light-
ning emission in 762nm was almost entirely absorbed by the atmo-
spheric oxygen molecules as shown in Fig. 1.

As shown in Fig. 8, the median values of IC, +CG and -CG dis-
charges were estimated to be 0.080, 0.11, and 0.020, respectively. It is
clear that the LSI intensity ratio of +CG discharges is the highest fol-
lowed by IC and -CG discharges. These results well agree with the result
of PH intensity ratios presented in section 3.2 and in Fig. 6. Although
the LSI-1 is equipped with the wideband filter (768-830nm) that
mainly observes lightning emissions, the LSI-2 equipped with a narrow-
band filter (760-775 nm) tends to observe both the lightning-associated
TLE emissions and the parent lightning emissions whose light source
locates near the cloud top (Sato et al., 2015). Lu et al., (2012) pointed
out that the normal discharge channels of +CG discharges tend to
occur at the higher altitude in the thundercloud or near the cloud top.
Consequently, the LSI intensity ratio of +CG discharges becomes the
highest since the photons from + CG lightning discharges channel in the
wavelength of 760-775 nm (LSI-2) escape to the ISS altitude. This can
also happen in the IC discharges because the discharge channel of IC
discharges tends to locate at the middle altitude of the thundercloud
(Lopez et al., 2016). In contrast, the normal discharge channels of -CG
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Table 1

Summary of the PH and LSI intensity ratios of +CG, IC, and -CG discharges. In
this table, the median value of the logarithmic PH and LSI intensity ratios is
presented.

+CG o 1c o -CG o
log(PH2/PH3) 0.010 0.42 —0.058 0.37 -0.31 0.28
log(PH5/PH3) —0.65 0.51 -0.75 0.42 -1.0 0.45
log(PH6/PH3) 0.042 0.31 0.024 0.28 -0.22 0.31
log(PH2/PH4) —0.69 0.65 -0.78 0.60 -15 0.43
log(PH5/PH4) -1.4 0.62 -15 0.46 —-2.2 0.47
log(PH6/PH4) —0.69 0.50 —-0.72 0.44 -15 0.46
LSI-2/LSI-1 0.11 0.061 0.080 0.050 0.020 0.070

discharges occurs at the lower altitude or near the cloud bottom
(Mackerras, 1968). Consequently, the LSI intensity ratio of -CG dis-
charges is lower than that of +CG and IC discharges because the optical
emissions at the wavelength range of 760-775 nm (LSI-2) tend to be
more absorbed.

4. Conclusion

A total of 1057 JEM-GLIMS lightning events detected over the land
and oceanic regions in the latitudinal range from 51°S to 51°N were
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analyzed together with the ground-based lightning data by the JLDN,
NLDN, WWLLN, and GEON and were classified into the IC, +CG and
-CG discharges. The PH and the LSI intensity ratios of the peak lightning
emissions were calculated, and their histograms were estimated. It is
found that there is a difference in these histograms between the IC,
+CG and -CG discharges. The median value of the PH and LSI intensity
ratios of the identified + CG discharges was found to be the highest,
while that of the IC discharges was found to be smaller than that of
+CG charges but larger than that of -CG discharges. These facts are
strongly related to the difference of the atmospheric transmission from
the lightning discharges channels to the ISS. Consequently, these
parameters, especially the PH2/PH3, PH2/PH4 and PH6/PH4 ratios,
were found to be a useful proxy for distinguishing between discharge
types for other JEM-GLIMS lightning events measured in 2012-2015
and for the lightning events measured by the future space missions, for
example the Atmosphere-Space Interactions Monitor (ASIM) and the
Tool for the Analysis of RAdiation from lightNIng and Sprites
(TARANIS), in order to quantitatively estimate the latitudinal depen-
dence of the IC-to-CG ratio (Z values). We aware that our research may
have two limitations. The first is that this method may not be perfect for
identifying the discharge type of a single lightning event only from the
space-based observation data because the PH and LSI intensity ratios
have wider distribution as shown in Figs. 6 and 8. The second is that
this method may not be suitable for classifying between -CG discharge
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+CG Median = 0.11 tensity ratio, the +CG discharge that initiats from the lower positive

sk +CGSD =006 ] charge region might be identified as -CG discharge. From these lim-
0

68 Msdiag 5 itations, it would be essential to utilize not only satellite data but also
the ground-based lightning data.
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Appendix A. The spatial and temporal criteria

The horizontal distance (D) between the JEM-GLIMS nadir point and the ground-based lightning location, and the time difference (At) between
the detection time of the JEM-GLIMS lightning event (Tg1ims) and the that of the ground-based lightning event (Tgouna) Were used to identify the
coincidence between the JEM-GLIMS lightning events and ground-based lightning events. The time condition (Tgiims — Tgrouna) < 1.5ms was es-
timated by the delays time (0.2 ms) of light in thunderclouds due to the multi-path scattering (Koshak et al., 1994), and the optical propagation time
(1.35ms) from the cloud top at the altitude of 15km to the JEM-GLIMS altitude of 411.0 km. Then, the expected detection time of the lightning
emission at the ISS would be Tgrouna + 1.5 ms.

Secondly, condition D < 90 km was estimated from the location of JEM-GLIMS. A lightning event which occurred anywhere inside the FOV of
the JEM-GLIMS optical instruments could be detected by JEM-GLIMS. As shown in Fig. Al, the radius of the FOV of the optical instruments is
160 km. But, for the selection of the lightning events in this study, we limited the radius of 80 km, which is the half of the FOV. The reason of this is
that the intensities of the lightning blue emissions would be severely affected by the effect of the atmospheric transmittance if the lightning occurred
near the edge of the FOV, which may cause the large error in the estimation of the blue-to-red intensity ratios. We also took into account the location
error of the ground-based lightning detection network is 10.0 km (Hutchins et al., 2012; Matsui and Takano, 2010; Nag et al., 2011). Consequently, if
the distance D is less than 90.0 km and the time difference between a JEM-GLIMS lightning event and a ground-based lightning event is less than
1.5 ms, it was defined to be the same event.
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The half of FOV
(80.0 km)

FOV of PH
(160.0 k)

Location error of
ground-based detection
R =90.0 km networks

(10.0 km)

Fig. Al. Schematic illustration showing the FOV of PHs and a distance between JEM-GLIMS nadir point and a ground-based lightning event (D).
Appendix B. The absolute intensity of LSI image

JEM-GLIMS optical instruments have been calibrated with a known source in the laboratory before it was launched. Using calibration data, the
raw count data are converted into the absolute intensity (W/ m?). As a first step, the relation between the absolute intensity (I) from a known light
source and the relative intensity value (I) obtained by the JEM-GLIMS optical instruments was measured as shown in Table Al. Then, the variation

of the absolute intensity is plotted toward the relative intensities, as shown in Fig. B1, in order to find an equation which shows the relation between
the absolute intensity (I4) and the relative intensity (Ir).
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Fig. B1. The variation of the absolute and relative intensities for (a) LSI-1 and (b) LSI-2.

To perform the fitting, we used two functions: (i) the linear function, f(x) = Ax + B and (ii) polynomial function, f(x) = Ax? + Bx + C, where A,
B, and C are the parameter to be fitted. It is found that the coefficient of determination (R?) is 0.99832 (linear) and 0.99897 (polynomial) for LSI-1
and 0.99984 (linear) and 0.99994 (polynomial) for LSI-2, respectively. Consequently, the polynomial function (equation (B1) and B2) was used to
transform the relative intensity into the absolute intensity.

g ) = 25937 X 10780 ¢ ) + 5.7251 X 10~Iz,; ) (W/m?) (B1)

Tags; 2 = 1.07833 X 1071, ¢, ) + 1.1097 X 10~ Lg,; 5 (W/m?) (B2)

Appendix C. Supplementary data

PP

Supplementary data to this article can be found online at https://doi.org/10.1016/j.jastp.2019.04.005.

Table Al
the absolute intensity from known light source (Is) and the relative intensity (Iz) obtained by JEM-GLIMS optical instruments.
LSI-1 LSI-2
I, (W/srm?nm) Ig (counts) I, (W/srm>nm) Ig (counts)
5.0x107* 568 5.0x107* 799
2.0 x 107 245 2.0 x 107 321
(continued on next page)
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Table A1l (continued)

Journal of Atmospheric and Solar-Terrestrial Physics 189 (2019) 87-97

LSI-1 LSI-2
I (W/srm?nm) Ig (counts) I (W/srm?nm) Ig (counts)
1.0x107* 129 1.0x107* 170

5.0 x 107° 75 5.0 x 107° 95

2.0 x107° 41 2.0 x 107° 51

1.0 x107° 29 1.0 x 107° 31

2.0 x107° 26 2.0 x 10°° 18
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