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Abstract: This paper presents the temporal characteristics of electromagnetic fields produced by
cloud-to-ground (CG) lightning flashes associated with Antarctica storms. A total of 51 positive CG
(+CG) and 103 negative CG (−CG) flashes have been recorded by a magnetic direction finder (MDF)
sensor in King Sejong Station, King George Island. In total, 47 positive and 107 negative return strokes
were located, ranges from 32 to 569 km. All CG flashes were detected to occur over the ocean. The
return strokes characteristics include the observations of slow front, fast rising, rise time, and pulse
duration with geometric mean values of 3.2, 0.53, 3.21, 13.12, and 67.09 µs for +CG flashes, while 3.9,
0.57, 3.72, 20.75, and 69.86 µs for −CG flashes, respectively. Additionally, the average peak currents
of +CG and −CG flashes were 4.13 kA and 3.14 kA, respectively. The temporal characteristics of
the return strokes of Antarctica storms are comparable to other geographical regions. The smaller
peak currents might be due to small magnitude of Antarctica cloud charges when compared to other
geographical regions.

Keywords: antarctica; cloud-to-ground; electromagnetic; lightning; return stroke

1. Introduction

A recent study reported lightning occurrences in the Arctic based on Worldwide
Lightning Location Network (WWLLN) data [1]. The trend of annual total lightning strikes
has been incremental in the past 10 years, where the annual lightning strikes increased
from 30,000 in 2010 to 240,000 in 2020. Another study reported lightning occurrences
in western Antarctica using a commercial Boltek Lightning Detector [2]. During their
experiments between February and December 2017, a total of 43% positive cloud-to-ground
(+CG) and 57% negative cloud-to-ground (−CG) flashes were detected. Most of the flashes
were detected between February and May (summer and autumn), accounting for around
96% of the total CG flashes. The authors recorded more +CG flashes in the Antarctica
Peninsula compared to other regions. For comparison, the percentages of detected +CG
were 8.4% in Uppsala, Sweden (59.9◦, 2009 to 2014) [3], 5.4% in Hubei province, China
(29.0◦ to 33.3◦, 2006 to 2012) [4], and 0.8% in Skudai, Malaysia (1.6◦, April to May 2009
and November to December 2012) [3]. It has been suggested that the occurrence of +CG
flashes is latitude-dependent [3]. Since thunderstorms in high latitudes have lower cloud
tops (lower tropopause layer) and mixed-phase regions compared to storms in the tropics,
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more +CG occurrence would be expected to be detected in high latitudes than in the tropics.
Therefore, since Antarctica is located at a latitude higher than the polar circle (60◦), the
amount of +CG flashes should be significant.

In some cases, thunderstorms could be predominately +CG flashes with inverted
polarity cloud charge structure where the main negative charges layer is above the positive
charges layer [5]. Such thunderstorms could be found in the Great Plains and the United
States Midwest [5,6]. A tornadic supercell was examined during the Severe Thunderstorm
Electrification and Precipitation Study (STEPS) on 29 June 2000 [7]. It was found that 90%
of the total detected CG flashes were +CG flashes. During the predominately +CG flashes,
the storm consistently produced a dominant upper level (around 8 to 12 km above mean
sea level, MSL) of inverted dipole charge structure, which extended downward and sloped
with additional negative charge beneath it. The charge structure was complex but could
be roughly described as an inverted tripole charge structure. The +CG flashes produced
by deep mid-level positive charge were around 5 to 9 km above MSL, and clustered on
the downwind side of the main precipitation of the storm. The prevalent +CG flashes in
Antarctica [1,2] might have been produced by the similar cloud charge structure. Moreover,
it has been observed that during winter thunderstorms in Honshu Island Japan, more than
30% of CG flashes transferred positive charges to the ground [8–10]. The situation was
different during summer thunderstorms that usually produced relatively more negative
CG flashes. It has been suggested that dipole charge structure could be tilted from the
strong vertical wind shear in winter storms and thus caused the prevalence of +CG flashes.

A combination of Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) and CloudSat has been used to study cloud structure in Antarctica [11]. The
authors analyzed cloud thickness (CTH), cloud base height above MSL (Hbase), cloud
top height above MSL (Htop), and mean of maximum equivalent radar reflectivity factor
(Zmax). They classified clouds in Antarctica into four types, namely, the high-level, middle-
level, low-level, and deep clouds, with maximum (mean) value of cloud top of 10.3 (9.9),
6.6 (6.4), 2.6 (2.5), and 9.1 (8.6) km, respectively. Clouds over Antarctica and its surrounding
seas have interseasonal variation. During summer and fall seasons, cloud occurrences
were greater than 80% due to high number of cyclonic disturbances that resulted in more
cloudiness compared to winter and spring seasons. The largest total cloud occurrences
could be observed over the Amundsen–Bellingshausen Sea (ABS) in the western Antarctica
region with 80 to 90% cloud occurrences throughout all seasons. On the other hand, only
20 to 30% of cloud occurrences have been observed over the Transantarctic Mountains in
the eastern region of Antarctica.

Furthermore, it was found that clouds over sea have greater cloud occurrences and
greater vertical extent than the clouds over land. Observation of meridional average vertical
distribution of cloud occurrence between June and May of 2006–2010 southward of 60◦ S
were observed for continental Antarctica and the Southern Ocean [11]. Over land, cloud
occurrences abruptly discontinued at 60◦ W, with higher cloud occurrence to the west
and lower cloud occurrence to the east. Over the western continental region, which is
adjacent to the ABS, low level cloud (1–2 km) occurrence was up to 50% while cloud that
extended to 8 km above the surface had cloud occurrence of 30%. Over the eastern side
of the continental region, which includes the Antarctic Plateau, low level clouds (1–3 km)
occurred for 25–30% of cloud occurrence while less than 10% were above 5 km from the
surface. For all seasons except summer, clouds over land were observed to reach up to
8 km. Greater cloud occurrences and vertical extent could be observed over sea, where
the cloud tops reached up to 10 km height. Large cloud occurrence was consistently
observed around 100◦ E throughout the year. During winter and spring seasons, cloud tops
could extend over 11 km. Meanwhile, during summer and fall seasons, cloud tops could
barely extend up to 10 km above the surface. The report of cloud occurrences and their
characteristics (high cloud tops and cyclonic disturbances) indicates that electrical charges
separation is possible inside the Antarctica clouds [11]. Additionally, it was suggested that
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Antarctica thunderclouds might have inverted and/or tilted dipole charge structure due to
the prevalence of +CG flashes [2].

In this paper, we present the analysis of lightning electromagnetic fields associated
with Antarctica thunderclouds for the first time. Measurement of electromagnetic fields
was conducted in the King Sejong Station in the Antarctica Peninsula region. The temporal
characteristics of positive and negative return strokes are evaluated. This study is important
since the temporal analysis could reveal the characteristic of ground flash, thus confirming
its occurrences in the polar region. The characteristics of return strokes in CG flashes
include the slow front, 10–90% fast rising, 10–90% rise time, zero crossing time, and pulse
duration for both +CG and −CG flashes. Moreover, the number of strokes per flash and
the interstroke intervals between successive strokes were also measured and analyzed.
Comparative studies were made for the various parameters of the first and the subsequent
return strokes and were compared with findings from previous studies.

2. Materials and Methods

A lightning measurement station consisted of fast antenna (FA) and slow antenna (SA)
electric field sensors systems (decay time constants of 13 ms and 1 s, respectively), and
a magnetic field (B-field) sensor (two orthogonal loop antennas) have been successfully
deployed in King Sejong Station or KSJ (62◦13′22” S 58◦47′18” W), King George Island,
Antarctica. The B-field sensor, together with the FA sensor, was used to configure the
single station magnetic direction finder (MDF) system. The B-field sensor consisted of
two orthogonal loops oriented at the north–south (NS) and east–west (EW), operated
between 400 Hz and 400 kHz. The magnetic field sensor could detect lightning within
800 km from the measurement station [12]. The estimation of distance of lightning source
(d) was based on the Earth propagation model [13] and the relationship between radiation
components of electric and magnetic fields [14]. The estimation of distance was governed
by the following equations:

d =
h

tan α
(1)

α = cos−1
(

Eφ

cBθ

)
(2)

To calculate the estimated distance between the measuring station and lightning source,
d is calculated with the estimated height of striking distance, h, and the elevation angle,
α. The elevation angle can be calculated based on Equation (2) from the ratio of vertical
components of electric field intensity, Eφ, and the azimuthal components of magnetic flux
density, Bθ , where c is the speed of light.

Eφ =

(
V

de f f × Cg

)(
Cg + Cc + C

)
(3)

Cg =
εo A
D

(4)

de f f = 0.148838× dphy + 0.039155 (5)

The vertical component of electric field density can be calculated with Equation (3),
where V is the measured value of voltage of the total vertical electric field from electric
field measurement (FA sensor). The values of the capacitances such as capacitance of the
antenna relative to the ground, Cg, capacitance value of the 58 Ω coaxial cable, Cc, and
the capacitor value used in the filter circuit, C, are shown in Equation (3). The value of
Cg can be calculated using Equation (4) where εo is the permittivity of free space, A is the
area of the antenna, and D is the distance gap between the antenna plates. To calculate the
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vertical electric field, the linear equation of effective height of parallel plate antenna de f f is
calculated with the physical height of the antenna to the ground, dphy [15].

Bθ =

√(
V2

EW + V2
NS

)
Factor B

(6)

Moreover, the azimuthal magnetic field amplitudes, Bθ , were calculated using Equa-
tion (6) based on the square root of the measured voltage of NS and EW measurement
using the loop antenna. Since the core of the loop antenna was ferromagnetic material, it is
taken into consideration as Factor B, which comprises the area, number of loops, and the
permeability value of ferromagnetic material. By applying all the equations, the estimated
distance of the lightning source could be calculated from the measurement station. A case
study was conducted with the same measurement station deployed in Malaysia, which
was compared with Vaisala time-of-arrival (ToA) lightning location system, yielding the
accuracy of the MDF system of 7.6 km [16].

The waveform from each sensor was recorded continuously by a digitizer. The outputs
of the antennas were digitized at a rate of 2.4 MS/s with a vertical resolution of 12 bits for
200 ms window size. The timing for all captured events was provided by a Global Posi-
tioning System (GPS). The digitizer operated using a computer to display the waveforms
and to make sure all waveforms had the same timestamp. The recorded waveforms were
all timestamped with the Universal Time Coordinates (UTC) and in the 24 h format. The
waveforms of the return strokes captured by using FA and B-field sensor were filtered
in MATLAB between 400 Hz and 100 kHz to make sure the frequency components of
both electric and magnetic fields are the same for the estimation of distance and location.
Far-distance electromagnetic fields (more than 200 km) might be attenuated during wave
propagation, and the errors might be higher. Additional details for the E-field and B-field
instrumentations are given in [17]. Data from the Worldwide Lightning Location Network
(WWLLN) was used to compare lighting strike locations. This global lightning locator uses
VLF sensors placed around the world.

In this paper, we identified 51 +CG and 103 −CG detected between 11 and 31 January
2020. Each of the CG flash return strokes were observed based on its temporal characteristics
such as slow front, 10–90% fast rising, 10–90% rise-time, zero-crossing time, pulse duration,
and amplitude. Not all CG flashes have slow fronts; only 47 out of 51 +CG and 29 out
of 103 −CG flashes have slow fronts. There were 15 thunderstorms identified during the
measurement periods. A total of 46 +CG and 107 −CG return strokes were located, while
the rest could not be located due to contamination of electromagnetic waveforms with noise.
Based on located return strokes, normalized electric fields (100 km) and peak currents were
also estimated.

Figure 1a shows an example of a return stroke of a +CG flash detected on 24 January
at 22:02 located 177.4 km from the measurement station, while Figure 1b shows an example
of a return stroke of a −CG flash detected on 15 January at 07:46 located 109.1 km from the
measurement station. At the initial rising part of the return stroke, two parameters were
observed that comprised slow rising parts known as slow front, followed by a relatively fast
rise to the peak, known as fast transition. The breakpoint between these two parameters
is normally around 50% from the initial of the return stroke to its peak for the first return
stroke, while the subsequent return stroke has a breakpoint of 20% [18]. For the third
observation, the zero-to-peak rise time is defined as the duration between the initial of the
return stroke to its highest peak of return stroke. The fourth observed parameter is the
zero-crossing time which can be defined as the time when the radiation field crosses the
zero line, as depicted in Figure 1a,b. Lastly, the pulse duration of the return stroke, defined
as the time when radiation field of return stroke completes one cycle, was also measured.
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Figure 1. The characteristics of a return stroke for (a) a positive (+CG) flash detected at 177.7 km,
and (b) a negative (−CG) flash detected at 109.1 km, from measurement station, respectively. The
waveforms are plotted based on atmospheric electricity sign convention.

The CG flashes peak currents can be estimated from the measured electric fields.
According to the transmission line (TL) model, the peak current is related to the far-field
electric field peak and return stroke speed [19]. Based on the study in [19], they validated
the derived equations with simultaneous measurement of return stroke current, electric
field at 5 km, and return stroke speed associated with triggered lightning return strokes.
Based on the statistical parameters of their study, minimum and maximum peak currents
were calculated using the minimum and maximum return stroke speed.

3. Results and Analysis
3.1. Occurrence of CG Flashes

The identification of the flash type was based on the record of fast electric field change.
In this study, slow electric field change measurements were recorded simultaneously, but
there are no visible pulses related to lightning events that could be observed throughout the
measurement period. From the total recorded 51 +CG flashes, 46 were single-stroke flashes,
four were one subsequent return stroke flashes, and one was three subsequent return
strokes flash. In addition to that, from the total of 103 −CG flashes, 98 were single-stroke
flashes, three were one subsequent return stroke flashes, one was two subsequent return
strokes flashes, and one was three subsequent return strokes flash. The distribution of flash
multiplicity is illustrated in Figure 2a, which shows the distribution of the total ground
flashes captured by the measurement station.

The global lightning location from WWLLN has been observed for five years between
2015 and 2020. Lightning strikes detected within 600 km from our lightning measurement
station were considered for comparison based on the farthest lightning detected by our
measurement system at 570 km. Figure 2b shows the annual distribution of lightning strokes
from WWLLN data. Between the years of 2015 and 2020, the total detected lightning strikes
in a year by WWLLN within the vicinity of our lightning measurement system were 136,
478, 153, 122, and 137, respectively, except for the year 2018 which was not included due
to the lack of data. In comparison, a total of 154 lightning strikes were captured between
11 and 31 January 2020 by our measurement system. Moreover, the number of lightning
strikes captured in the month of January by WWLLN between the year 2015 and 2020
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(excluding 2018) were 7, 192, 10, 5, and 5, respectively. By comparing both data, it can be
suggested that our measurement system was more sensitive in measuring lightning events.
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Figure 2. (a) Distribution of CG flashes recorded in Antarctica based on its polarities; (b) total number
of lightning strikes; orange represents worldwide lightning location network (WWLLN) annual
lightning strikes distribution between 2015 and 2020, while the green column represents total CG
lightning strokes in King Sejong Station recorded by our lightning measurement station between 11
and 31 January 2020 in Antarctica.

Figure 3 shows the locations of the return strokes of +CG (red plots) and −CG (blue
plots) flashes located between 32 and 530 km and between 32 and 569 km, respectively.
A total of 129 return strokes were located northeast of the measurement station, two
return strokes were located southwest, and 22 return strokes were located northwest of
the measurement station. Almost all lightning strikes located by our measurement station
occurred over the ocean. The measurements of lightning flashes throughout the month of
January have been classified into 15 storms, where five of them are shown individually in
Figure 4a–e, while Figure 4f shows a combination of the remaining 10 storms with fewer
counts of lightning strikes.
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3.2. Temporal Characteristics of CG Flashes
3.2.1. Return Stroke Parameters

Return strokes were analyzed throughout this study based on parameters such as the
slow front duration, fast transition duration, zero-to-peak rise time, zero crossing time,
pulse duration, the normalized electric field peak, and the peak current, which are defined
and illustrated in Figure 1a,b for +CG and −CG flash, respectively. The statistics of the
measured parameters are presented in Tables A1 and A2. Figure 5 shows the boxplot of the
overall return stroke parameters while Figure 6a,b show the normalized electric field and
estimated peak current for all the CG flashes.
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3.2.2. CG Flash Return Strokes

A total of 51 +CG flashes were identified from our measurement of lightning flashes
in King Sejong Station, Antarctica. Out of the total, 46 flash were single-stroke, four flash
had one subsequent return stroke, and one flash had three subsequent return strokes.
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Meanwhile, for−CG flashes, a total of 103 were identified throughout the month of January
measurements. From the total −CG flashes recorded, 98 were single-stroke flash, three had
one subsequent return stroke, one had two subsequent return strokes, and one had three
subsequent return strokes.

Tables A1 and A2 and Figure 5 tabulate the statistics of temporal characteristics of
the first return strokes and subsequent return strokes of both +CG and −CG flashes. The
minimum slow front duration of −CG flashes is 3.4 times longer compared to +CG flash,
while the maximum values were comparable. The arithmetic mean (AM) and geometric
mean (GM) values of slow front duration for −CG flashes were 11.7% and 18% longer
compared to +CG flashes, respectively. For the 10–90% risetime duration, the AM and
GM durations of −CG flashes were slightly higher, by 6.3% and 13.7%, than +CG flashes,
respectively. For the zero-crossing time, −CG flashes had longer duration compared to
+CG flashes. The AM and GM values of the normalized electric fields of +CG flash are
23.5% and 35.0% higher compared to −CG flashes.

From the measured electric fields, the peak currents, I, could be estimated, as fol-
lows [19]:

I = 2πεoc2r
E
v

(7)

ηI
∼=

ηE
(
2πε0c2r

)
ηv

(8)

where c is the speed of light, r is the horizontal distance between measurement station and
lightning strike location, v is the return stroke speed, E is the electric field intensity peak,
and ε0 is the permittivity value of free space. Based on triggered lightning observations, the
mean values of minimum and maximum of return stroke speed were 1.2× 108 and 1.9× 108

m/s, respectively. By using Equation (8), the minimum and maximum peak currents of the
return strokes could be estimated [19]. The derived equations to estimate the peak current
were validated with measurement of return stroke currents with electric field at 5 km and
return stroke speeds associated with triggered lightning return strokes. By inserting the
statistical parameter associated with return stroke speed in the derived equations, return
stroke currents were in good agreement with the measured values [19]. Based on the return
strokes detected in Antarctica, the AM and GM values of the peak currents of −CG flashes
were 23.7% and 34.6% higher than the peak currents of +CG flashes, respectively.

3.2.3. Flash Multiplicity

The subsequent return strokes analyzed in this paper are classified to be from the same
flash as the first return stroke when it occurred within the 500 ms duration from the first
return stroke [20]. Due to the lack of photographic capability at our measurement site, it
was not possible to determine the termination point for each subsequent stroke. From the
total recorded 51 +CG flashes, 46 were single-stroke (90%) and five were multiple strokes
(10%). From these five +CG flashes, four were two-strokes flashes (8%) and one had four
strokes (2%). The average multiplicity based on number of strokes per flash was 1.14. Apart
from that, 103 −CG flashes were recorded as well, where 98 were single-stroke (95%) and
five were multiple strokes (5%). Out of these five flashes, three were two-strokes flashes
(3%), one flash was three-strokes (1%), and another one was four-strokes (1%). The average
multiplicity of −CG flash was 1.11.

By referring to Tables A3 and A4 [21–31], it can be observed that most flashes from
different geographical regions comprised single-stroke flashes, where mean multiplicity
was between 1.04 to 3.14 for +CG flashes and 1.11 to 5.2 for −CG flashes. Only a handful
of studies report the occurrence of four-strokes +CG flashes, with only five cases reported
by previous studies [21–23]. From the total number of analyzed +CG flashes, this study
found around 10% multiple-stroke flashes (from 51 flashes) compared to 12% in [21], 37%
in [22], 11% in [23], 19% in [24], 19% in [25], 4% for +CG and 60% for−CG in [26] and 12.5%
in [27]. Ref. [22] recorded the highest number of flash multiplicity in +CG flash (37%), even
though the geographical location and climate of measurement is similar to [21], which only
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recorded 12% +CG flashes with multiple strokes. One possible reason for the difference
might be due to the sample size used in [22], where two different summer periods were
observed, while only one summer period measurement was conducted in [21].

Similar observation could be seen based on the studies in [23,27] that showed different
statistics of multiple strokes +CG flashes with 12.5% and 25%, respectively. Both studies
were conducted in similar geographical location and climate, but the difference was quite
large, indicating that a higher sample from different measurement periods could affect
the statistics. On the other hand, all studies found that most flashes recorded in various
geographical locations were single-stroke flashes, accounting for more than 70% of total
ground flashes. For the interstroke intervals of CG flashes based on studies in [21–27,32,33]
(see Table A5), the minimum and maximum values were comparable with previous studies,
with minimum and maximum values observed to be between 2.9 and 518 ms.

4. Discussion

Measurements of electromagnetic fields carried out in King Sejong Station have shown
presence of lightning activities in the western part of Antarctica as shown in Figure 3. The
annual march of cyclonic activities over the adjacent of the South Ocean near the Amundsen–
Bellingshausen Sea (ABS) transport moisture and heat to the Western Antarctica side [34].
As discussed in Section 1, [11] classified four types of clouds in Antarctica, namely high-
level, middle-level, low-level, and deep clouds. Throughout the seasons, the highest total
cloud occurrence of 80–90% was observed near the ABS, west of Antarctica.

Cloud occurrences varied on an inter-sessional basis, where greater cloud occurrence
within the circumpolar region throughout summer and fall seasons, compared to during
winter and spring seasons. Referring to Figure 4 in [11], low-level stratus clouds were the
major components of the clouds in the coastal regions throughout the seasons. Nonetheless,
the high-level and deep clouds that extended beyond 7 km vertically were observed
throughout the year. In the western region next to the ABS, 30% of cloud occurrence
extended up to 8 km from the surface, while in the continental region in the east, less than
10% of cloud occurrences were above 5 km. More than 25% of clouds that occurred over
the land were observed to have height up to 8 km westward of the Antarctica Peninsula in
all seasons except during summer. Meanwhile, for clouds over the ocean, more than 25%
extended over 11 km during winter and spring seasons. During summer and fall seasons,
clouds over the ocean rarely extend up to 10 km above the surface.

Referring to [18], when conditions are preferable, clouds that grow vertically from cu-
mulus congestus to cumulonimbus are capable of producing lightning. Due to the temperature
inversion at tropopause, the growth of thunderclouds is limited. Therefore, thundercloud
activities are limited to the troposphere. In the temperate region, the tropopause is approxi-
mately 10 km above the ground while in the tropical region, it is approximately 15 km above
the ground. Since the report of cloud occurrence that extended over 11 km is suggested to
be a cumulonimbus cloud, the cloud could have sufficient positive and negative charges
that could result in the production of lightning flash, as observed in this study.

The detected lightning flashes in Antarctica have been analyzed and compared with
previous studies, where the statistics are tabulated in Tables A6 and A7. Overall, the mean
values of slow front duration, fast transition duration, rise time duration, zero crossing time,
and pulse duration of both positive and negative return strokes are comparable with the
return strokes in various geographical regions [21,35–47]. On the other hand, the estimated
peak currents of CG flashes in Antarctica were relatively smaller than the peak currents
measured in other geographical regions [48–52]. The calculation of the peak currents yields
the average minimum and maximum values of 0.34 and 19.93 kA, respectively. Based on
these findings, it is important to examine the parameters that have been measured since
lightning flashes such as +CG are usually associated with large charge transfers that could
potentially cause severe damage to various objects and systems. Therefore, the knowledge
regarding temporal characteristics of +CG and −CG flashes is important, particularly in
the field of lightning protection.
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A study in Florida found that the peak currents of the first return strokes were relatively
higher for lightning occurring over ocean than over land [53]. Based on two separate
observations in western and eastern parts of Florida, it was found that stepped-leader
duration was relatively shorter for lightning occurring over ocean than over land by 17% in
the west and up to 39% in the east. The authors suggested that the cloud charge structure for
some of the oceanic storms was different than storms over land. Moreover, an experiment
proved that with higher salinity of water compared to moist soil, it resulted in a more
efficient charge transfer to the surface that resulted in a larger peak current discharge and
brighter optical flash [54].

If the findings in [53,54] are applied to the cloud structure occurred over Antarctica, we
could hypothesize that lightning flashes could be detected more over the Southern Ocean
than over the Antarctica continental areas. In fact, all the detected CG flashes in Antarctica
have been located over the ocean and no flashes have been detected over continental
areas. It can be suggested that, due to small magnitude of charges inside the clouds in
Antarctica, the detected peak current is relatively small compared to other geographical
regions. Moreover, due to the small magnitude of charges, it is possible to have a short-lived
storm with a few flash counts. In addition, it is possible that some weak lightning flashes
occurred within the same hour, but due to low intensity, our sensor did not pick up those
flashes.

As the number of +CG flashes are quite high in Antarctica, with 33% from the total
detected flashes, it can be suggested that the cloud charge structure over the Southern Ocean
could be tilted [8,9] or inverted [5,6] dipole charge structure, similar to the thunderstorms in
Japan and the Great Plains. The winter thunderstorms in Japan have prevalent +CG flashes,
where more than 30% of detected flashes are +CG. Moreover, strong wind shear in the
Antarctica Peninsula region might contribute to the configuration of the charge structure
inside clouds. Furthermore, +CG flash occurrence is latitude-dependent [3]. As the latitude
increases from Malaysia (1.6◦) [3], China (29.0◦) [4], Sweden (59.9◦) [5], to Antarctica (this
study at 62◦), the percentage of +CG flashes increases from 0.8% to 33%.

5. Conclusions

In this paper, the temporal analysis of lightning electromagnetic field waveforms
of CG flashes was successfully performed. The measurements were conducted in the
Antarctica Peninsula. Most of the CG flashes were single-stroke with only 10% +GG and
5% −CG being multiple strokes. A total of 51 +CG and 103 −CG flashes were recorded
by a magnetic direction finder sensor in King Sejong Station, King George Island. In total,
47 positive and 107 negative return strokes were located, ranging from 32 to 569 km. All
CG flashes were detected to occur over the ocean. The return strokes characteristics include
the observations of slow front, fast rising, rise time, and pulse duration, with geometric
mean values of 3.2, 0.53, 3.21, 13.12, and 67.09 µs for +CG flashes and 3.9, 0.57, 3.72, 20.75,
and 69.86 µs for −CG flashes, respectively. Additionally, the average peak currents of +CG
and −CG flashes were 4.13 kA and 3.14 kA, respectively. The temporal characteristics of
the return strokes of Antarctica storms are comparable to other geographical regions. The
smaller peak currents might be due to small magnitude of Antarctica cloud charges when
compared to other geographical regions.
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Appendix A

Table A1. Comparison of +CG flash parameters for first, subsequent and all return strokes in Antarctica.

Description First Stroke Subsequent
Stroke All Description First Stroke Subsequent

Stroke All

(a) Slow front duration (µs) (b) 10–90% Fast transition duration (µs)

Sample size,
N 47 6 53 Sample size,

N 47 6 53

Min 0.61 1.22 0.61 Min 0.32 0.33 0.32
Max 9.81 3.41 9.81 Max 1.64 1.73 1.73
AM 3.83 2.49 3.67 AM 0.60 0.68 0.61
GM 3.34 2.31 3.20 GM 0.53 0.53 0.53
S. D 1.99 0.95 1.95 S. D 0.34 0.58 0.37

(c) 10–90% rise time (µs) (d) Zero crossing time (µs)

Sample size,
N 51 6 57 Sample size,

N 51 6 57

Min 0.83 2.09 0.83 Min 4.81 5.73 4.81
Max 8.84 3.06 8.84 Max 37.91 13.35 37.91
AM 3.65 2.65 3.54 AM 14.94 10.85 14.51
GM 3.29 2.63 3.21 GM 13.47 10.47 13.12
S. D 1.68 0.34 1.62 S. D 6.88 2.75 6.67

(e) Pulse duration (µs) (f) Initial electric field peak normalized to 100 km (V/m)

Sample size,
N 51 6 57 Sample size,

N 41 6 47

Min 30.03 32.93 30.03 Min 0.13 0.17 0.13
Max 128.80 90.93 128.80 Max 4.78 1.82 4.78
AM 72.95 57.31 71.31 AM 1.24 0.56 1.15
GM 68.91 53.48 67.09 GM 0.89 0.39 0.80
S. D 22.87 23.12 23.20 S. D 1.07 0.63 1.04

(g) Peak current all return stroke (kA) (Imin / Imax)

First-stroke Subsequent stroke All
Sample size,

N 41 6 47

Min 0.54 0.34 0.69 0.44 0.54 0.34
Max 19.93 12.59 7.58 4.79 19.93 12.59
AM 5.15 3.26 2.35 1.48 4.79 3.03
GM 3.71 2.34 1.64 1.04 3.34 2.11
S. D 4.44 2.81 2.61 1.65 4.33 2.74

http://wwlln.net
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Table A2. Comparison of −CG flashes parameters for first, subsequent and all return strokes
in Antarctica.

Description First Stroke Subsequent
Stroke All Description First Stroke Subsequent

Stroke All

(a) Slow front duration (µs) (b) 10–90% Fast transition duration (µs)

Sample size, N 29 3 32 Sample size, N 29 3 32
Min 2.08 2.65 2.08 Min 0.32 0.33 0.32
Max 8.48 8.97 8.97 Max 1.67 1.03 1.67
AM 4.02 5.53 4.16 AM 0.63 0.67 0.64
GM 3.81 4.91 3.90 GM 0.57 0.61 0.57
S. D 1.38 3.19 1.61 S. D 0.31 0.35 0.31

(c) 10–90% rise time (µs) (d) Zero crossing time (µs)

Sample size, N 103 8 111 Sample size, N 103 8 111
Min 1.97 2.55 1.97 Min 8.07 11.13 8.07
Max 9.00 7.51 9 Max 40.73 23.07 40.73
AM 3.88 4.17 3.78 AM 22.45 16.45 22.02
GM 3.69 3.94 3.72 GM 21.18 15.89 20.75
S. D 1.29 1.58 1.31 S. D 7.78 4.66 7.74

(e) Pulse duration (µs) (f) Initial electric field peak normalized to 100 km (V/m)

Sample size, N 103 8 111 Sample size, N 103 8 111
Min 33.72 35.94 33.72 Min 0.11 0.11 0.11
Max 121.70 119.70 121.70 Max 12.23 0.63 12.23
AM 72.13 68.96 71.89 AM 0.92 0.30 0.88
GM 70.20 65.64 69.86 GM 0.55 0.26 0.52
S. D 15.83 23.95 16.41 S. D 1.69 0.17 1.64

(g) Peak current all return stroke (kA) (Imin / Imax)

First stroke Subsequent stroke All
Sample size, N 103 8 111

Min 0.44 0.28 0.45 0.29 0.44 0.28
Max 51.02 32.22 2.63 1.66 51.02 32.22
AM 3.85 2.43 1.25 0.79 3.66 2.31
GM 2.30 1.45 1.08 0.68 2.18 1.38
S. D 7.07 4.47 0.73 0.46 6.85 4.33

Table A3. The distribution of +CG flashes with different number of strokes.

Researcher Location Measurement Period Sample Size, N
Number of Strokes in Flash

Average
MultiplicitySingle-

Stroke
Two

Strokes
Three

Strokes
Four

Strokes

This study
(2020) Antarctica Peninsula January 2020 51 46

(90%)
4

(8%)
0

(0%)
1

(2%) 1.14

[21] Uppsala, Sweden Summer 2014 51 45
(88%)

4
(8%)

1
(2%)

1
(2%) 1.2

[22] Uppsala, Sweden Summer 2010 and
2011 107 67

(63%)
30

(28%)
7

(6%)
3

(3%) 1.5

[23] Munich, Germany 1984 to 1993 44 33
(75%)

8
(18%)

2
(5%)

1
(2%) 1.3

[24] Florida, US
April–October and

November–February
2007 to 2008

52 42
(81%)

9
(17%)

1
(1%) - 1.2

[25] Brazil, US, and Austria February 2003 to
September 2009 103 83

(81%)
19

(18%)
1

(1%) - 1.04

[26] US, Central Great Plains 1995 to 1997

204
(+CG)

103
(−CG)

195
(96%)

41
(40%)

9
(4%)
62

(60%)

- -

1.13

3.14

[27] Munich, Germany 1995 to 1997 32 28 (87.5%) 4
(12.5%) - - 1.13
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Table A4. The distribution of −CG flashes with different number of strokes.

Researcher Location Sample Size, N Average Multiplicity

This study −CG (2020) Antarctica Peninsula 5 1.11
[25] Brazil 233 3.8
[28] Indonesia 100 5.2
[29] Malaysia 100 4
[30] Florida 478 4.6
[31] Israel 18611 1.4

Table A5. Inter-stroke intervals comparison between previous studies.

Researcher Location Measurement Period Sample Size, N
Inter-Stroke Interval (ms)

Min Max AM GM

This study
+CG
(2020)

Antarctica Peninsula January 2020 14 5.59 55.15 25.57 20.66

This study −CG
(2020) Antarctica Peninsula January 2020 8 10.4 681.6 134.58 51.72

[21]
+CG Uppsala, Sweden Summer 2014 9 25 124 71 60

[22]
+CG Uppsala, Sweden Summer 2010 and

2011 53 2.9 518 116 70

[23]
+CG Florida, US

April–October and
November–February

2007 to 2008
8 8.5 201 77 54

[24]
+CG Brazil, US, and Austria February 2003 to

September 2009 21 14 406 143 94

[25]
+CG US, Central Great Plains July 2005 9 - - 50 27

[26]
+CG Munich, Germany 1984 to 1993 16 - - 120 101

[27] Munich, Germany 1995 to 1997 4 51 - 102 -

[32]
+CG Fukui, Japan

December 2995 to
February 1996

November 1996 to
January 1997

17 - - 78 -

[33]
+CG Uppsala, Sweden Summer 1992 to 1993 29 6.8 290 92 64

Min: minimum, Max: maximum, AM: arithmetic mean and GM: geometric mean.

Table A6. Comparison on return strokes parameters between previous studies for +CG flashes.

Parameter Researcher Location Measurement
Period Sample Size Distance of

Flash (km) Min Max AM GM

Slow front
duration

(µs)

This study
2020 Antarctica Summer January

2020 47 36–530 0.61 9.81 3.67 3.2

[21] Sweden Summer 2014 60 6–150 0.65 18 8.5 7.8

[35] Florida Summer and
winter 2007–2008 51 7.8–157 0.77 19 6.1 5.1

[36] Denmark Summer 23 - 4 16 8.4 -

[37] Sweden Summer of
1979–1981 63 100–300 3 23 10 -

[38] Sweden 1986 20 25–100 3 11 8.2 -
[39] Japan - - 15–50 - - 19.3 -

10 to 90%
fast rising
duration

(µs)

This study Antarctica January 2020 47 36–530 0.32 1.73 0.61 0.53
[21] Sweden Summer 2014 60 6–150 0.27 5.1 1.6 1.3

[35] Florida Summer and
winter 2007–2008 51 7.8–157 0.28 4.6 1.2 1.0

[36] Denmark Summer 23 - 1 6 2.5 -
[38] Sweden 20 25–100 4 8 5.6 -

10–90% rise time
(µs)

This study Antarctica January 2020 57 36–530 0.83 8.84 3.54 3.21
[21] Sweden Summer 2014 60 6–150 0.85 13 5.9 5.2

[35] Florida Summer and
winter 2007–2008 51 7.8–157 2.3 19 7.9 7.1

[40] Japan Summer 32 <150 6 22 13.2 -
Winter 123 8 44 21.2 -

[39] Japan Winter 15–50 - - 22.3 -
[36] Sweden 20 25–100 4 12 8.9 -

[37] Sweden 64
52 100–300 5

5
25
25

13
12

-
-

[41] USA 15 - 4.5 24.3 11.5 -
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Table A6. Cont.

Parameter Researcher Location Measurement
Period Sample Size Distance of

Flash (km) Min Max AM GM

Zero crossing
time
(µs)

This study Antarctica January 2020 57 36–530 4.81 37.91 14.51 13.12
[21] Sweden Summer 2014 36 6–150 2.7 100 30 25

[35] Florida Summer and
winter 2007–2008 33 7.8–157 14 452 77 49

[40] Japan Summer 34 <150 80 280 151 -
Winter 89 30 160 93 -

Initial electric
field peak

normalized to
100 km
(V/m)

This study Antarctica January 2020 47 36–530 0.13 4.78 1.15 0.8
[21] Sweden Summer 2014 55 6–150 1.2 51 14 12

[35] Florida Summer and
winter 2007–2008 24 7.8–157 3.2 26 11 9.6

[36] Denmark Summer 22 - 10 42 22 -

Peak current
(kA)

This study Antarctica January 2020 47 38–530 0.34 19.93 4.13 2.96
[48] Malaysia 2013–2015 9159 ≤70 10 86.7 - 14.2
[49] Japan Winter 2014 33 ≤20 10 208 62.45 40.34
[21] Sweden Summer 2014 52 6–150 8.8 236 56 42

Table A7. Comparison on return strokes parameters between previous studies for −CG flashes.

Parameter Researcher Location Measurement
Period Sample Size Distance of

Flash (km) Min Max AM GM

Slow front duration
(µs)

This study Antarctica January 2020 32 32–568 2.08 8.97 4.16 3.9

[44] Florida 2007–2008 4 0.5 (near)
50 (far)

2.7
2.3

10.2
9.7

6
5.6

5.4
5.0

[45] Florida 1979 105 >50 - - 2.9 -
[37] Sweden 1979–1981 82 >100 - - 5.0 -

[46] Florida 1975 and 1976 62 10–30 - - 4.0 -
90 - - 4.1 -

10–90% fast rising duration
(µs)

This study Antarctica January 2020 32 32–568 0.32 1.67 0.64 0.57

[44] Florida 2007–2008 4 0.5 (near)
50 (far)

0.4
0.7

1.8
1.5

0.9
1.1

0.8
1.0

[45] Florida 1979 105 >50 - - 0.97 -
[46] Florida 1975 and 1976 38 10–3 - - 0.2 -
[47] Florida 125 10–50 - - 0.9 -

10–90% rise time
(µs)

This study Antarctica January 2020 111 32–568 1.97 9.0 3.78 3.72

[44] Florida 2007–2008 4 0.5 (near)
50 (far)

2.8
2.4

8.0
7.0

4.9
4.0

4.0
3.6

[45] Florida 1979 105 >5 - - 4.4 -
[37] Sweden 1979–1981 140 >100 - - 7.0 -

[42] Florida 51
29 50–200 -

-
-
-

2.4
2.7

-
-

Zero crossing time
(µs)

This study Antarctica January 2020 111 32–568 8.07 40.7 22.0 20.7

[37] Sweden
Sri Lanka

102
91 100–200 -

-
-
-

49
89

-
-

[42] Florida 1974–1976 46 50–200 - - 54 -

Initial electric field peak
normalized to 100 km

(V/m)

This study Antarctica January 2020 111 32–568 0.11 12.2 0.88 0.52

[43] 63 - - 39 -

Peak current
(kA) This study Antarctica January 2020 111 38–530 0.28 51.0 3.14 1.88

[48] Malaysia 2013–2015 563,123 ≤70 139.6 - 13.6
[50] China 5425 13–466 4.8 196.8 24.9 19.7
[51] Brazil 29 - 2 - - 45
[52] Switzerland 101 - - - - 30
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