
Observations of Blue Discharges Associated With Negative
Narrow Bipolar Events in Active Deep Convection
Feifan Liu1, Baoyou Zhu1, Gaopeng Lu2,3,4 , Zilong Qin5 , Jiuhou Lei1 , Kang-Ming Peng6 ,
Alfred B. Chen7 , Anjing Huang2, Steven A. Cummer8 , Mingli Chen5 , Ming Ma1,
Fanchao Lyu8 , and Helin Zhou9

1CAS Key Laboratory of Geospace Environment, School of Earth and Space Sciences, University of Science and Technology
of China, Hefei, China, 2Key Laboratory of Middle Atmosphere and Global Environment Observation, Institute of
Atmospheric Physics, Chinese Academy of Sciences, Beijing, China, 3Collaborative Innovation Center on Forecast and
Evaluation of Meteorological Disasters, Nanjing University of Information Science and Technology, Nanjing, China, 4Key
Laboratory of Meteorological Disaster of Ministry of Education, Nanjing University of Information Science and Technology,
Nanjing, China, 5Department of Building Service Engineering, Hong Kong Polytechnic University, Hong Kong, 6Department
of Physics, National Cheng Kung University, Tainan, Taiwan, 7Institute of Space and Plasma Sciences, National Cheng Kung
University, Tainan, Taiwan, 8Electrical and Computer Engineering Department, Duke University, Durham, NC, USA, 9ABB AB
HVDC, Ludvika, Sweden

Abstract On 19 August 2012, the Imager of Sprites and Upper Atmospheric Lightning on board the
FORMOSAT-2 satellite captured a sequence of seven blue discharges within 1 min that emanated from a
parent thunderstorm over Lake Taihu in East China. The analysis of lightning activity produced in the
thunderstorm indicates that at least six of these events occurred in association with negative narrow bipolar
events (NBEs) that were concurrent with the blue discharge by less than 1 ms, and negative cloud-to-ground
occurred within 6 s before each blue discharge, which is in agreement with the modeling presented by
Krehbiel et al. (2008). Therefore, the frequent occurrence of negative cloud-to-ground could provide the
favorable condition for the production of blue discharges, and negative NBEs are probably the initial event of
blue discharges. The detection of negative NBEs might provide a convenient approach to detect the
occurrence of blue discharges as lightning bolt shooting upward from the top of energetic thunderstorms.

Plain Language Summary Energetic thunderstorms in the troposphere may shoot blue lightning
bolts upward into the stratosphere, while their origin inside the parent thunderstorm remains a mystery.
The analyses on a sequence of seven blue discharges emanating from an active thunderstorm over Lake
Taihu in East China, as observed by the Imager of Sprites and Upper Atmospheric Lightning (ISUAL), provide
the first compelling evidence that they are physically related to the narrow bipolar events (NBEs) of negative
polarity. These intracloud lightning discharges are located by a ground-based lightning location network
with accuracy better than 2 km. The close temporal (within 1 ms) and spatial relationship (typically within
5 km) between blue discharges and negative NBEs strongly suggests that the negative NBEs are probably the
inception event of blue discharges, showing that the detection of negative NBEs might provide a convenient
approach to monitor the occurrence of blue discharges as the electrical coupling between thunderstorms
and middle atmosphere. Moreover, the same thunderstorm produced frequent negative cloud-to-ground
(�CGs), confirming the hypothesis of previous modeling results that �CGs might favor the production of
blue discharges. Our work enriched the insight of the relationship between blue discharges and ordinary
lightning discharges.

1. Introduction

Blue discharges including pixies, blue starters, or blue jets, as one type of upward propagating transient
luminous events from the top of the thunderstorm, characterized by their bluish color, terminal altitudes
(20–50 km), and phenomenological features first reported by Wescott et al. (1995) have attracted the
attention of scientists for decades. Many different theories were proposed to explain their production.
Pasko et al. (1996) proposed that a transient electric field (E field) induced by a fast-growing positive charge
drives the occurrence of blue jets at the thundercloud top. Sukhorukov et al. (1996) suggested that this
driving E field could also be created by a strong intracloud (IC) discharge. More recently, the modeling of
Krehbiel et al. (2008) and Riousset et al. (2010) indicates that blue jets with positive polarity occur as the
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electrical breakdown between the upper positive charge of thunderclouds and the upper negative screening
charge if the thunderstorm is normally electrified; they typically occur within 5 to 10 s or less as a result of a
sudden field enhancement caused by negative cloud-to-ground (�CGs) or ICs. Similarly, gigantic jets
(Pasko et al., 2002; Su et al., 2003) initiate as positive IC discharge, and the upward leader can pass through
the upper positive charge region and emanate from the cloud (Krehbiel et al., 2008; Lu et al., 2011). In
addition, Liu et al. (2015) reported that blue starters and jets could also be of negative polarity, indicating that
they are produced as negative gigantic jets in the thunderstorm.

Previous models have attributed the occurrence of blue discharges to the enhancement of the E field in the
upper positive and caused by�CGs or ICs, but the real onset of blue discharges in the thundercloud remains
mysterious. Lyons et al. (2003) presented a series of unusual luminous events (called gnomes and pixies) atop
the cloud and speculated that narrow bipolar events (NBEs) might be connected to them. Chanrion et al.
(2017) presented a new view of blue jets on the top of thunderstorms from the International Space
Station, but the recorded images could not infer the altitude where the observed blue jet originated.
Edens (2011) reported the detection of downward negative breakdown from the screening charge layer into
the upper positive charge region by the LightningMapping Array (LMA), and the corresponding upward posi-
tive breakdown was detected photographically as blue starter emanating from the cloud top, indicating that
it occurred between the upper positive charge region and the inferred negative screening charge region.

Another intriguing type of lightning discharges is the narrow bipolar events or NBEs (also known as compact
intracloud discharges), which were first reported by Le Vine (1980) due to its narrow electromagnetic wave-
forms (10–30 μs) and powerful radiation in the high frequency and very high frequency bands (Rison et al.,
2016; Smith et al., 1999; Zhu et al., 2010). NBEs are divided into events of positive or negative polarity that
occur at different heights (e.g., Willett et al., 1989; Zhang et al., 2016). From the perspective of normal charge
distribution of thunderstorms (Stolzenburg et al., 1998), previous observations indicate that negative NBEs are
initiated between upper positive charge region and screening charge region while positive NBEs are pro-
duced between the main negative charge region and upper positive charge region (Smith et al., 1999; Wu
et al., 2012). The most peculiar feature is that they are very infrequent in comparison with the positive NBEs
in the same thunderstorm, which implies that the occurrence of negative NBEs requires more harsh condi-
tions in strong convective thunderstorms (e.g., Wu et al., 2011; Zhu et al., 2010). Some observations confirm
that positive NBEs have close connection with gigantic jet (Liu et al., 2015; Lu et al., 2011). Similarly, whether
negative NBEs are somewhat linked to blue discharges still merits verification (da Silva & Pasko, 2015).

In this paper, we report the observations of a series of seven blue discharges by Imager of Sprites and Upper
Atmospheric Lightning (ISUAL) payload on board FORMOSAT-2 satellite within 1 min and examine their tem-
poral and spatial relationship with the associated negative NBEs. Our analysis shows that negative NBEs and
blue discharges are concurrent within 1 ms, and negative NBEs are probably the initial event of blue dis-
charges. Therefore, the detection of negative NBEs might provide a convenient approach to monitor the
occurrence of blue discharges as lightning bolt shooting upward from the top of energetic thunderstorms.

2. Observations and Data

The data of blue discharges analyzed are from the ISUAL payload of Sun-synchronous satellite FORMOSAT-2 at
891 km altitude (Chen et al., 2008). The ISUAL is composed of three main components: an intensified charge-
coupled device imager (Imager), a six-channel spectrophotometer (SP), and a dual-color array photometer
(AP) (Chern et al., 2003). The imager records six frames (one frame before and five frames after the triggering
event) for each trigger with 30 ms interval, including 29 ms exposure time and 1 ms blind time between
frames. The SP contains six individual channels with 0.1ms time resolution. The ISUAL AP consists of twomod-
ules with each comprising 16 vertical spaced channels between 350–470 nm (blue) and 530–650 (red) to
record temporal and spatial photometric data. The sampling rate of AP is 20 kHz during the initial 20 ms
and decreases to 2 kHz thereafter until 240 ms after the trigger time (Chern et al., 2003; Frey et al., 2016).

The blue discharges examined in this paper are identified with the method described by Kuo et al. (2015).
The blue discharges are first identified by using the 427.8 nm filtered image, SP2 (337 nm), SP5 (centered
at 777.4 nm; OI emission in lightning), and SP6 (250–390 nm). Then, the number of AP channel is used to
estimate the height of the event excluding the gigantic jet or other transient luminous events occurring in
the higher altitude (Peng et al., 2017). Considering it is hard to determine the precise terminal altitudes of
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the discharges, the blue discharges above the thunderstorm reported in
this paper could be starters or jets.

The Jianghuai Area Sferic Array (JASA) is a six-station lightning location net-
work that detects lightning discharges. Each station is equippedwith a very
low frequency (VLF)/low frequency (LF) detector that consists of a vertical
E-field antenna and two orthogonal magnetic field frame antennas, and
the bandwidth from 800 Hz to 400 kHz (Ma, 2017; Qin et al., 2015).
Detailed information about recorded waveforms is available as supporting
information Figures S1 and S2 (see supporting information for details).

For NBE events, with the two-dimensional (2-D) source location, by
calculating the time difference between the two reflected sky waves and
ground wave (Liu et al., 2018; Lyu et al., 2015; Smith et al., 1999, 2004;
Wu et al., 2011; Zhang et al., 2016), the height of NBEs (above ground level)
can be obtained. Supporting information Figure S2 shows the E-field
change waveform recorded at three different stations for the negative
NBE associated with BJ2.

The detailed information of seven blue discharges is listed as BJ1–BJ7 in
supporting information Table S1 along with the associated negative
NBEs. Considering the lightning location of ISUAL has a systematic shift of
30 km to the south relative to the true value (Lu et al., 2017), it is believed
that the blue discharges initiates at the same location as negative NBEs
observed by JASA. Taking into account the transmission time of blue dis-
charges and NBE to the respective acquisition system, by comparing the
trigger peak of blue discharges and the peak time ofNBEwaveform,we find
that BJ2–BJ5 occurred at about 0.5 ms after the associated negative NBE,
while BJ6 and BJ7 occurred at about 0.5 ms before associated negative
NBE. Previous analyses show that the time offset between the estimated
sferic arrival time and the peak of associate sferic is around 1ms as inferred
from the measurement of broadband lightning signals even after correct-
ing the time drift (Huang, 2013). For BJ6 and BJ7 observed before NBEs, it
is very likely due to time offsets, and thus it is believed that the blue dis-
charges examined in this paper all happened after the associated NBEs.

3. Analysis and Results
3.1. Parent Thunderstorm and Lightning Activities

The parent thunderstorm developed between 14:00 and 16:20 UTC
(Coordinated Universal Time) on 19 August 2012. Figure 1a shows
National Centers for Environmental Prediction/Climate Prediction Center
global infrared cloud image (30 min interval) at 15:00 UTC; the rectangle

area marks the thunderstorm to examine. The space-based infrared cloud top temperature is about
195 K–205 K, and the minimum temperature is near 195 K, indicating an extremely strong convection.

Figure 1b shows the locations of NBEs recorded by JASA, distributed in the same cell of thunderstorm. There
were a total of 3,523 located lightning discharges, including 1,899 (53.9%)�CG events, 81(2.3%) +CG events,
1151(32.7%) +IC events, 93(2.6%) �IC events, 254(7.3%) �NBEs, and 45(1.2%) +NBEs, showing a normally
electrified thunderstorm structure of middle main negative charge region and upper positive charge region,
extended by lower positive charge region and negative screening charge layer on the top of thunderclouds
(Krehbiel et al., 2008; Stolzenburg et al., 1998). It should be noted that this thunderstorm was initiated to the
south of Lake Taihu as the biggest fresh lake in China, and gradually moved to the north over the lake.

A total of 299 NBEs, including 254 negative events and 45 positive events, were recorded by JASA during the
thunderstorm. The proportion (approximately 85%) of negative NBEs relative to the total NBEs in the thun-
derstorm indicates that the thunderstorm convection was extremely strong (Wu et al., 2013). The source alti-
tude of negative NBEs ranged from 15 to 18 km (above ground level) with a mean altitude of 16.4 km, while
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Figure 1. The parent thunderstorm and NBE activities of (a) National Centers
for Environmental Prediction/Climate Prediction Center global infrared cloud
image data on 19 August 2012; the data are Geostationary Operational
Environmental Satellite 8/10, METEOSAT 7/5, Geostationary Meteorological
Satellite fusion data with the spatial resolution of 4 km and the time resolu-
tion of 30 min. The rectangle area is the analyzed thunderstorm (color depth
shade presents temperature variations). The symbols “▲” represent loca-
tions of the lightning station on the map. (b) Locations of NBEs from the
thunderstorm during 14:00–16:20 (color scale on the right presents time
variations). NBEs = narrow bipolar events.
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positive NBEs occurred between 8 and 15 km with a mean altitude of 12.8 km, which is consistent with
previous studies on the height distribution of NBEs (Jacobson & Heavner, 2005; Lü et al., 2013; Wu et al.,
2011; Zhang et al., 2016; Zhu et al., 2010), indicating negative NBEs in the thunderstorm are inferred to be
produced between upper positive charge region and screening negative charge layer (e.g., Wu et al., 2013).

3.2. Connection Between Blue Discharges and Negative NBEs

The ISUAL observed the parent thunderstorm from 15:03:00 to 15:05:02 UTC (from 180 s to 302 s after
15:00:00 UTC shown in Figure 2a). Figure 2a shows the observation of seven blue discharges associated with
NBEs during 500 s. The first observed blue discharge occurred at 15:03:39 UTC, and about 26 s later, six events
were produced within 34 s. The occurrence rate of blue discharges observed in the parent thunderstorm
within 1 min is slightly higher than the average of 3.5 events per min observed by ISUAL and other studies
(Kuo et al., 2015; Suzuki et al., 2012; Wescott et al., 1996, 2001). As shown in Figure 2a, negative NBEs at height
of 15–18 km were generated at a high occurrence rate while only one positive NBE was observed at 13.5 km.
Moreover, only negative NBEs were observed during the blue discharges interval. The detailed spatial and
temporal connection between blue discharges and associated negative NBEs is presented as follows.
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Figure 2. Overview of all blue discharges associated with NBEs and other lightning activities. (a) A time sequence of the
NBEs and seven blue discharges during 500 s. Blue and red triangles represent the negative and positive NBEs, respec-
tively. Vertical blue dotted lines present the occurrence times of the blue discharges. (b) Detailed view of six blue discharges
with NBEs, negative CG sferics, and positive IC sferics during the 80 s. Vertical blue lines represent the length of negative
NBEs, and red and black lines indicate the length of positive IC sferics and negative CG sferics respectively. (c) The time
sequence of CG sferics during 500 s. CG = cloud-to-ground; NBE = narrow bipolar event; IC = intracloud.
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Some observations about the relationship between the lightning discharges and blue discharges have been
investigated in a single thunderstorm. Wescott et al. (1995) analyzed 56 blue jets in a thunderstorm over
Arkansas and found that blue jets disconnect to either positive or negative CGs (Wescott et al., 1998).
However, both CGs and ICs suddenly increased just 1 s prior to jets and decreased afterward. It was also found
that the occurrence of blue jets is very likely preconditioned by negative CGs, while blue starters are
connected with ICs (Suzuki et al., 2012). A unifying model has been proposed to demonstrate how electrical
discharges escape from the top of thunderstorm to form upward discharges (Krehbiel et al., 2008; Riousset
et al., 2010). They suggest that blue jets are produced between the upper positive charge regions and
negative screening charge layer, which electrified by the conventional electrical breakdown, and preced-
ing negative CGs enhance the E field favorable for blue discharges. Hence, in order to present the distri-
bution of negative CGs and its connection with blue discharge, Figure 2c shows the histogram for CGs during
500 s, showing that the negative CGs reached the apex prior to the occurrence of blue discharges. It indicates
that the thunderstorm was acquiring an overall net positive charge as a result of the CGs increasing the
amount of negative charge being removed from the storm, confirming that the occurrence of blue dis-
charges has a close relationship with negative CGs, which enhance the E field in the upper part of the storm,
increasing the chance that a screening discharge will be triggered (Krehbiel et al., 2008; Riousset et al., 2010).

In order to further investigate the detailed relationship between blue discharges andnegative NBEs during the
observation we analyzed the detailed information of context of each blue discharge. A total of 8 negative
NBEs, 126 negative CG sferics, and 197 positive IC sferics were detected over a 70 s time interval. Vertical blue
lines in Figure 2b represent the times of negative NBEs, and the black and red lines just indicate the times of
+IC and�CG sferics, with their length presumably corresponding to the peak amplitude of the sferic. Negative
CGs occurred within 6 s before each blue discharge, which is in agreement with themodeling of Krehbiel et al.
(2008) and Riousset et al. (2010), who suggested that blue jets occur 5–10 s or less after the�CG as the result of
the enhancement of E field caused by CGs. All but the first blue discharges were accompanied by negative
NBEs within 1ms at the height of 15–17 km near the cloud top, and the first two negative NBEs are not accom-
panied by blue discharges. The reason why the first blue discharge was not associated with a registered nega-
tive NBE will be discussed in the following part. Detailed information of context of each blue discharge is
available as supporting information Table S2 and Figures S3–S9.

Figure 3 shows the photometric observations and lightning E-field waveform related to the BJ2 event. The
white dot in the ISUAL image (Figure 3d) marks the blue discharge, and the surrounding white regions are
clouds. The diagram shows that the development channels of blue discharges are mainly on channels 5
and 6 that are sensitive to blue emission and observe the signals from different altitudes. The negative
NBE was detected 0.3 ms prior to the triggering time, and no other discharges were recorded within 20 ms
before and 30ms after, indicating that the isolation of negative NBE and the leader above the top of thunder-
storm did not emit strong VLF/LF signal to be recorded by the nearest VLF/LF station at 150 km range.

Previous observations show that blue discharges can be of either positive or negative polarity, and Liu et al.
(2015) reported on the jets that reached terminal altitudes of about 40–50 km, but they were of negative
polarity. For our observations, most of the lightning events in the thunderstorm were �CGs or +ICs and
the height of negative NBEs produced in the storm was generally higher than positive NBEs do, indicating
that the thunderstorm was normally electrified, that was, the main positive charge layer above main negative
charge layer in the storm. In addition, our analysis showed that the blue discharges occurred in close tem-
poral association with negative NBEs that initiated between the upper positive charge and the upper nega-
tive screening charge layer, and these blue discharges are all of positive polarity.

4. Discussion

The relationship between NBEs and upward discharges has been examined by previous studies. Jacobson
and Heavner (2005) presented that about 20% of more than 20,000 NBEs observed in Florida occurred above
15 km, with a few occurring above even 20 km and speculated that if some NBEs truly occurred above the
tropopause, which might actually occur in the virgin air like blue jets. Nag et al. (2010) also observed several
NBEs occurred above 20 km with a single station measurement and further discussed the possibility that
these abnormal NBEs could be associated with gigantic jets. Chou et al. (2015) speculated that the ISUAL blue
luminous events are the emissions from the NBE-like events based on the sferic data and ISUAL optical data.
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However, Wu et al. (2012) discussed the low possibility of some NBEs emanated out from the top of the cloud
and argued that some NBEs above 20 kmmentioned by Nag et al. (2010) seem to be the computation errors.
For gigantic jets that propagate up to the bottom of the ionosphere, some observations show that the
positive NBE does occur as the initial event (Liu et al., 2015; Lu et al., 2011). Similarly, we think that
negative NBEs induced at the cloud top of thunderstorm are most probably the initial event of blue
discharges. To support the close relationship between them, we make the following respects:

4.1. Infrequent Occurrence of Negative NBEs and Blue Discharges

The previous study of NBEs indicates that, in comparisonwith positive NBEs, negative NBEs occur infrequently
in different regions of thunderstorm (Smith et al., 2004; Wu et al., 2012; Zhang et al., 2016). Negative NBEs are
thought to occur near the boundary of thunderstorm above a certain height, and negative NBEs can occur

Figure 3. Photometer observations and lightning E-field waveform during BJ 2 observed. (a and b) The spectrophotometer
data of the 2PN2(0, 0) and 2PN2 channels. (c) The low frequency/very low frequency electric field waveforms for the
blue discharges. (d and e) The two-module array photometer. Channel 5 and 6 that are sensitive to the blue emissions
observe the signals from different altitude.
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when the upper positive charge layers reach a certain height, indicating the occurrence of negative NBEs need
an energetic thunderstorm condition (Wu et al., 2011). Therefore, negative NBEs are considered to be a useful
sign of severe thunderstorms (Wu et al., 2013). Similarly, blue discharges also occur rarely. As for the low
altitude above the cloud top and no electric waveforms associated with the overshoot stage of blue dis-
charges, especially for the blue starter, optical observation is still difficult even with the ideal conditions
at night (Lyons et al., 2003). Krehbiel et al. (2008) and Riousset et al. (2010) explained that the screening layer
is necessary for the initiation of blue jets and that their rare occurrence is due to the cause of a normally
strong mixing between the upper positive storm charge and negative screening charge, so the extent of
mixing probably plays a significant role in the occurrence and frequency of jet phenomena. For our
observations, the frequent occurrence of negative NBEs indicates the enhancement of the E field by the
positive charge accumulated, providing a favorable condition for the initiation of blue jets. Therefore,
based on our observations, thunderstorms producing extremely negative NBEs are preferred for blue
discharges production.

4.2. Spatial and Temporal Observations

Previous observations indicated that negative NBEs are produced between the upper positive charge region
and screening negative charge layer on the top (Smith et al., 2004; Wu et al., 2012; Zhang et al., 2016).
Similarly, Krehbiel et al. (2008) suggested that blue jets occur as the electrical breakdown between the upper
positive charge and screening negative charge layer; Edens (2011) presented the coordinated observations of
LMA data with the photographic observation of this blue starter, indicating that it is originated between the
upper positive charge and negative screening charge near the top of the cloud. Our observations show that
negative NBEs occurred about 1 ms within blue discharges considering the ISUAL time clock shift.

For the seven blue discharges, only the first blue discharge was not related to a registered negative NBE. The
possible explanation of the first blue discharge is that it was initiated by a weak NBE that our lightning array
might havemissed. Rison et al. (2016) showed that the fast breakdown of NBEs occurs with an extremely wide
range of strengths, both at very high frequency and VLF/LF, while still initiating full strength IC discharges
(see Figures 4 and 5 of Rison et al., 2016 and the screening discharge of Figure 6).

Based on our observations and previous models, the following conclusions are made: the frequent occur-
rence of negative CGs provides the favorable condition for the production of blue discharges, while negative
NBEs might occur as the initial event of blue discharges. Rison et al. (2016) found that NBEs are produced by
fast positive breakdown, which in the case of negative NBEs would develop upward from the initiation point.
Following NBEs, negative leader breakdown would develop downward and positive breakdown would con-
tinue developing upward, in this case producing the blue discharges. In addition, the analysis on the context
of each blue discharge in supporting information Figures S3–S9 and Table S2 also shows that the positive IC
sferics occurred before BJ within the short time intervals, but the precursor +IC is not noticeable for several of
the negative NBEs and relatively weak in the other NBEs. Even when the precursor is stronger (as in BJ4), its
effect in diminishing the electrostatic field higher in the storm would be small, as seen in the observations
and in the simulations of high power (50 dBW) NBEs in Rison et al. (2016). Therefore, the precursor +IC is a
natural indicator of the readiness of the storm to produce the next discharge.

From Figure 2b, there are another two NBEs not related to blue discharges, indicating that not all the negative
NBEs are followed by the occurrence of blue discharges. Chanrion et al. (2017) presented a new view of the
electric activity on the cloud top of the thunderstorms from the International Space Station, and the results
show that a kilometer scale, 245 blue electrical discharges “dance” at the cloud top at about 18 km but only
one blue jet was observed reaching about 40 km. They speculate that those blue discharges may be related
to pixies (Lyons et al., 2003) or microdischarges induced by instabilities in the deep convective of the cloud
(Bruning & MacGorman, 2013). Figure 4 presents the distribution of eight negative NBEs during the BJ time
15:03–15:04 (UTC) in Figure 2b overlapped on the plan position indicator composite radar echo at 15:01
UTC on 19 August 2012. As shown in Figure 4, negative NBEs cluster with high radar reflectivity and are in
the active stage throughout the thunderstorm lifetime. Moreover, the highest altitude with reflectivity
reaches nearly 19 km from the vertical profile of radar echo along path AB. Interestingly, the six negative
NBEs associated with BJs occurred in the region with 15 dBZ reflectivity at the top of the cloud while the
two negative NBEs without observation of associated BJ occur in the cloud region with 30 dBZ. Therefore,
we speculate that the negative NBE is the discharge occurring near the cloud top, which emits blue light
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and whether it can further develop to become blue discharges depends on whether the associated lighting
leader emanates from the cloud top to reach a higher altitude.

5. Summary

We report the observations on the temporal and spatial relationship between seven blue discharges
observed by ISUAL payload on board FORMOSAT-2 satellite within 1 min and negative NBEs in association
produced in a thunderstorm over Lake Taihu in East China that is characterized by the frequent occurrence
of negative NBEs. The results show that negative NBEs occurred within 1 ms prior to blue discharges and sug-
gest that negative NBEs are most probably the initial event of blue discharges. Therefore, the detection of
negative NBEs might provide a convenient approach to monitor the occurrence of blue discharges as light-
ning bolt shooting upward from the top of energetic thunderstorms. Moreover, the frequent occurrence of
negative CGs prior to each blue discharge within 6 s confirms that negative CGs might enhance the E field
between the upper-level positive region and negative screening charge, creating a favorable condition for
the occurrence of blue discharge.

The definitive temporal correlation between negative NBEs and blue discharges cannot be better quantified
due to the time uncertainty of 1 ms. However, previous observations show that positive NBEs occur as the
initial event of normal IC discharges that might eventually lead to gigantic jet (da Silva & Pasko, 2015; Liu
et al., 2015; Lu et al., 2011; Rison et al., 2016). It could be desired that negative NBEs and blue dischargesmight
bear a similar connection in which the negative NBE occurs as the initial event of a blue discharge, whichmer-
its further observations with higher timing precision and synchronization to resolve the physical connection
between these two phenomena.
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