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Key Points:
●  Using an improved transmission line model, we compare the electrical parameters of negative and positive NBEs (narrow bipolar

events) and identify important differences between them.
●  Negative NBEs generally produce narrower current pulses and shorter current traversal times than their positive counterparts.
●  Negative NBEs tend to produce larger peak current moments but are associated with smaller charge moments than positive NBEs.
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Abstract:  Narrow bipolar events (NBEs) are intriguing intra-cloud discharge that have attracted enormous interest in the lightning
community. They come with two polarities that dominate at different altitudes in thunderclouds. The sources of negative NBEs are
usually located near the top of thunderclouds; those of positive NBEs are at the middle levels. NBEs may occur at the onset of lightning.
The electrical properties of NBEs remain poorly understood. We present here the first comparative study of the electrical characteristics of
negative and positive NBEs. To derive electrical parameters from the fast electric field change waveforms of 1673 positive NBEs and 364
negative NBEs recorded by the Jianghuai Area Sferic Array (JASA) in China, we use an improved method based on the transmission line
model. This approach concludes that negative NBEs occurring at high altitudes tend to produce a narrower current pulse and take a
shorter time to traverse the channel than their positive counterparts. Moreover, compared to positive NBEs, a larger portion of negative
NBEs are associated with slightly greater peak current moments but smaller overall charge moments. The differences reported herein
between electrical properties of negative and positive NBEs suggest that charge distribution in NBE-producing thunderstorms tends to
vary systematically with altitude.
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1.  Introduction
Narrow  bipolar  events  (NBEs),  also  named  compact  intra-cloud

discharges  (CIDs),  refer  to  a  distinct  class  of  intra-cloud  (IC)

discharges that produce the strongest very high frequency (VHF)

signals  in  nature,  as  well  as  energetic,  narrow  (10−30  µs)  bipolar

pulses  in  very  low-frequency (VLF)  and  low  frequency  (LF)  band-

widths.  NBEs  have  received  extensive  attention  in  the  lightning-

studies  community  (Le  Vine,  1980; Smith  et  al.,  1999; Jacobson

et al.,  2005; Wiens et al.,  2008; Nag et al.,  2010; Rison et al.,  2016;

Tilles et al., 2019). Recent measurements from space by the Atmo-

sphere−Space Interactions  Monitor  (ASIM)  suggest  that  NBEs  are

corona  discharges  that  are  associated  with  blue  emissions  at

337 nm with weak or no detectable emissions at 777.4 nm (Liu FF

et al.,  2021a; Li  DS et  al.,  2021; Soler  et  al.,  2020).  In this  work we

use  the  NBE  terminology  because  we  have  selected  for  study

discharges characterized by narrow VLF/LF waveform features.

NBEs are divided into two polarities that originate at different alti-

tudes  in  thunderclouds  (e.g., Willet  et  al.,  1989; Zhu  BY  et  al.,

2010b; Wu T et  al.,  2011).  Positive NBEs generally  occur  between

the mid-level  main  negative  charge layer  and the upper  positive

charge layer  (Wu T  et  al.,  2011; Lü,  FC  et  al.,  2013).  Positive  NBEs

usually  occur  in  isolation;  they  can  also  serve  as  precursors  of

normal IC flashes (Wu T et al.,  2012; Leal and Rakov, 2019; Lyu FC

et  al.,  2019; Bandara  et  al.,  2020).  Negative  NBEs  usually  occur

between the main positive charge layer and the screening charge

layer  at  the  top  of  an  extremely  vigorous  thundercloud  (Wu  T

et al., 2013; Liu FF et al., 2021b); they also can be observed in the

low region (Bandara et  al.,  2019).  Negative NBEs can trigger  blue

discharges,  a  type  of  upward  lightning  discharge  emitting  from
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the  thundercloud  top  (Chanrion  et  al.,  2017; Liu  FF  et  al.,  2018;
Chou et al., 2018; Neubert et al., 2021).

Because  NBEs  occur  inside  thunderclouds,  it  is  relatively  difficult
to  measure their  electrical  parameters  directly.  Some researchers
have estimated the electrical parameters of NBEs by making phys-
ical  assumptions  based  on  signatures  of  sferic  waveforms
detected at single stations, or on combinations of such waveforms
detected  by  stations  near  and  far  (Smith  et  al.,  1999; Eack,  2004;
Watson and Marshall, 2007; Nag and Rakov, 2010a, 2010b; Zhu BY
et al., 2010a). Karunarathne et al. (2016) used electric field (E-field)
changes  measured  at  multiple  stations  to  estimate  the  dipole
charge moments  of  10 positive NBEs,  ranging from 0.46 C⋅km to
1.81  C⋅km.  By  viewing  an  NBE  as  the  electromagnetic  transient
related  to  the  rapid  elongation  of  the  negative  leader  tip  in  the
ambient  thunderstorm  electric  field  (E-field), da  Silva  and  Pasko
(2015) proposed  a  unified  physical  mechanism  to  reproduce  the
NBE’s bipolar waveform under the assumed electrical properties.

Exploiting  the  high  resolution  of  broadband  interferometers, Liu
HY  et  al.  (2012) used  two  broadband  very-high-frequency  (VHF)
interferometers  to  map  the  three-dimensional  geometry  of  11
NBEs. They estimated that the channel of an NBE develops mainly
in  the  vertical  direction  over  an  extent  0.40−1.9  km  with  mean
apparent extending speed of 0.61 × 108 m/s.  and mean speed of
the current wave in the NBE channel of 1.4 × 108 m/s. Rison et al.
(2016) presented  the  downward  expansion  of  VHF  sources  for
3 positive  NBEs  by combining data  from a broadband VHF inter-
ferometer and the New Mexico Tech 3D Lightning Mapping Array
(LMA).  Also,  the  extent  (~500  m)  and  extending  speed  (~0.4−
0.5  ×  108 m/s)  of  VHF sources  inferred from VHF data  have been
used to estimate the current peak and amount of charge transfer
in an NBE, from measured E-field waveforms at close ranges.

The aforementioned analyses  of  the electrical  properties  of  NBEs
have  been  focused  mainly  on  limited  case  studies.  In  particular,
studies of the electrical parameters of negative NBEs on the cloud
top are lacking. In this work, we present a statistical comparison of
the  electrical  characteristics  of  negative  and  positive  NBEs.  A
current  waveform  retrieval  model  is  used  to  estimate,  based  on
distant E-field  waveforms,  the  following  electrical  parameters  of
NBEs:  current  traversal  time,  current  waveform  width,  peak
current moment, and charge moment. 

2.  Methodology
The  method  used  in  this  work  is  adapted  from  the  transmission
line  model  of Zhu  BY  et  al.  (2010a).  Compared  with  previous
models,  the  present  model  applies  the  complete E-field wave-
form, rather than the initial half cycle, to estimate the time for an
NBE current pulse to reach the top of the channel, and to capture
the pulse’s temporal characteristics. Figure 1 illustrates the geom-
etry of an NBE discharge. The NBE channel with length l is vertically
oriented  at  height h above  the  assumed  perfectly-conducting
ground.

r ≫ h

When a time-varying current pulse I(t) is injected at one end of the
channel and propagates without distortion along the channel at a
constant  speed v,  the E-field  waveform  at  a  distance  is
derived as follows (Rakov and Uman, 2003):

E (r, t) = v
2πε0c2r

[I (t − r/c) − I (t − Δt − r/c)] , (1)

where c is the speed of light in air and ε0 is the air permittivity. The

term Δt = l/v presents  the  current  traversal  time  and  is  critically

related  to  the  channel  length.  By  using  the  substitution v = l/Δt,

Equation  (1)  can  be  rewritten  in  terms  of  the  current  moment

M(t) = lI(t) as:

E (r, t) = 1

2πε0c2rΔt
[M (t − r/c) −M (t − Δt − r/c)] , (2)

which  indicates  that  the  distant E-field  depends  on  the  current

moment waveform and the current traversal time Δt. For simplic-

ity, the current waveform is essentially described with two param-

eters: α and β as below (Oetzel, 1968).

I (t) = Ae
−αt (e

√
α2−β2t − e

−
√
α2−β2t) , (3)

where A, relating  to  the  amplitude  of  the  current  waveform,  is

arbitrary within the framework of our model; thus, from the resul-

tant  single-station E-field  waveform  alone,  one  can  uniquely

determine only the amplitude of the current moment rather than

that of the current itself (da Silva and Pasko, 2015). From Equations

(2)  and (3),  we see  that  the  distant E-field  waveform is  governed

jointly by three variables (α, β, and Δt), in that favorable values of

these variables are expected to produce an E-field waveform that

is a good match to the observed E-field.

We  try  a  series  of  values  for α, β and Δt to  find  the  best  match

between modeled and observed E-field waveforms. The parameter

α is assumed to vary in the range of 0.05−1.0 μs−1 with increments

of 0.002; parameter β ranges between 0.05 and 1.0 μs−1 in steps of

0.002; parameter  Δt is assigned  values  between  1.0  and  15  μs  at

intervals of  0.1  μs. αi is  the ith value in  the range of α; βj is  the jth

value in the β range; Δtk is the kth value in the Δt range. A compu-

tational code was developed to calculate, first, following Equation

(3), the current waveform with arbitrary amplitudes for values of αi

and βj, and then, following Equation (2), to calculate the resultant

distant E-field by current propagation at speed Δtk.

The calculated E-field is then compared to the observed E-field to

assess the fit between the two waveforms. We define the matching

degree  (MD)  between  the  simulated  and  observed E-field wave-

form during the entire duration T as follows:
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Figure 1.   Schematic diagram for calculating the electrical field of an

NBE discharge with channel length l and central height h from data

collected at distance r.
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MD (i, j, k) = ∫ T

0
(UEm (t, αi, βj,Δtk) − UEO (t))2

dt, (4)

α β
Δt

α β Δt

where  UEm (t, αi, βj, Δtk)  denotes  the  calculated E-field  waveform

normalized to unity amplitude, and UEO(t)  presents the observed

E-field normalized to unity amplitude. The parameters of ,  and

 are chosen to minimize the value of MD, based on the limited

values of ,  and  mentioned before. As shown in Equation (2),

once the  quantity  of  Δt is  determined,  the  amplitude  (peak)  of

current moment is fixed accordingly.

It  is  worth  noting  that  the  propagation  attenuation  of E-field

waveform  over  a  finitely  conducting  path  is  also  considered

before  the  fit.  The  Fourier  transform  is  applied  to  the  simulated

E-field  (under  the  assumption  of  a  perfectly  conducting  ground)

to  obtain  each  frequency  component.  The  attenuation  function,

which describes the attenuation factor at each frequency of inter-

est, is multiplied by each frequency component. Finally, an inverse

Fourier  transform  is  performed  to  obtain  the E-field  in  the  time

domain.  The  attenuation  function  is  similar  to  the  attenuation

factor of an elevated dipole above ground used by Cooray (2007);

we choose the ground conductivity to be 0.001 S/m. 

3.  Experiment and Data
The E-field  waveforms  of  the  NBEs  examined  in  this  work  were

obtained from the Jianghuai Area Sferic Array (JASA), a GPS-based

multi-station  network  that  can  continuously  record  lightning

signals at a sampling rate of 5 MHz/s with a bandwidth of 800 Hz−

400 kHz (Qin ZL et al., 2015; Liu FF et al., 2018). The timing accuracy

at  individual  stations  is  better  than 50  ns.  In  the  post-processing

of  lightning  signals,  a  waveform  recognition  algorithm  was

applied  to  identify  an  NBE  (Ma  D,  2017; Liu  FF  et  al.,  2018).  Each

NBE  was  synchronously  detected  at  four  or  more  stations.  From

those data, a time-of-arrival technique was used to obtain the two-

dimensional location of the event. Its source height was estimated

by calculating the time differences between the ground wave and

the paired ionosphere reflections (Smith et al.,  2004; Liu FF et al.,

2018).

Overall,  we identified 411 negative  NBEs  and 1821 positive  NBEs

from  four  strong  thunderstorms  that  occurred  on  July  4,  July  6,

July  7,  and  August  19,  2012.  The  thunderstorm  on  August  19

produced 253 negative NBEs, six of which have been reported by

Liu FF et al. (2018), to demonstrate the close relationship between

negative  NBEs  and  blue  discharges.  The E-field  waveforms

recorded at  the central  VLF/LF station were used to estimate the

electrical parameters  of  individual  NBEs.  We  note  that  the  over-

whelming majority of NBE waveforms produce relevant MD values

as small as several fractions, indicating a near-perfect fit between

the simulated and observed E-field waveforms. However, when an

NBE waveform is significantly influenced by fine structures on the

overshoot  portion  (Hamlin  et  al.,  2007),  the  MD  value  becomes

larger. These fine structures are likely produced by current reflec-

tion at the channel extremity (Hamlin et al., 2007; Nag and Rakov,

2010a). As the current is absorbed in the end of the channel in our

model, we have excluded NBEs with E-field waveforms significantly

influenced  by  fine  structures  on  overshoot  (in  particular,  those

with  MD  values  larger  than  6).  This  selection  criterion  left  364

negative and 1673 positive NBEs for analysis.

Leal et al. (2019) presents a comprehensive discussion of waveform

classification of NBEs. They found that more than half of observed

CIDs exhibited pronounced ringing on the opposite-polarity over-

shoot of their bipolar electric field waveforms, which is indicative

of a bouncing wave process. As we show in Figure 2a, many of the

NBE E-field waveforms in this study exhibit fine structures on over-

shoot.  By  excluding  only  those  NBEs  whose  relatively  large  fine

structures  lead to  MD bias  values  greater  than 6,  we ensure  that
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Figure 2.   Model results for a positive NBE located at a height of 7.2 km, 150 km from a VLF/LF station. (a) Comparison between the measured

E-field waveform (black solid line, normalized to 100 km E-field peak 15.4 V/m) and simulated E-field waveform (red dashed line). (b) Derived

current moment waveform with α = 0.774 μs−1, β = 0.358 μs−1; peak current moment is 35.3 kA⋅km.
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our  model-predicted  waveforms  fit  well  with  the  bulk  of
empirically-observed waveforms.

As an example, Figure 2 illustrates the model results for a positive
NBE with  noticeable,  but  not  extreme,  fine  features  on  the  over-
shooting  portion  of  its E-field  waveform.  The  model  yields  a
fitness degree of MD = 4.6 for this NBE, corresponding to parame-
ters α = 0.774  μs−1, β = 0.358  μs−1, and  Δt = 2.7  μs.  The  current
moment waveform has a peak of 35.3 kA⋅km; the half-width of the
initial peak  (HW)  is  10.3  μs,  and  the  duration  (from  start  to  the
time when the amplitude drops to 0.5% of peak) is 63 μs. We note
that the above results were obtained under the assumed ground
conductivity  of  0.001  S/m.  Altering  the  ground  conductivity
assumptions  to  0.005  S/m  (0.01  S/m)  the  model  predicted  peak
current  moments  and  current  traversal  times,  respectively,  of
31.4 kA⋅km (28.5 kA⋅km) and 2.7 μs (2.9 μs). 

4.  Results
In  the  following,  we  derive  the  electrical  characteristics  of  364
negative  NBEs  and  1673  positive  NBEs  based  on  the  method
described  above.  The  output  parameters  (α,  β, Δt,  as  well  as  the
peak  current  moment)  for  each  NBE  are  derived  from  the E-field
waveform  and  are  then  used  to  build  the  data  sets  for  electrical
parameters, including each NBE discharge’s current traversal time,
current  waveform  width,  peak  current  moment,  and  charge
moment. 

4.1  Current Traversal Time
The  current  traversal  time  (Δt)  refers  to  the  time  for  the  current
pulse to  reach the  other  end of  the  channel;  Δt can be retrieved
from the NBE radiation waveform. Figure 3a shows the scatterplots
of Δt versus the source height of NBEs. For the 364 negative NBEs,
the Δt value averages 3.2 μs, which is significantly smaller than the
mean of  4.3 μs for  the 1673 positive NBEs.  We see that Δt values
for  a  few  positive  NBEs  at  relatively  low  altitudes  in  the  cloud
(~6−12 km) can exceed even 10 μs. However, Δt values for positive

NBEs  at  relatively  high  altitudes  in  the  cloud  (>12  km)  rarely
exceed several microseconds, which is equivalent to Δt values for
negative  NBEs  at  the  same  height. Figure  3b directly  compares
the Δt distributions of negative and positive NBEs; the comparison
reveals  that  the  durations  of  negative  NBEs  tend  to  be  shorter
than those of positive NBEs.

By assuming that the current pulses reflect at the end of the chan-
nel  and  produce  secondary  peaks  in  the  electric  field  change
records, Hamlin et al.  (2007) calculated the current traversal  time
(the time difference between the primary and secondary peaks in
the  field  change record)  for  133  out  of  1115 positive  NBEs.  Their
Δt values  range  from  several  microseconds  to  more  than  10
microseconds, which is consistent with our work. Meanwhile, the
mean Δt value (6.7  μs)  reported  by Hamlin  et  al.  (2007) is  larger
than the  mean  value  (4.3  μs)  in  this  study.  As  discussed  by Nag
and Rakov (2010a), the measuring technique used by Hamlin et al.
(2007) may lead  to  an  overestimation  of  Δt. Rison  et  al.  (2016)
reported breakdown  channel  extension  time  intervals  of  12  μs
and 10 μs for two positive NBEs, values that are close to the upper
limit of Δt values in this study and in that of Hamlin et al.  (2007),
but significantly larger than the average value (4.3 μs) of Δt repor-
ted in our work. Li DS et al.  (2022) gave slightly different channel
traversal  times  (L/v) —  13  and  16  μs for  NBE1  and  NBE3,  respec-
tively.  Although  NBE  discharges  are  initiated  by  instances  of  fast
positive breakdown and are associated with cold streamers (Rison
et  al.,  2016; Liu  FF  et  al.,  2021a),  it  remains  unclear  whether  the
breakdown channel extension time measured from VHF sources is
exactly equal  to  the  current  traversal  time  derived  from  electro-
magnetic field waveforms in VLF/LF bands. 

4.2  Temporal Characteristics of the Current Waveform
As illustrated in Figure 2b, when quantities of α and β are derived
from the E-field waveform of  NBEs,  the current waveform can be
reproduced  from  Equation  (3)  for  time  characteristic  quantities.
We  focus  on  the  half-width  and  full  duration  of  an  NBE  current
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Figure 3.   (a) Scatter diagrams of estimated current traversal time (Δt) versus source height, and (b) Histograms of Δt for negative and positive

NBEs.
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pulse (see Figure 2b).  The scatter  diagrams of  half-width and full

durations  of  NBE  current  waveforms  versus  their  source  heights

are  shown  in Figures  4a and 4c,  respectively.  The  histograms  of

half-width  and  full-width  NBE  current  pulses  are  presented  in

Figures  4b and 4d,  respectively.  The  half-width  graphs  exhibit

normal distributions  with  means  of  7.1  μs  for  negative  NBEs  and

8.6 μs for positive NBEs.  The average current duration of positive

NBEs (31.1 μs) is  almost twice that of negative NBEs (17.5 μs).  On

average,  negative  NBEs  produce  current  pulses  that  are  much

narrower and of shorter duration than the current pulses of positive

NBEs.  However,  it  is  interesting  to  note  that  positive  NBEs  that

originate at  relatively higher heights exhibit  similar  current dura-

tions to those of negative NBEs.

Karunarathne  et  al.  (2016) reported  that  the  bipolar  pulse  of  an

NBE is followed by a relatively long, slow electrostatic change with

a duration of several milliseconds or longer. To model the electro-

static  change  associated  with  an  NBE,  they  proposed  a  current

pulse  composed  of  a  brief  breakdown  current  pulse  and  then  a

smaller  prolonged  current.  We  note  that  the “NBE current  wave-

form” that  we  derive  from  the  radiation  field  waveforms  in  our

work  includes  only  the  main  breakdown  pulse  described  in

Karunarathne  et  al.  (2016) and Rison  et  al.  (2016);  it  does  not

include the possible  prolonged current  that  they include in  their

model. 

4.3  Current Moment and Charge Moment
As illustrated in Equation (2), the peak current moment of an NBE

can  be  retrieved  directly  from  its  radiation  field  waveform.

Figure  5 presents  the  model-estimated  distribution  of  peak

current moment for negative and positive NBEs. For positive NBEs,

the  peak  current  moment  ranges  from  5.48  to  75.9  kA⋅km  with

median  and  mean  values  of  28.7  and  27.8  kA⋅km,  respectively.

Negative  NBEs  produce  a  similar  median  value  (27.7  kA⋅km);

however,  a  higher  portion  of  negative  NBEs  produce  large  peak

current moments (>60 kA⋅km) and their mean value (34.9 kA⋅km)

is larger than that of positive NBEs, as illustrated in Figure 5b. Note

(Figure  5a)  that  positive  NBEs  observed  at  relatively  higher

heights tend to avoid large current moments; at these higher alti-

tudes,  peak  current  moments  of  positive  and  negative  NBEs  are

similar.

QNBE = ∫ T

0
M (t)dt

We also estimate the charge moment involved in an NBE through

the time integral of the current moment M(t) as .

The  scatterplots  of  charge  moment  estimated  for  negative  NBEs

and positive NBEs are shown in Figure 6a. We see that both nega-

tive and positive NBEs produce charge moments of several tenths

C⋅km.  However,  negative  NBEs  at  relatively  higher  altitudes  tend

to  produce  a  smaller  minimum  charge  moment  than  positive

NBEs  at  relatively  lower  altitudes,  and  the  minimum  NBE  charge

moment tends to decrease with height.  The histogram of charge

moment  for  the  different  NBE  polarities, Figure  6b,  shows  a

slightly  larger  average  charge  moment  for  positive  NBEs

(+0.27 C⋅km) than negative NBEs (−0.25 C⋅km). It is interesting to

compare Figure 6b with Figure 5b; clearly, negative NBEs tend to

produce smaller charge moments than positive NBEs.

Smith  et  al.  (1999) estimated  dipole  charge  moments  from  the

radiation  fields  of  15  positive  NBEs;  they  reported  minimum  and

maximum  values  of  0.26  and  0.8  C⋅km,  and  a  mean  value  of

0.38  C⋅km.  Their  estimated  average  current  moment  of  the  15

positive  NBEs,  about  28  kA⋅km,  is  in  quite  good  agreement  with

our value of about 27.8 kA⋅km (for 1673 positive NBEs).  By close-

range  measurements  of  the  electrostatic  field  changes, Eack

(2004) estimated the charge moments for 5 positive and 2 negative

NBEs  ranging  from  0.15  to  2.0  C⋅km.  Based  on  electrostatic  field

changes  measured at  multiple  close  stations, Karunarathne et  al.

(2016) estimated  the  3-D  charge  moment  for  10  NBEs  ranging
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Figure 4.   Derived waveform features for both polarities of NBEs. (a) and (b) Distributions of the initial width at half of the current waveform for

both polarities of NBEs; (c) and (d) Distributions of the duration of the derived current waveform for NBEs.
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from 0.46 to 1.81 C⋅km, with an average of 1.09 C⋅km; this value is

about  3  times  larger  than  the  average  charge  moment  (approxi-

mately  +0.27  C⋅km  for  positive  NBEs)  reported  in  this  study.  It

should  be  noted  that  our  model  estimates  only  the  vertical

component  of  the  3-D  charge  moment  (tiled  from  vertical),  not
including the contribution of the slow charge transfer that is obvi-

ous  in  the  slow  NBE  electrostatic  change  (Karunarathne  et  al.,

2016). Rison et  al.  (2016) modeled the electrostatic  field  changes

for  3  close  NBEs  whose  vertical  channels  were  mapped  by  VHF
source  location;  they  reported  charge  moments  of  about  0.09,

0.18,  and  0.08  C⋅km,  respectively. da  Silva  and  Pasko  (2015) and

Watson  and  Marshall  (2007) also  modeled  the  radiation  pulse  of
an  NBE  and  reported  a  charge  moment  of  several  tenths  of  a
C⋅km, which is reasonably within the range of our results. 

5.  Discussion
Table 1 summarizes our statistical results for the electrical features
of positive and negative NBEs. We find that negative NBEs, which
generally  occur  at  relatively  high thundercloud altitudes,  tend to
produce narrower current pulses than positive NBEs. The average
half-width  and  full  width  of  negative  NBE  current  pulses  are,
respectively, 7.1 μs and 17.5 μs, compared to 8.6 μs and 31.1 μs for
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Figure 5.   Derived peak current moment for both polarities of NBEs. (a) Scatterplots of peak current moment versus NBE source height;
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positive  NBEs.  The  average current  traversal  times  (Δt) are  3.2  μs
for  negative  NBEs  and  4.3 μs  for  positive  NBEs.  These  results
suggest that negative NBE current pulses require shorter times to
traverse the channel than do those of positive NBEs. The average
peak current moment of negative NBEs (34.9 kA⋅km) is larger than
that  (28.7  kA⋅km)  for  positive  NBEs; Figure  5b suggests  that  this
difference is explained by the higher proportion of negative NBEs
with  large  current  moments.  However,  the  charge  moments  of
the positive and negative NBEs do not show a similar tendency.

We  conjecture  that  the  differences  in  electrical  properties
between negative and positive NBEs are likely to be explained by
their  charge  distributions  at  different  altitudes  by  convection
strength (Rakov and Uman, 2003). Negative NBEs tend to occur in
vigorous  thunderstorms  (Wu  T  et  al.,  2013, Liu  FF  et  al.,  2021c).
Intense  convection  would  lead  to  a  stronger  upper  positive
charge  layer.  This  may  serve  as  the  abundant  charge  supply  for
negative NBEs  above  the  upper  positive  charge  layer.  Further-
more,  strong  convection  would  be  expected  to  lift  the  positive
charge  layer  close  to  the  screening  charge  layer  attached  to  the
cloud top,  which  would  produce  negative  NBEs  with  shorter  Δt
values.  The  relatively  extensive  (less  lumpy)  positive  charge
regions  tend  to  produce  large  current  over  the  cross-sectional
area  as  a  volume  current  density  (Rison  et  al.,  2016),  which  may
explain  the  relatively  greater  proportion  of  negative  NBEs  with
large current moments, as seen in Figure 5.

Additionally, the protuberant negative charge lump is more likely
to enhance the local  electric  field farther  up the negative charge
layer  to  initiate  a  downward  positive  NBE  (Rison  et  al.,  2016),
which gives  rise  to the larger  Δt values  of  positive NBEs at  lower
altitudes, as shown in Figure 3. The local charge lump would also
constrain  the available  charge supply  and prevent  the extremely
large  current  moment  for  positive  NBEs  at  lower  altitudes,  as
shown in Figure 6a. As the Δt value represents the quotient of the
channel length divided by the current propagation speed during
the NBE discharge, the significant difference in the distribution of
Δt values between negative and positive NBEs suggests that they
may differ in channel length (l) and current propagation speed (v).
According to Rison et al.  (2016), both positive and negative NBEs
are initiated by fast positive breakdowns and show no significant
difference in speed with altitude. Although we cannot rule out the
possibility  that  negative  NBEs  have  faster  current  propagation
speeds than positive NBEs, the shorter current traversal times and
the narrower current pulses observed for negative NBEs (Figures 3
and 4)  suggest  that  negative  NBEs  are  shorter  in  channel  length
than  positive  NBEs,  which  is  likely  caused  by  the  narrower  gap,

between  the  upper  positive  charge  layer  and  the  screening
charge  layer,  than  the  gap,  in  vigorous  thunderstorms,  between
the  upper  positive  charge  and  the  main  negative  charge  layer
inside and below. More precise determination of channel proper-
ties  will  be  required  in  future  work,  such  as  coordinated  VHF
source-mapping and  VLF/LF  radiation  field  waveform  observa-
tions. 

6.  Conclusions
In summary, our study has compared the electrical parameters of
NBEs of both polarities,  from data collected during four thunder-
storms  in  East  China.  From  their E-field  waveforms,  we  derived
output parameters (α, β, Δt,  as  well  as  peak current moments)  of
364 negative NBEs and 1673 positive NBEs and used these results
to  build  data  sets  for  the  relevant  NBE  electrical  parameters  —
current  traversal  time,  current  waveform  width,  peak  current
moment, and charge moment. Results are summarized as follows:

(1)  Current traversal  times of  negative NBEs are generally shorter
than  those  of  positive  NBEs.  Some  positive  NBEs  at  relatively
higher heights, however, do exhibit short current traversal times.
(2) Current pulses of positive NBEs tend to be wider than those of
negative  NBEs,  but  some  positive  NBEs,  occurring  at  altitudes
more  typical  of  negative  NBEs,  exhibit  current  pulse  durations
more typical of negative NBEs.
(3)  Compared to positive NBEs,  a larger portion of negative NBEs
are  associated  with  relatively  large  peak  current  moments,  but
also with smaller charge moments. 
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