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Text S1: The effect of adding an extra region where the current decays
smoothly

We present here an extension of the Modified Transmission Line with Exponential decay
(MTLE) model by adding an extra region where the current decays smoothly. As shown
in Figure S2, we assume the steamer coronas interact with the negative charges and

disappear naturally within the added region with a length of d. From the altitude Hs



to Hy with a length of L, the current distribution is still based on the MTLE model,
with a current I(z,t) that propagates downward and decreases exponentially along its

propagation channel with the attenuation rate A:
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where v is the propagation velocity. Then we add an extra region with a length of d below

H, where the current decays linearly:

I(zt) =1 (t — M) o (H2—H1)/A (1 - Hld_ Z) ., (H1—d<z<Hy) (2)
v

The results of adding this extra region are presented in Figure S3. We use Uman’s
equation with the same current parameters adopted by Rison et al. (2016). For both
NBE1 and NBE3, the calculated results disagree with the measurements. Moreover,
an unrealistically long extension with d > 5km is required to sufficiently attenuate the
radiated field peaks for both NBE1 and NBE3.

Text S2: The results corresponding to the bouncing-wave model

The bouncing-wave model proposed by Nag & Rakov (2010) assumes that the NBE
current propagates uniformly along a conducting transmission line (TL) channel and is
reflected multiple times at either end of the channel. As shown in Figure S4, the downward
current pulse hits the bottom of the channel where it is reflected and begins traveling
upward. In general, the pulse will experience multiple reflections at the top and bottom
of the channel with losses accounted for by the current reflection coefficients p; and py,

respectively.



The downward current I,(z,t) is given by

IM(z,t) = f: p:Ql (zt <n_1)(H2_Z)), (3)

v
n=1,3,5,..

where I is the incident current. Similarly, the upward current I,(z,t) is

e = Y gl (se - BEUEREE) @

v
n=2,4,6,...

Then, the total current 4 (z,t) is obtained as

Lowt(2,t) = > Ij(zt)+ Y Izt (5)
n=1,3,5,... n=24,6,...

In Figure S5 we show the results corresponding to the bouncing-wave model by con-
sidering different current reflection coefficients for both NBE1 and NB3. The incident
current /y and its parameters are considered the same as those adopted in Rison et al.
(2016). Here, we present four cases where p, = p; = 0 (the current wave is fully absorbed
at both top and bottom ends), p, = p; = 1 (the same current wave bounding at both
top and bottom ends), p, = p; = —1 (the current wave changes polarity at both top and
bottom ends ) and p, = p; = —0.5 (the current wave changes polarity and is partially
absorbed to reduce its magnitude to be half at both the top and bottom ends).

In their original bouncing-wave proposal, Nag & Rakov (2010) explained the secondary
pulse as the reflection of a wave as it reaches the end of an established conductor channel.
However, observations of thunderstorm activity have shown that there is no evidence of
a leader channel being established before the NBEs (Rison et al., 2016). Moreover, it can
be seen from Figure S5 that the calculated results using the bouncing-wave model can

not match well with the measurements.
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Figure S1. The current distribution as a function of height for the MTLE model corresponding
to the cases NBE1 (a) and NBE3 (b) in Rison et al. (2016). The adopted parameters are the

same as those used by Rison et al. (2016), which are also presented in table 1.
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Figure S2. The MTLE model with an extra region (d) where the current decays smoothly,
(I)-(III) are different growth stages of the steamer corona system of NBEs. In the extra region,

the steamer coronas are assumed to interact with the negative charges and disappear naturally.
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Figure S3. Comparison between simulation and measurement corresponding to the case NBE1
(a) and NBE3 (b) in Rison et al. (2016). The simulation is based on Uman’s equation with d

ranging from 0km to 5km. The results from the rebounding MTLE model are also presented in

the figure.

Pt
D
L o
EEL
v | \ \

| A o L I
Co T
Lo |
| I
| I
I L
N2 V2 /2. R I
Po

Figure S4. The bouncing-wave model proposed by Nag & Rakov (2010). The NBE current
propagates downwards from an altitude H, to H; with a channel length L. Inside the conducting
channel, the current will experience multiple reflections at the top and bottom ends with the

current reflection coefficients p; and p,, respectively. I7 and I} are the downward and upward

currents at the nth reflection.
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Figure S5. Comparison between simulation and measurement corresponding to the cases NBE1
(a) and NBE3 (b) in Rison et al. (2016). The simulation is based on the bouncing-wave model
(Nag & Rakov, 2010) adopting different sets of the current reflection coefficients as indicated in

the figure legend.
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