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Introduction This supplement contains additional information in support of the data and meth-

ods presented in the main text. Text S1 describe the details of the discontinuity term related to

the current discontinuity. Figure S1 shows the side and top snapshot of the FDTD simulation

for the vertical electric fields of the slanted dipole with θ = 0◦, 30◦, 60◦ and 90◦. Figure S2

illustrates the electrostatic, induction and radiation components for both vertical and slanted

dipoles at different distances. Text S2 and Figure S3 describe the transformation geometry of

the slanted channel of NBE3. Figure S4 shows the current distribution along the channel for

the vertical NBE1, the vertical NBE3, and the slanted NBE3 without and with the extra current

Iextra. Figure S5 shows the current distribution along the channel for the vertical NBE#174 and

the vertical NBE#92 and the slanted NBE#92. Table S1 details the inferred features of the fast

breakdowns corresponding to the NBEs reported from Rison et al. (2016); Karunarathne et al.

(2016).
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Text S1: The discontinuity term related to the current discontinuity

The so-called discontinuity term (Thottappillil et al., 1998; Thottappillil & Rakov,

2001),“turn-on” term (M. A. Uman & McLain, 1970; M. A. Uman Martin A. & McLain, 1970)

or F factor (Rubinstein & Uman, 1990; Thottappillil & Rakov, 2001, 2005; Shao et al., 2004,

2005) should be considered if there is a current discontinuity at the propagation wave front.

Note that the discontinuity term is only applicable if there is a current discontinuity (Thottap-

pillil et al., 1998; Thottappillil & Rakov, 2001). The discontinuity term and its image are given

by

dEdisc
zc =

dL′

4πϵ0


(zp−(L′ cos θ+H1))(xp−L′ sin θ cos ϕ)

c2R3(L′) sin θ cos ϕ
+

(zp−(L′ cos θ+H1))(yp−L′ sin θ sin ϕ)
c2R3(L′) sin θ sin ϕ

−
(zp−(L′ cos θ+H1))2−R2(L′)

c2R3(L′) cos θ

 I(L′, t − R(L′)/c − (H2 − r)/v)
dL′

dt
, (1)

and its image,

dEdisc
zm = −

dL′

4πϵ0


(zp+(L′ cos θ+H1))(xp−L′ sin θ cos ϕ)

c2R3
0(L′)

sin θ cos ϕ

+
(zp+(L′ cos θ+H1))(yp−L′ sin θ sin ϕ)

c2R3
0(L′)

sin θ sin ϕ

−
(zp+(L′ cos θ+H1))2−R2

0(L′)
c2R3

0(L′)
cos θ

 I(L′, t − R0(L′)/c − (H2 − r)/v)
dL′

dt
,

(2)

where L′ and dL′
dt are, respectively, the retarded channel length and the speed of the current

wave front as seen by the observer at P. v is the propagation velocity. dL′
dt can be expressed as

Rubinstein & Uman (1990); Thottappillil & Rakov (2001, 2005); Shao et al. (2004, 2005),

dL′

dt
=

v
1 − (v/c) cos(α(L′))

= vF(L′), (3)

where α(L′) is the angle between the direction of propagation and the line connecting the re-

tarded position of the wave front and the observation point at P. The F factor is

F(L′) =
1

1 − (v/c) cos(α(L′))
. (4)
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Text S2: The transformation geometry of the slanted channel of NBE3

As shown in Figure S3(a), we assume the plane containing the NBE channel is perpendicular

to the transfer vector T = (x′1, y
′
1, 0) (see the red vector) with a distance ρ from the observation

point P′ is at the origin (0, 0, 0). The injection point R′1 = (x′1, y
′
1, z
′
1) and end point R′2 =

(x′2, y
′
2, z
′
2) of the NBE channel are at radial distances of r1 and r2 away from the observer,

respectively, with the elevation angle θ′el ranging from 62◦ to 63.5◦ and azimuth angle ϕ′az ranging

from 338◦ to 340◦ (see Figure 9 in the Supplementary Material of Rison et al. (2016)). Assuming

the NBE current propagates downward, the direction vectors for R′1 and R′2 can be written as

u⃗1 = (sin θ′1 cos ϕ′1, sin θ′1 sin ϕ′1, cos θ′1),

u⃗2 = (sin θ′2 cos ϕ′2, sin θ′2 sin ϕ′2, cos θ′2),
(5)

where the polar angle θ′ = 90◦ − θ′el and azimuthal angle ϕ′ = ϕ′az. The injection point R′1 and

the end point R′2 can be calculated as
R′1 = r1u⃗1,

R′2 = r2u⃗2,

(6)

where the radial distance r = ρ/ cos(θ′el), ρ = 3.3 km is the length of the transfer vector T

corresponding to the plane distance between the source and the observer (Rison et al., 2016).

Once R′1 and R′2 have been obtained, we focus on the transformation from the geometry shown

in Figure S3(a) (named as A’) to the geometry given by Figure S3(b) (named as A). The rela-

tionship between two different geometries is then written

A′ = T + A, (7)

where the transfer vector T = (x′1, y
′
1, 0) by moving the injection point R′1 of the NBE channel

back to the Z axis. Finally, based on geometry A in Figure S3(b), the new end point R2 =

R′2 − T = (x′2 − x′1, y
′
2 − y′1, 0) and the new observation point P = P′ − T = (−x′1,−y′1, 0). The

new azimuthal angle of the source ϕ and the new azimuthal angle of the observer ϕp, defined
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counterclockwise from the positive x-axis (North direction), can be calculated as:

ϕ = 270◦ − arctan (
|x′2 − x′1|
|y′2 − y′1|

) = 249◦,

ϕp = 90 + arctan (
| − x′1|
| − y′1|

) = 160◦.
(8)
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Table S1
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Figure S1. Side (a,c,e,g) and top (b,d,f,h) view of a snapshot of the FDTD simulation for

the vertical electric fields of the slanted dipole with the polar angle θ = 0◦(vertical dipole), 30◦,

60◦and 90◦(horizontal dipole).
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Figure S2. Electrostatic (a1-a4), Induction (b1-b4), and Radiation (c1-c4) components of the

total electric fields (d1-d4) and the normalized total electric fields (e1-e4) for the slanted dipole

with different θ angles with respect to Z axis and the azimuthal angle ϕ = 0◦ at a distance of

1 km, 5 km, 10 km and 50 km.
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Figure S3. Schematic procedure to obtain the geometry of the slanted channel of NBE3. The

transfer vector T = (x′1, y
′
1, 0) from geometry A’(a) to A(b) is marked by the red arrow. (a) The

geometry of the interferometer in Rison et al. (2016) (defined as A′) with the observation point

P′ at the origin and the injection point R′1 and the end point R′2 of the NBE channel located at

a plane that is perpendicular to the transfer vector T with a distance ρ. The azimuth angles for

the channel ends range from ϕ′2 = 338◦ to ϕ′1 = 340◦ and (b) the geometry adopted in our study

(defined as A) with the injection point R1 of the NBE channel located on the Z axis and the

observation point P located at T with a distance ρ and an azimuth angle ϕp = 160◦.
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Figure S4. The downward, upward and total current distribution based on the rebounding

MTLE model for the vertical NBE1(a1,b1,c1) and the vertical NBE3(a2,b2,c2), the slanted

NBE3 without the extra current Iextra(a3,b3,c3) and the slanted NBE3 with the extra current

Iextra (a4,b4,c4). The INTF data corresponding to the source time are marked by the pink dots.
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Figure S5. The downward, upward and total current distribution based on the rebounding

MTLE model for the vertical NBE#174(a1,b1,c1) and the vertical NBE#92(a2,b2,c2) and the

slanted NBE#92(a3,b3,c3) in Karunarathne et al. (2016).
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Table S1. The inferred features of the fast breakdowns corresponding to the vertical NBE1,

the vertical NBE3 , the slanted NBE3 without and with the extra current Iextra, the vertical

NBE#174, the vertical NBE#92, and the slanted NBE#92.

ID Inclination Polar angle
Simulation-determined parameters INTF-determined parameters

θ
Ipeak

(kA)

τ1

(µs)

τ2

(µs)

Iextra
peak

(kA)

τ3

(µs)

λd

(m)

λu

(m)

Qmom

(C·m)

ρ

(km)

H2

(km)

L

(m)

td
*

(µs)

tu
*

(µs)

NBE1 Vertical 0◦ -30.5 0.8 7.0 - - 374.9 857.6 -215 5.5 6.7 720 12 13

NBE3
Vertical 0◦ -61.7 0.3 3.4 - - 378.7 113.7 -116 3.3 6.6 412 11 6

Slanted 15◦ -75 0.3 10.4 - - 136.6 22.1 -357 3.3 6.6 412 11 6

Slanted 15◦ -56.6 0.3 3.2 -7.4 39.7 305.4 98.3 -219 3.3 6.6 412 11 6

ID Inclination Polar angle
Simulation-determined parameters Other parameters

θ
Ipeak

(kA)

τ1

(µs)

τ2

(µs)

Iextra
peak

(kA)

τ3

(µs)

λd

(m)

λu

(m)

Qmom

(C·m)

H2

(km)

L†

(m)

ν†

(m/s)

NBE#174 Vertical 0◦ -426.5 2.0 1.2 -34.9 78.1 257.3 125.8 -4775 13 1000 2.6 × 107

NBE#92
Vertical 0◦ -200.6 1.0 31.4 -41.0 196.0 96.2 1 × 105 -4519 13.3 300 5 × 107

Slanted 13◦ -345.2 0.9 32.6 -28.9 410.1 66.8 1 × 105 -6958 13.3 300 5 × 107

* The downward and upward propagation time td and tu are determined by fitting the INTF traces for both NBE1 and NBE3 in
Rison et al. (2016).
† The channel length L and the propagation velocity ν are obtained from Karunarathne et al. (2016); Rison et al. (2016).
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