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Text S1: Methodology

MMIA observation simulation

In the simulation, we assumed the optical BLUE sources are impulsive and localized point
sources inside a homogeneous isotropic cloud. The scattering and absorption processes of the
photons propagating through the cloud are evaluated based on two different approaches includ-
ing an analytical diffusion model and a Monte Carlo simulation (Luque et al., 2020).

We first fit the 337-nm photometer signal of MMIA to infer the depth (relative to the cloud
top) L of point-like optical sources inside a homogeneous and infinite cloud. To simplify the
simulation, we neglect Rayleigh scattering and background absorption by adopting a homoge-
neous collision rate v = ¢N,;Q.,mR?, where N, is a droplet number density with particle radius
R.

Soler et al. (2020) proposed a simplified analytical expression based on the diffusion approx-
imation proposed by Koshak et al. (1994), named first-hitting-time model, to infer the depth
(relative to the cloud top) of the point-like optical sources located deep inside the cloud. How-
ever, here we add more details by using equation (27) of Luque et al. (2020) to include Mie
scattering. Mie scattering corresponding to the wavelength of 337 nm is characterized by three
parameters: the scattering asymmetry parameter g = 0.88, the respective extinction coefficient
Q. = 2.06 and the single-scattering albedo wy = 0.99 which is close to unity and describes
the probability that a photon re-emits after a scattering event. These parameters are obtained
by solving the Mie problem with the open source MieScatter.jl code (Wilkman, 2013; Li et al.,

2020) .
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The total flux per unit time of single-pulse BLUEs F,q.(#) for the analytical diffusion model

is (see more details in (Luque et al., 2020)):

—t/Ta—Tp]/t

302
= (t/Tp) (1)

Fsingle(t) =

and the characteristic time 7p(f) = L with the

where the photon absorption time 74 = )

1
v(1-wo)

2

depth L and the diffusion coeflicient D = —=

v(1—wq) *

The equation for multiple-pulse BLUES, denoted as Fuiple(?), 1s @ sum of Fpnele(?) as follows:

M
qultiple(t) = Z Fsingle(t) (2)
i=1

where M is the number of the BLUE pulses used in the fitting process.

We further simulate the 337-nm photometer signal and the corresponding camera image de-
tected by MMIA using a Monte Carlo code CloudScat.jl (Luque et al., 2020) by considering a
localized optical point source inside a homogeneous cloud at an altitude that spans from 7 km
to the cloud top boundary. The depth L of the optical source is derived from the analytical

diffusion model with the scattering parameters listed in Table 2.

FWM simulation

We simulate the radio waveform of both NBEs and the subsequent pulse trains of the multiple-
pulse BLUESs using the Stanford Full Wave Method (StanfordFWM) code of Lehtinen & Inan
(2008, 2009). The source is assumed to be a vertical dipole for the NBEs and a horizontal dipole
for the subesequent pluse trains with the current moment of 1 A m located at an altitude of 10 km
(selected for simplicity, neglecting the small differences with the estimated source altitudes)
emitting at frequencies between 10 kHzr0o100kHz. The waveform of the current moment is

assumed to be the bi-Gaussian function:
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1) = I(e™/™ = 717, (3)

where the rise time 7; and the fall time 7,. The electric current moment for the NBEs is
Iy = [0,0, 1] corresponding to a vertical dipole along z-axis. The electric current moment
for subsequent pulse trains is I, = [\/i/ 2, \/5/ 2,0], i.e., represents a horizontal dipole with an
angle of 45° with respect to the positive x-axis. Note that the angle of 45° here only represent an
example of the cases since we don’t know the exact angle of the horizontally oriented sources.
The ionosphere is assumed to be horizontally stratified at altitudes between 0 km to 100 km and
treated as a magnetized plasma. In order to reflect the real propagation geometry, we assumed
the propagation in positive x-direction corresponding to the north component of the geomag-
netic field. According to the International Geomagnetic Reference Field (IGRF) model (Alken
et al., 2021), the geomagnetic field in our case has the total intensity about 42 000 nT along the
positive y-axis. In the simulation, we only consider the electrons since the effect of the ions
can be neglected in the lower ionosphere in the frequency range of interest. The electron den-
sity profile is obtained using the International Reference Ionosphere (IRI) model (Bilitza et al.,
2014) at the location of the BLUESs at 17:50:00 UTC on April 30, 2020. The ground is assumed
to be perfectly conducting without considering the effect of the ground conductivity due to the
BLUEs occurred over the ocean. By following the geometry of the observation, the observed
sensor at Malaysia is located at about 500 km away from the BLUEs (see figure 1(b)). After
the results of the FWM modeling at different frequencies are obtained, we applied the inverse

Fourier transform to calculate the time-domain waveforms of the x and y components of the
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magnetic field at the observation point. The comparison between the StanfordFWM results and

the observation are shown in figure 3.

VLF/LF sferic simulation

We estimate the current moment M;(¢) for the primary BLUE pulse of the multiple-pulse
BLUESs based on the azimuthal magnetic field component By measured by the ground-based
very low frequency/low frequency (VLF/LF) sensor nearby Malaysia. In the calculation, we
assumed the source as a vertical dipole located at an altitude of H away from the sensor at
a distance of d (see Table 2). The ground is assumed to be perfectly conducting because the
VLF waves propagation from the BLUEs occurred over the ocean. We calculate the azimuthal
magnetic field component By by using Uman’s equation (Uman et al., 1975) and compare it with
the observation. The source current moments can be inferred by solving the inverse convolution

problem (Cummer & Inan, 2000; Cummer, 2003):

B(r) = f i M;(Oh(t — 7)d(7), “4)

where B is the measured magnetic field waveform, M; is the source current moment and A(t)
is the propagation response evaluated from the modeling results of Uman’s equation. In the
modeling, the waveform of the source current is also assumed to be the bi-Gaussian function in
equation (3). The inferred current moments M; and the cumulative charge moments M, of all

multiple-pulse BLUEs are presented in Figure S10.
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Figure S2. Comparison between MMIA photometer irradiance (blue: 337 nm, yellow: 180-230 nm
and red: 777.4nm) and the modeling results of the analytical diffusion model (black) and Cloudscat
model (green) on a linear (a) and logarithmic (b) scale along with the North-south and East-west mag-
netic field components Bys and Bgw (c), and their sum of the square Byg2, g2 (d) from the ground-
based VLF/LF sensor nearby Malaysia for event 1. The image detected by 337-nm filtered camera of
MMIA (e) and the simulated image of Cloudscat model(f). The start time (refer to source) for NBE
and its subsequent pulse is marked in dashed black line within the time difference 3.1 ms with +£0.65 ms
uncertainty (gray shadowed region). The inset zoom figures for both primary NBE and its subsequent

pulse trains are also given in the figure.
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Figure S4. Similar to Figure S2, but for event 3.
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Figure S5. Photometer irradiance (blue: 337 nm, yellow: 180-230 nm and red: 777.4 nm) of MMIA
on a linear (a) and logarithmic (b) scale along with the magnetic field components Bys, Bgw (c) and
their sum of the square Bys2, w2 (d) detected from the ground-based VLF/LF sensor nearby Malaysia
for event 4. The image detected by 337-nm filtered cameras of MMIA (e). The start time (refer to
source) for NBE and its subsequent pulse is marked in dashed black line with +0.65 ms uncertainty

(gray shadowed region). The inset zoom figures for both primary NBE and its subsequent pulse trains

are also given in the figure.
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Figure S9. Similar to Figure S5, but for event 8. Note that the zoom-in of the first and second

subsequent pulses trains within time difference 1.4 ms and 4.4 ms are also shown in the figure.
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Figure S10. The evaluated current moments M; and charge moments M,, for the primary BLUE pulse
of eight multiple-pulse BLUE:s listed in Table 1 based on the azimuthal magnetic field component B,
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Figure S15. Similar to Figure S11, but for event 5.
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Figure S16. Similar to Figure S11, but for event 6. Note that, as shown in (d), the subsequent pulses
trains show a similar linear-like pattern comparing with NBE pulses. It is due to the subsequent pulse
trains for the event 6 seems like a negative NBE, however, it is too noisy to identify it through the radio

signals (see (¢)).
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Figure S17. Similar to Figure S11, but for event 7.

19




(@) NBE (b) NBE

1
0.5 o
h
=
o 0 g
)
05 *
X 4
.
| - I L I ] 1 ap @
0.129 0.1292 0.1294 0.1296 0.1298 0.13 -1 -0.5 0 0.5 1
Time(s) Bus
() (d)
Subsequent pulse trains Subsequent pulse trains
0.1
0.2
0 0.1 °
=
£ E 0
m -0.1 m
-0.1
S
e -0.2 ?
1
. | - . . ')
0.1304 0.1306 0.1308 0.131 0.1312 0.1314 -02 -01 0 01 02
Time(s) Bus

Figure S18. Similar to Figure S11, but for both NBE and its first subsequent pulse for event 8.
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Figure S19. Similar to Figure S11, but for both NBE and its second subsequent pulse for event 8.
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