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Abstract

Brief bursts of high frequency (HF) and very high frequency (VHF) radio emissions unaccompanied by strong low frequency
radiation have been observed during initiation and propagation of lightning or thunderstorm electrical breakdown without lead-
ing to fully-fledged lightning. This paper investigates a physical mechanism to generate such radio bursts by electrical discharge
activity inside a thundercloud. When a discharge consists of many high frequency emission sources, such as streamers, that
generate currents in random directions, its radiation spectrum peaks in the HF and VHF bands, and the spectral magnitudes
in low frequencies are much smaller or even negligible. Combined with recent observational findings, the present study sug-
gests that lightning initiation may begin with a short burst of many randomly occurring small-scale discharges in a localized

thundercloud region.
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Key Points:

e A theory is developed to understand the generation mechanism of thunderstorm
high frequency radio bursts with weak low frequency radiation

¢ Many high frequency radio emitting streamers or streamer-like discharges that prop-
agate in random directions can generate such radio bursts

« Lightning initiation may begin with a short burst of many randomly occurring small-
scale discharges in a localized thundercloud region

Corresponding author: Ningyu Liu, Ningyu.Liu@unh.edu



18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

2

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Abstract

Brief bursts of high frequency (HF) and very high frequency (VHF) radio emissions un-
accompanied by strong low frequency radiation have been observed during initiation and
propagation of lightning or thunderstorm electrical breakdown without leading to fully-
fledged lightning. This paper investigates a physical mechanism to generate such radio
bursts by electrical discharge activity inside a thundercloud. When a discharge consists
of many high frequency emission sources, such as streamers, that generate currents in
random directions, its radiation spectrum peaks in the HF and VHF bands, and the spec-
tral magnitudes in low frequencies are much smaller or even negligible. Combined with
recent observational findings, the present study suggests that lightning initiation may
begin with a short burst of many randomly occurring small-scale discharges in a local-
ized thundercloud region.

Plain Language Summary

How exactly lightning forms from electrical breakdown activity inside thunderclouds
remains unclear. To answer this question, radio frequency (RF) radiation originating from
thunderstorms is routinely measured and analyzed to investigate lightning dynamics. Re-
cent multi-channel radio observations clearly indicate that brief bursts of high frequency
RF radiation unaccompanied by lower frequency waves can be generated during light-
ning formation. Such radio bursts have different spectral properties than well-documented
RF radiation from lightning. This paper investigates a way for electrical breakdown ac-
tivity to generate such radio bursts. We find those radio bursts can be generated by an
electrical discharge consisting of a large number of elements that propagate in random
directions. Our finding suggests that lightning may begin with many randomly occur-
ring small-scale electrical discharges in a localized thundercloud volume.

1 Introduction

A variety of lightning processes generate broadband radio frequency (RF) emissions.
The spectrum of the RF radiation typically peaks around 5-10 kHz in the very low fre-
quency (VLF, 3-30 kHz) range and rolls off above approximately 10 MHz (e.g., Willett
et al., 1990). A notable exception is the spectrum of compact intra-cloud discharges (CIDs)
or narrow bipolar events (NBEs), which has elevated magnitude in high frequency (HF,
3-30 MHz) and very high frequency (VHF, 30-300 MHz) bands (e.g., Le Vine, 1980; Wil-
lett et al., 1989; Smith et al., 1999; Jacobson et al., 1999). However, even for CIDs the
spectral magnitude in the high frequency range is still much smaller than that of lower
frequencies (e.g., Willett et al., 1989; Liu et al., 2019).

Recent multi-band radio observations have clearly shown that bursts of HF and VHF
radiation with only weak or even no accompanying sferic pulses (i.e., weak lower frequency
radiation) can also be generated during thunderstorms. Examples of such RF bursts in-
clude the microsecond-long radiation from the initial breakdown of precursor events re-
ported by Rison et al. (2016), which are thundercloud discharges not leading to fully-
fledged lightning, and narrow (e.g., <0.5 us) VHF pulses that are the initiating events
of a large fraction of lightning (Marshall et al., 2019; Lyu et al., 2019) and that also oc-
cur during lightning formation (Marshall et al., 2019). Interestingly, long-lasting (~1 s)
bursts of VHF radiation called continual radio frequency (CRF) have been observed dur-
ing the onset of explosive volcanic eruptions (e.g., Behnke et al., 2018; Thomas et al.,
2007). Radio observations indicate that CRF consists of fast (~160 ns) VHF impulses
that occur on average once every faction of a millisecond, is produced in the absence of
a large-scale electric field, and results in insignificant charge transfer (Behnke et al., 2013,
2018). Behnke et al. (2018) has suggested that CRF is caused by numerous, small elec-
trical discharges similar to streamers.
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The purpose of the present study is to investigate a physical mechanism for pro-
duction of HF and VHF bursts without significant lower frequency radiation. The dom-
inant source of lightning high frequency radiation has been referred to by a loosely de-
fined term, dielectric breakdown in virgin air. Recent studies have narrowed it down to
streamer discharges (Rison et al., 2016; Shi et al., 2016, 2019; Tilles et al., 2019; Liu et
al., 2019). A streamer under certain ambient field conditions can quickly expand and ac-
celerate, resulting in a rapidly increasing current with a growth timescale on the order
of nanoseconds. As shown by recent studies (Liu et al., 2019, 2020; Cooray et al., 2020),
a large ensemble of streamers that all propagate in the same direction can explain the
elevated spectral magnitude in the HF and VHF bands such as the spectrum of CIDs.
This is because as the streamers randomly occur over a time interval (e.g., the duration
of the CIDs) much longer than their growth timescale, the radio spectral properties of
individual streamers that are related to their growth timescale will still be manifested
due to the random onset of the streamers. Another way to understand the CID spec-
trum is that as the electromagnetic fields of individual streamers are added together to
give the field of the CID, the lower frequency components (on the order of the inverse
of the CID duration) are added coherently, but the high frequency components are added
incoherently. As a result, although the spectral magnitude in the high frequency range
is much smaller than the lower-frequency spectral magnitude, the CID spectrum in this
range is as flat as the radiation spectrum of a single streamer. The coherency of the lower
frequency components of the radiated fields from individual streamers is imposed by the
occurrences of the streamers within the duration of the CID. Then, in order to explain
the observed HF-VHF bursts unaccompanied by sferic pulses, the lower frequency com-
ponents of the radiated fields of individual streamers must cancel out when they are added
up coherently in time. This can be achieved if streamer propagation is not constrained
to a single direction.

In this paper, we develop the theory of electromagnetic radiation from an ensem-
ble of streamers that occur randomly in time and propagate in random directions. This
theory indicates that the intensity of the high frequency radiation from such a system
is comparable to that from an ensemble of streamers that all propagate in a single di-
rection, but the radiation intensity is weak in lower frequencies and is in fact negligible
near zero frequencies. Numerical simulations are also presented to validate the developed

theory. Combined with the observation of lightning initiated by a narrow VHF pulse (Marshall

et al., 2019; Lyu et al., 2019), the results from this study suggest lightning initiation may
begin with many small-scale discharges between charged particles that randomly occur
in a relatively localized thunderstorm volume.

2 Theory

The radiated electric field from a time-varying current can be calculated by the fol-
lowing equation (e.g., McDonald, 1997; Shao, 2016):

S IR IR, EU S L

E7'a 7t =
d(T ) 47T€() 62R 47T€() 02R

where € is the permittivity of free space, ¢ is the speed of light, R is the unit vector of
the separation vector R from the source point 77 to the observation point 7, and J is the
time derivative of the current density. The square brackets surrounding J means the cur-
rent density is evaluated at the retarded time t—R/c. Note that the numerator of the

last integral gives the component of J in the direction perpendicular to R and the neg-
ative sign in front of the integral indicates that the radiated electric field is opposite to
the total current moment derivative.
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As an electric field antenna typically measures a single component of Erad, with-
out loss of generality, we consider the z component:

Bu(Ft) = Brag 2 = —— /m'é_(m'é)@'é)d,

T .
4’/T€0 2R

The duration of the HF and VHF bursts considered here is very short, at most a cou-
ple of microseconds, suggesting that the source volume must be small. Setting the ori-
gin of the coordinates at the center of the volume and neglecting the variation of R ex-

cept for evaluating j: at the retarded time, the following equation is obtained, with Z =
cosR —sinff and R - Z = cos6:

. sin 6 A 3

That is to say, to find E,, we can first calculate the 6 component of the total current mo-
ment derivative, and then find the projection of the result onto the z axis. If a differ-

ent component of E,.ad is wanted, we just need to replace 6 and 6 with the correspond-
ing quantities for that component.

For an ensemble of discrete streamers, each streamer generates a current moment
pulse and so an electric field pulse (Liu et al., 2019, 2020). The above equation can then
be written as

E.(7 1) = 44;;2092 . <é : Z [MD ,

where []\Zfl} = M;(t — R;/c) is the time derivative of the current moment of the ith

streamer evaluated at the retarded time. Let M; = M (t—t;)n;, where M(t) is a ref-
erence streamer current moment waveform (Liu et al., 2019), ¢; is the delay of the start
of the ith streamer, and 7; is its propagation direction. Introducing T; = t; + R;/c,

M;| = M, (t —t; — Ri/e)n; = M, (t — T;)n;, so T; is the total delay of the radiated
electric field from the ith streamer to arrive at the observation point. Taking Fourier trans-
form of E,, we obtain

~ wM,sinf | - iwT
Ez('l",t)w<0'ze J 'I'lz)

Because of the random nature of streamer occurrence, the electromagnetic radiation spec-
trum of a streamer ensemble contains strong fluctuations and the essential information
can be found in the average spectrum of streamer ensembles (Dwyer & Cummer, 2013;
Liu et al., 2019, 2020). As the energy spectral density (ESD) of the radiated field is pro-

portional to |E|2 (Liu et al., 2019; Shi et al., 2019), we need to compute <\Ez|2> With
Ez = E22 + dEZ, where <Ez> is the average and dEZ is the deviation of a streamer

ensemble
(812 = [(B)] + (P,

under the assumption that << E.> dE;*> = << E: > dEZ> =0.

rom the average,

Suppose that T; follows certain probability distribution fons(t'), and 7; is equally
probably to point to any direction denoted by #(8’, ¢’) so that the corresponding prob-
ability distribution f4(6’,¢') is given by sin 6’ /47, where primed coordinates represent



152 the quantities of the source. Then,

~ MS 5in 6 4 —iwT: ~ M 0 w
o (B S (D)= S )

k I m
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. o A N e R
156 where IV is the total number of streamers in the ensemble and Ny ; ,,, is the number of
157 streamers with a delay of T}, and propagating in the (6], ¢/,,) direction. With # = sin ' cos ¢’ 2+
158 sin 0’ sin ¢’y 4+ cos 'z and (cos ¢’y = (sin@’) = (cos#’) = 0 for the assumed angular

150 distribution f4(0’,¢") = sin 8’ /4,
: (B.0) =,

161

162 and
<|EZ\2> - <|dEz|2>.
164
165 Because dE, arises from fluctuation of the number of streamers that start at a par-
166 ticular moment of time and propagate in certain direction from the average number,

. wM, sin 0 p

_ 7]wTk /

167 dEZ = 47T€002R Z Z Z € 9 )de,l,m-

168

w  With <|dE’Z|2> - <dEsz’j>, we have

SRR (AVEEETS 93 3 3 3 Sl (TR [GRTAR) NS

m kU m

172

173 Assuming (dNy i mdNy 1 ) #0only if k =k, 1 =1, and m =m/,

) 62|, 02| I, 2 . 2
v () = S0P Y (5500 ) <delm>—%Z;;(9-r<es,¢m) (Netm)

Sln 6w2|M ‘2 °n / / 2 / / / / / /
i L [ [ (05000 Npsty1a0' v a
177 where <le§,l,m> = (Ngi,m) is used because Ny, ; , follows Poisson distribution.
178 As 7 follows an isotropic distribution, without loss of generality, we can set 6 =

179 £ to compute the above integral so that (é AN d)’)) = cos . Because fOT fens(t))dt' =
180 1, fo(0',¢') =sin’/4x, and [ fo% cos? 0’ sin @' / (4m)df'd¢’ = 1/3,

S - o\ sin? Qw?|M,|?
- (1B:7) = (1dB.) = = 2ape M)
183 This equation means that <\EZ|2> is proportional to UJQ‘MS|27 which is the squared mag-
184 nitude of the Fourier transform of the derivative of a single streamer current moment
185 pulse. It also shows that <|E2|2> is linearly proportional to the total number of stream-
186 ers. Because each streamer produces a brief current pulse, |]\~4s|2 is constant over low fre-
187 quencies so that the energy spectral density increases with frequency in that frequency
188 range. As the frequency increases further, the timescales of streamer current first com-
189 pensate the w? term, giving a constant energy spectral density in the HF and VHF range,
190 and then further lead to decreasing energy spectral density with increasing frequency.
101 Compared to the case of streamers propagating in the same direction (Liu et al., 2019),

192 the HF-VHF power is a factor of three smaller.



103 3 Numerical Simulation

104 To validate the theory presented above, numerical simulations are performed to ob-

105 tain the electromagnetic radiation spectrum of an ensemble of streamers propagating in

19 random directions. The currents from the streamers are added together to obtain the

107 total current of the ensemble and then Fourier transform is performed on the time deriva-

198 tive of the total current in order to obtain the energy spectral density. Starting from E, (7, t),

199 with |:M11| = MS (t — Ti)’ﬁ:i, we have

. 4 .
200 E, (7", t 4:512102]% Z M (9 nz) ,

201

202 Again, (é . ﬁz) = cos®’. Then,

. sin ,
203 E.(7,t) = Ine®R Z M( ) cos 0;.
204
208 If the number of streamers N in the ensemble is not too large, the summation over all
206 streamers in the above equation can be readily implemented in numerical simulation to

207 find E,(7,t), with T; and 6} drawn from fe,s(¢) and sin 6/2 distributions, respectively.

208 If N is large, the following manipulations are made in order to improve the per-
200 formance of the simulation. Dividing the duration of the event into small intervals of AT
210 and the [0, 7] range of 6’ into small segments of Af’, and introducing Ny ; as the num-
o1 ber of streamers starting at ¢ = Ty, and propagating along the direction 6’ = 6,
. sin 0
E.(F,t) = Trec Z Z M(t — Ty) cos 0] Ny, (2)
213
214 with
sin 6] ,
;12 <Nk,l> = Nfens(Tk) ATAG .
1
217 Equation (2) is then implemented with Ny ; drawn from a Poisson distribution with the
218 mean given above. The simulations shown below are obtained with this approach.
210 4 Simulation Results
220 In simulation, fes(t) is assumed to be an asymmetric two-sided exponential (Liu
221 et al., 2019)1
ach
Jens(t) = ——[e® 710y (tg — 1) + e P71yt — t)), (3)
e + be
23 where a. and b. are the inverses of the rise and fall time constants, respectively, u(t) is
204 the step function, and ¢y is the time when fons(t) reaches its peak. The streamer cur-
25 rent moment pulse is assumed to be described by a double exponential function (Liu et
226 al., 2019)
Msoeast
227 M (t) = T4 olantbot” (4)
28 where as and b, are the growth and decay rates, respectively, and Mg is approximately
229 the peak current moment. Two simulation cases are reported below, and the parame-
230 ters used are summarized in Table 1. Equation (2) indicates that E, depends on both
231 R and 6, but equation (1) shows the spectral shape is independent from those two quan-
23 tities. For simplicity, 0 is set to m/2, the direction where the spectral magnitude is max-

233 imized, and R is set to 100 km, the distance the radiated field from lightning is typically
234 normalized to.



Table 1. Parameters for the two simulation cases.

Case N a;' (us) 7! (us) Duration® (us) a;' (ns) b3t (us) Mg (A-m) 6 (rad) R (km)
1 10° 0.5 1 1.5 1 0.25 1.0 /2 100
2 103 0.125 0.25 0.375 1 0.125 1.0 /2 100

?Calculated as (a7t +b;1).
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Figure 1. Simulation results of an ensemble of 10° streamers that occur randomly in a time

interval of about 1.5 us and propagate in random directions. a) The simulated current moment

(solid line) and the current moment (reduced by factor of 100 in plotting) of a streamer system
without any random fluctuations (dashed line). b) The electric field at 100 km calculated by the
current moments shown in a). c¢) The square (solid line) of the rms envelope of E. smoothed over

a 0.2 ps window and fens(t) (dashed line) that is scaled to the same peak as the black curve. d)

The effective radiated power (ERP) in dBW.
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Figure 2. The energy spectral density of an ensemble of 10° streamers that occur randomly
in a time interval of about 1.5 us and propagate in random directions. a) The ESD of a single
ensemble of 10° streamers. b) The ESDs obtained from averaging over 20 simulated streamer
ensembles (solid black curve), equation (1) (dashed red curve), theoretical mean (dashed magenta
curve) of ensembles of streamers all propagating in the same direction, and a system of streamers

without any random fluctuations (dashed blue curve).

Figure 1 presents the waveforms of several quantities from the first simulation case.

The solid line in panel la shows the current moment component relevant to E., i.e., >, >, My(t—

Ty,) cos 97Ny, (see equation (2)). The dashed line is the result (reduced by a factor 100)
of convolving the streamer current with fens(¢), which can be thought as the total cur-
rent moment if all streamers propagate in the same direction and if there is no random
fluctuation in the streamer onset (Liu et al., 2019). Because of the cancellation due to
random directions of the streamer currents, the peak magnitude of the solid black curve
is about two orders of magnitude smaller than that of the dashed blue line. The total
charge moment change from the dashed blue line is 25 mC-m, consistent with 10° stream-
ers each with a charge moment change of 0.25 ;C-m, while the total charge moment change
from the black curve is much smaller, with a value of -44 uC-m. More importantly, the
current moment shown by the solid black curve is not exactly zero and varies rapidly.

As a result, the electric field E,, shown by the solid black curve in panel 1b, calculated
by using equation (2) clearly contains high frequency components and its peak magni-
tude is not significantly smaller than the field for the case with no random fluctuations
(the dashed blue line), calculated by multiplying the time derivative of the smooth cur-
rent moment waveform in panel la by —sin8/(4meoc?R). In panel lc, the solid black line
shows the square of the smoothed root mean square (rms) envelope of the simulated elec-
tric field E,, which recovers fens(t) (the dashed blue line). Panel 1d shows the effective
radiated power (ERP) in dBW, which is defined as the total power radiated as if the source
is a point source emitting isotropically (Jacobson et al., 2013). The ERP in dBW is cal-
culated as 10log;o[4mR%cocE?)], where the smoothed envelope shown in panel 1c is used
for E2.

The ESD as represented by |E~’Z|2 is shown in Figure 2. Because the ESD from a
single streamer ensemble is also a random process, the simulated ESD obtained by tak-
ing Fourier transform of E, shown in Figure 1b fluctuates greatly, as shown in panel 2a.
Panel 2b shows that the average ESD (solid black curve) of 20 simulated streamer en-
sembles agrees well with the spectrum predicted by equation (1) (dashed red curve). The
ESD increases initially, oc w?, with increasing frequency until it plateaus starting around
1 MHz, and it finally rolls off near 100 MHz. Compared to the ESD of the ensemble of

streamers propagating in the same direction, calculated as [sin 6/(4meoc? R)|*2N2w2 | M) 2(| fens| >+

1/N) [see equation (14) in (Liu et al., 2019) and note that the extra factor of 2 takes into
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Figure 3. Simulation results of an ensemble of 10® streamers that occur randomly in a time
interval of about 0.375 us and propagate in random directions. The description of each panel is
the same as Figure 1 except the dashed blue line in panel a) shows the current moment reduced
by a factor of 10, instead of 100.

account the negative frequencies.], the ESD in the HF and VHF range is only slightly
smaller, a factor of three smaller according to equation (1), but it is more than four or-
ders of magnitude smaller at 100 kHz and even smaller at lower frequencies. The ESD
from a streamer ensemble without any fluctuations in the streamer onset and propaga-
tion direction matches the ESD of the ensemble of the streamers propagating along a
single direction in the low frequency region, but it decreases initially with a power law
index of -4 above several hundreds of kHz as it is proportional to w?|Mj|?| fons|?.

Figures 3 and 4 show the simulation results from the second case. The features of
the results are consistent with those of Figures 1 and 2. The current moment of the sim-
ulated streamer ensemble is significantly smaller than the ensemble with all streamer prop-
agating in the same direction, but the peak magnitude of the electric field is compara-
ble. The electric field is very noisy and the square of the smoothed envelope of E, matches
well with the streamer occurrence probability distribution in time fons(¢). For the ESD
plots, the average ESD from simulated streamer ensembles agrees well with equation (1).
It is slightly smaller than the ESD of the system of streamers propagating in the same
direction above several MHz, but many orders of magnitude smaller in the low frequency
region.

5 Discussion

The key ingredients for generating RF emissions with the particular spectral fea-
tures considered in this paper are 1) the source consists of many elements and 2) the cur-
rents of the elements flow in random directions. For thunderstorm streamers, a simple
field configuration for them to propagate in random directions is a localized strong field
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Figure 4. The energy spectral density of an ensemble of 10% streamers that occur randomly in
a time interval of about 0.375 us and propagate in random directions. See the caption of Figure 2

for the description of each panel.

region with the field either diverging or converging to the center. Consider a uniformly
charged spherical thundercloud volume with a radius of a. In order to not only initiate
streamers but also ensure that the streamer current moment increases on a short enough
timescale of a few nanoseconds to emit VHF radiation (Shi et al., 2016), the maximum
electric field in this region needs to reach 0.5F}, where the conventional breakdown thresh-
old field of air E} scales with air density and has a value of 3.2x10% V/m at ground pres-
sure. If the maximum field of the uniformly charged sphere, which is located at the bound-
ary of the volume, is equal to 0.5E}, the total amount of charge in the volume is Q =
2mega’ By, with a charge density of p = 39 Ex/(2a). As the thunderstorm VHF bursts
without strong sferics typically last <~2 us, the size of the this region should be on the
order of 100 m because the fastest speed of breakdown in virgin air is on the order of
5x107 m/s (Rison et al., 2016; Tilles et al., 2019). If a is set to 100 m and the altitude
under consideration is about 6 km (Ej is reduced to half of its ground value), the required
charge density is over 30 times larger than the maximum thundercloud charge density

of pm = +6.7 nC/m? found by Marshall and Stolzenburg (1998). Or the total amount

of charge in a spherical volume of about 300 m radius with a density of 6.7 nC/m? has

to be packed into a sphere of 100 m radius. This might be possible due to turbulence

but is unlikely during non-turbulent thunderstorm conditions because a large number

of cloud particles are involved. For smaller values of a, the required charged density is
even higher, and it may be even more unlikely.

Marshall and Stolzenburg (1998) also found that the maximum cloud charge den-
sity of +6.7 nC/m?® was located just above the main negative charge region, and the co-
existing precipitation charge of negative polarity in this region reaches a slightly smaller
density magnitude of 6.5 nC/m3. The charged particles are well mixed and the net charge
density is approximately zero. It is entirely possible that discharges randomly occur be-
tween the charged particles of opposite polarities. According to the study of positive corona
inception from spherical hydrometeors (Liu et al., 2012), the threshold charge required
on a hydrometeor to initiate a self-sustaining positive corona discharge is very close to
the maximum precipitation charge that has been measured. The required amount of charge
decreases with increasing altitude for a hydrometeor with a fixed size. At 6 km altitude,
590 pC is required to initiate corona discharges on a hydrometeor of 1 mm radius. If the
radius of the hydrometeor is smaller, the required amount of charge will also be smaller.
The maximum precipitation charge found from measurements is over 400 pC (MacGorman
& Rust, 1998, p. 186, and references cited therein), and the corona discharge is likely
responsible for setting the limit of the precipitation charge (Liu et al., 2012). The the-
ory developed in this paper also applies to an ensemble of corona discharges as long as

—10—
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the shortest timescale of their current variation is on the order of a few nanoseconds so
that VHF emissions are produced. Note that streamer formation in general requires more
intense avalanche multiplication than self-sustaining corona discharges. This requires a
stronger electric field between the charged particles, which can be achieved with more
charge residing on the charged particles and/or the presence of a non-negligible ambi-
ent thundercloud field. In addition, the discharges between two approaching hydrom-
eteors as studied in (Cai et al., 2017, 2018; Jansky & Pasko, 2020) may be particularly
relevant. In any case, it seems that small-scale discharges between charged particles are
likely to be the source of the VHF bursts. These small discharges randomly occur in a
localized region on the order of 100 m or smaller and produce rapid variation of currents
although collectively resulting in a negligible charge transfer. In order for many these
discharges to occur in a short time period of microseconds or less, it seems a cascade of
these small-scale discharges triggered by a single event is necessary. The triggering event

causes discharges in the immediate surrounding region, and then their effects ripple through

a region of tens of meters or hundreds of meters to cause more discharges between par-
ticles.

Regarding CRF observed during the onset of explosive volcanic eruptions, Behnke
et al. (2018) have concluded that it originates from the gas thrust region of the eruption
column, which is characterized by higher particle density and turbulence. In addition,
it is believed that charge is well mixed in the eruption column as no significant electric
field change was observed. The VHF impulses constituting CRF occur at a rate of sev-
eral thousands to over 10,000 impulses per second, but no significant charge transfer is
detected during second-long CRF. Behnke et al. (2018) have suggested that the more
likely sources of CRF are small streamer-like discharges between small pockets of charge
or individual charged particles. Our study supports their conclusions and in addition,
suggests that those discharges must generate currents that flow in random directions.
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