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Abstract13

In this paper we study the pulse width and spectral content of vent discharges and vol-14

canic lightning flashes. We made measurements of electrical activity with a broadband15

VHF antenna (20-80 MHz) during an explosive eruption of Sakurajima volcano on Novem-16

ber 8, 2019. The individual impulses that comprise vent discharges and volcanic light-17

ning were analyzed to determine the fundamental width of the impulses and the rate of18

fall-off of their energy spectral density. The results show that vent discharges are more19

similar to volcanic lightning than they are different. The mean pulse width for both vent20

discharges and volcanic lightning was 50 ns. Both types of electrical activity had sim-21

ilar spectral content; the average slope of the amplitude spectra was -3.4 for both. Fur-22

ther, examination of the pulse width and spectral slope distributions showed that while23

the distributions of volcanic lightning and vent discharges are statistically distinct from24

each other, the distribution of vent discharges is a subset of the distribution of volcanic25

lightning.26

1 Introduction27

The onset of an explosive volcanic eruption is often signaled by a swarm of small28

electrical discharges originating from the vent, in the rising ash column (Thomas et al.,29

2007, 2010; Behnke et al., 2013, 2014, 2018; Smith et al., 2018, 2020, 2021). These small30

discharges, referred to as vent discharges, persist for seconds, depending on the duration31

of the explosion (Behnke et al., 2013). This long-lasting property creates a distinctive32

radio frequency (RF) signature in the very high frequency (VHF) band called contin-33

ual radio frequency (CRF), which contrasts with the VHF signature produced by light-34

ning (volcanic or meteorological) over comparable time scales of seconds or longer. The35

continual radio frequency impulses persist at relatively high rates for seconds or tens of36

seconds, while lightning is inherently intermittent, typically creating a burst of high-rate37

impulses for hundreds of milliseconds, with gaps of time with no impulses between suc-38

cessive discharges. Moreover, the CRF signature is unique to explosive volcanic erup-39

tions, i.e., the signature is not observed in thunderstorms (Behnke et al., 2013).40

In addition to the difference in their RF signature, vent discharges are distinguished41

from lightning according to their discharge physics. Behnke et al. (2018) showed that42

vent discharges were likely a form of streamer breakdown, rather than being composed43

of leaders. Lightning, however, involves many forms of electrical breakdown, including44
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leaders and streamers. While the term leader refers to a hot, conductive plasma chan-45

nel through which electrical currents propagate, a streamer is a term for a cold plasma46

discharge, and can manifest in many ways and over many length scales, for example as47

a network of streamers near the tips of a leader (Dwyer & Uman, 2014), as corona on48

the tips of trees (Standler & Winn, 1979), or as a sprite in the upper atmosphere (Pasko49

et al., 2011). Thus, vent discharges are technically not a form of lightning and the term50

“volcanic lightning” excludes vent discharges.51

Following, and often during, the burst of vent discharges, lightning may also oc-52

cur throughout the ash plume. Volcanic lightning, which refers to lightning associated53

with a volcanic eruption, was originally classified as either near-vent lightning or plume54

lightning according to their inferred proximity to the vent, based solely on observations55

of lightning during the 2006 eruption of Augustine Volcano (Thomas et al., 2010). Light-56

ning that was observed during ash venting, as inferred from infrasound measurements,57

and that occurred proximal to the volcano, was termed near-vent lightning. Lightning58

that occurred at relatively farther distances from the volcano was termed plume light-59

ning, as it was inferred to be in the drifting ash cloud. However, subsequent observations60

of lightning during the 2009 eruption of Redoubt Volcano showed that lightning can oc-61

cur in a continuum through the plume starting from shortly after the explosive onset,62

and persisting for tens of minutes after the cessation of ash venting. (Behnke et al., 2013).63

Thus, drawing boundaries between plume lightning and near-vent lightning can be chal-64

lenging and may not serve any purpose, but in general near-vent lightning can be thought65

of as lightning associated with the gas-thrust phase of the eruption column, whereas plume66

lightning is associated with the convective regions of the eruption column or the umbrella67

cloud. The distinction between the two types of volcanic lightning does not imply that68

there is a physical distinction between the two, nor does the term “volcanic lightning”69

imply a physical distinction from thunderstorm lightning.70

Observations of vent discharges and volcanic lightning have potential for use in vol-71

cano monitoring. For example, CRF impulses occur in impulsive explosive events where72

the initial velocity of the ejecta is relatively high (Smith et al., 2021). They start occur-73

ring at the onset of an explosive eruption (Behnke et al., 2018) and have been observed74

to persist for seconds to tens of seconds depending on the duration of an explosion (Behnke75

et al., 2013). In contrast, as described above, volcanic lightning pervades many stages76

of the eruption plume development, and similar to thunderstorm lightning, is influenced77
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by turbulence (Behnke & Bruning, 2015; Cimarelli et al., 2016). Therefore, measurements78

of CRF could be used to characterize an explosive event and inform ash cloud transport79

models that volcano observatories use to forecast hazards, whereas lightning measure-80

ments could be used to track plume evolution (Van Eaton et al., 2016).81

However, volcano observatories have limited capabilities for volcanic electrical ac-82

tivity detection. In the U.S., the main capability comes from global lightning detection83

networks, which use very low frequency (VLF) sensors to detect lightning, and as a re-84

sult do not detect vent discharges due to their small VLF signatures (Behnke & McNutt,85

2014). Such global lightning detection data was used during the response to the erup-86

tion of the remote, and under-instrumented Bogoslof volcano in Alaska (Coombs et al.,87

2018), where lightning was detected from only roughly half of the ash-producing erup-88

tions. Van Eaton et al. (2020) showed that secondary ice-charging processes (Behnke et89

al., 2013; Woodhouse & Behnke, 2014; Van Eaton et al., 2016; Arason et al., 2011), rather90

than ash-charging processes (e.g., James et al. (2000); Houghton et al. (2013); Mendez Harper91

and Dufek (2016); Mendez Harper et al. (2020); Gaudin and Cimarelli (2019); Stern et92

al. (2019)), were likely responsible for the lightning detected by the global networks, and93

speculated that it was very likely that there was much more lightning and electrical ac-94

tivity that occurred that wasn’t detected by the long-range VLF sensors. During this95

eruption, the global lightning data was a boon for the volcano response effort, though96

the latency between eruption and first lightning detection varied from one minute to one97

hour. Thus, complementary lightning detection methods, such as a near-range VHF sens-98

ing capability, would improve on the latency (Behnke & McNutt, 2014) and provide in-99

formation related to ash-producing volcanic processes (Smith et al., 2018, 2020, 2021).100

In addition, VHF observations of explosive eruptions could be used as a means to101

detect an explosive eruption through identification of the CRF signature, because it is102

unique to explosive volcanic eruptions (Behnke et al., 2013). Thus, we seek to under-103

stand the signal characteristics of vent discharges beyond the obvious differences in their104

macroscopic signature, such that it will be useful for designing more agile volcanic light-105

ning detection instrumentation and algorithms. Previous studies of vent discharges have106

used only log-detected narrowband VHF measurements (6 MHz bandwidth) for signal107

characterization, and as a result the bandlimited measurements could provide only an108

upper limit on the impulse duration of a vent discharge (Behnke et al., 2018). From that109

prior study, Behnke et al. (2018) measured the impulse duration of a vent discharge to110
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be no greater than 160 ns, giving an upper limit on discharge length of 10 m. Thus, more111

detailed analysis is warranted, which may also provide deeper insight into the similar-112

ities and differences between vent discharges and volcanic lightning.113

In this study, we present broadband VHF measurements (20-80 MHz) of vent dis-114

charges and volcanic lightning. Our goal is to describe the lower VHF spectral content115

and pulse duration of vent discharges and assess how they compare to volcanic lightning.116

In this paper we analyze 2473 individual RF impulses from both vent discharges and vol-117

canic lightning flashes to do a statistical comparison between these two types of electri-118

cal discharges. No distinction is made in this study between near-vent lightning and plume119

lightning, because we endeavor to see if the signal characteristics of vent discharges are120

different from volcanic lightning collectively. We show that in this frequency band, while121

impulses from vent discharges and volcanic lightning share similarities in their signal char-122

acteristics, overall vent discharges show less variation in those characteristics than vol-123

canic lightning. We discuss the implications of these results on volcano monitoring. Be-124

cause CRF refers to the RF signature that is produced by a phenomenon called vent dis-125

charges, we often use the terms vent discharges and CRF interchangeably in this paper.126

2 Instrumentation127

An observing campaign was established in May 2019 at Sakurajima volcano in Japan128

to record broadband VHF measurements of vent discharges and volcanic lightning. The129

instrumentation suite included three lightning mapping array (LMA) stations (Rison et130

al., 1999; Thomas et al., 2004), a broadband VHF antenna (20-80 MHz) (Stock et al.,131

2014), and a fast antenna with 100 µs time constant. Other instrumentation was also132

installed throughout the measurement campaign, but for this analysis data was only used133

from the aforementioned instruments. During the measurement campaign the Minami-134

dake crater was active.135

Three LMA stations were installed to provide a ground truth measurement for the136

broadband VHF data. The locations of the stations are shown in Figure 1 and include137

the Sabo North, Kurokami Laboratory, and Arimura locations. The LMA stations were138

configured to use the 66-72 MHz band. The LMA stations operated on batteries with139

solar powered charging. Cellular modems were used to communicate with the instruments140

for maintenance and operations monitoring. The LMA stations record times and power141
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Area depicted in map

Sakurajima

Minamidake Crater
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Figure 1. Map of Sakurajima and surrounding area, showing the three locations used for

instrumentation: the Kurokami Laboratory owned by the Sakurajima Volcano Research Center,

and two sites referred to as Arimura and Sabo North.

values of impulsive VHF radiation events in successive 10 µs windows when the received142

signal exceeds a noise-riding threshold. For this campaign, the LMA data were used to143

provide radiation event times for the analysis of the broadband VHF data. The uncer-144

tainty in the measured event times due to uncertainty of the GPS is 25 ns.145

At the Kurokami location the broadband VHF antenna, fast antenna and pulse per146

second output of a GPS antenna were digitized with one digitizing computer with a mem-147

ory buffer providing 40 seconds of recording time for each channel. The broadband VHF148

antenna was a flat plate style (Stock et al., 2014) with a bandwidth of 20-80 MHz and149

a frequency response that is flat to within one or two dB over the bandwidth of the an-150

tenna (Liu et al., 2019). The GPS PPS has a relatively large uncertainty of approximately151

1 µs, but that uncertainty is stable over the durations of each individual recording. These152

data streams were digitized using a PC-based digitizer with a sample rate of 180 MS/s.153

Automatic data collection was achieved using an infrasound microphone, amplifier, and154

a Field Programmable Gate Array (FPGA) to trigger data recording. At the speed of155

sound, it takes about 13 seconds for infrasound impulses from explosive eruptions of Mi-156
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namidake crater to reach the infrasound microphone at Kurokami. Thus, the recording157

buffer was configured to record 15 seconds of pre-trigger and 25 seconds of post trigger.158

3 Data Analysis159

The purpose of this analysis is to determine the duration and spectral content of160

the individual broadband VHF impulses originating from vent discharges and volcanic161

lightning. Note that a single lightning flash contains numerous individual, discrete, VHF162

impulses, whereas it is not clear yet if a single vent discharge creates multiple discrete163

impulses or not. Behnke et al. (2018) previously observed full-width-half-maximum im-164

pulse durations of vent discharges to be on the order of 160 ns in log-detected narrow-165

band VHF data (66-72 MHz), while the envelope of the impulses, which includes ring-166

ing of the 6 MHz filter, were on the order of 700 to 1000 ns. The 160 ns duration cor-167

responds to the impulse response of the 6 MHz filter (Thomas et al., 2004), implying that168

the impulses were likely shorter in duration than 160 ns. This is in contrast to similarly169

log-detected impulses associated with breakdown processes from volcanic lightning, where170

the envelopes of those compound impulses had durations of several microseconds; how-171

ever an exhaustive analysis of all the impulses from volcanic lightning was not performed172

(Behnke et al., 2018). Nevertheless, in that previous study there appeared to be a fun-173

damental difference in VHF impulse durations between the impulses produced by vent174

discharges and those produced by volcanic lightning, which motivates the first part of175

the analysis presented in this paper.176

The spectral content of vent discharges is of interest because the discharges and177

their distinctive RF signature are a newly recognized phenomenon, and little is under-178

stood about their discharge process and how it relates to that of lightning, whether it179

be volcanic or meteorological. By understanding the spectral characteristics of the dis-180

charge, we can put them into context with what we know about the frequency domain181

features of other electrical discharges (e.g., Willett et al. (1989, 1990); Weidman et al.182

(1981); Weidman and Krider (1986); Sonnadara et al. (2006); Ahmad et al. (2015)). Fur-183

ther, we will learn at which frequency they radiate the strongest such that future vol-184

cano monitoring instrumentation could be designed to exploit that characteristic.185

The data for the analysis presented here comes from one relatively large explosive186

event from the Minamidake crater. The explosive eruption occurred on November 8, 2019187
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at approximately 08:24 UTC. The plume height for the event was reported to be 6.7 km188

above sea level by the Tokyo Volcano Ash Advisory Center189

(http://ds.data.jma.go.jp/svd/vaac/data/Archives/2019 vaac list.html); the summit al-190

titude of Minamidake is 1060 meters. LMA data was recorded for this event from all LMA191

stations, though only data from the Sabo North and Kurokami stations were used in the192

analysis. The Arimura station served as a back-up to Sabo North. Broadband VHF data193

and fast antenna data were recorded for this event between 08:24:09 and 08:24:34 and194

between 08:25:50 and 08:26:02. The gap in time in the data record was the result of an195

unintentional glitch in the data recording, but this fortuitously allowed for recording of196

larger lightning flashes occurring later in the eruptive sequence. The fast antenna data197

was not used for any formal analysis in this paper, but was inspected visually as part198

of a preliminary manual examination of the data.199

In the following subsections we describe the pulse width, envelope width, and spec-200

tral analysis in detail. These methods were all performed algorithmically, except where201

we explicitly state when a step was done “by hand.”202

3.1 Identification of RF impulses203

The LMA data were used to identify candidate impulses to analyze in the broad-204

band VHF data. First, appropriate time periods during which vent discharges and light-205

ning flashes occurred were hand selected through visual analysis of the raw LMA data,206

based on our expertise with LMA measurements from volcanic eruptions (Behnke et al.,207

2013, 2014, 2018) (Figure 2). Next, the arrival times of radiation sources detected by the208

Kurokami and Sabo North LMA stations were correlated using a two-station technique209

to determine the azimuth to the sources (Thomas et al., 2010; Behnke et al., 2018). Sources210

with azimuths corresponding to the direction of the entire Minamidake crater, which equate211

to arrival time differences between 300 and 1200 ns, were selected as candidates for anal-212

ysis. Finally, a time correction was applied to the received, correlated, Kurokami LMA213

times to account for the time delays incurred by the 100 ft cable between the LMA an-214

tenna and the LMA receiver, the filters and amplifiers in the LMA, and other unknown215

timing offsets between the LMA and the digitizing computer, including uncertainty from216

the digitizing computer’s GPS. The time delay due to the LMA and other biases (i.e.,217

all those described above excluding the known cable length) was determined empirically218

by calculating the average offset between LMA-detected impulses from the Kurokami sta-219
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tion and broadband VHF-detected impulses from a prominent volcanic lightning flash220

after removing known cable delays for the LMA and VHF antenna cables (100 ft). The221

empirical bias was found to be 969 ns, which agrees well with measured delays due to222

the filters and amplifiers within the LMA. The delays incurred by the LMA and digi-223

tizing computer’s GPS cables were neglected because they were approximately equal in224

length.225

The candidate events found in the LMA data were used in the analysis if they met226

additional timing and amplitude criteria to ensure that the corresponding impulses in227

the broadband VHF data were not spurious noise sources. We used the corrected time228

from the Kurokami LMA to seek for the impulses in the broadband data and only used229

the impulse if the peak of the waveform in the broadband data was within +/- 100 ns230

of the LMA event time. This is smaller than one standard deviation of the empirically231

determined offset, but we chose this amount to be conservative with the impulse selec-232

tion. Additionally, the amplitude of the peak of the broadband waveform had to exceed233

0.008 AU (arbitrary units) to be included in the analysis. This amplitude was chosen234

because preliminary manual inspection of the data revealed several repeating noise sources235

that consistently had an amplitude less than this value. In the end, 1240 vent discharge236

impulses and 1234 lightning flash impulses were used in the analysis.237

3.2 Pulse Width Determination238

We used several methods to determine the pulse widths of impulses from vent dis-239

charges and volcanic lightning flashes. To properly interpret the pulse widths, one must240

take into account the characteristics of a bandpass filtered system. The impulse response241

of a bandpass filter produces an oscillatory waveform that includes ringing from the fil-242

ter. As explained by Stock et al. (2014), the filter rings at the center frequency (50 MHz)243

and the ringing dies out in a time equal to roughly 2-4 times the inverse of the filter band-244

width (60 MHz), which is about 33–66 ns. We measured the pulse width of the main peak245

of the waveform (Figure 3) and the width of the envelope of the waveform (Figure 4),246

which encompasses the ringing. In this paper we refer to the former as the pulse width247

and the latter as the envelope width. Due to the 60 MHz filter bandwidth, the small-248

est resolvable pulse width is on the order of 17 ns.249
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VHF Power Event Density Histogram of Electrical Activity on 8 November 2019, 08:24:19 UTC
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Figure 2. Overview of the unprocessed, single station LMA data collected during the explo-

sive eruption on 8 November at 08:24. Data are from the Sabo North station. Data are shown

as a two-dimensional event density histogram, where color indicates number of events. In these

plots, red colors show the highest density of events, while purple represents the least number of

events. (a) LMA data for the entire sequence of electrical activity following the onset of eruption

at 08:24. (b-f) Time periods during the sequence of electrical activity shown in (a) during which

periods of vent discharges and lightning were identified. Orange asterisks show the individual

LMA sources identified as either vent discharges (b, d) or lightning flashes (c, e, f).
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We used a Hilbert transform on the waveform data to determine the pulse widths250

and envelope widths. The Hilbert transform is an operator that returns the analytical251

signal, from which the amplitude envelope of the signal can be found by taking the mag-252

nitude of the Hilbert transformed data. For each impulse, we first subtracted the DC253

offset from the data, then applied the Hilbert transform and took the absolute value of254

the result. Pulse widths and envelope widths were calculated from the resulting signal255

envelope.256

The pulse width was determined by measuring the full-width-half-maximum (FWHM)257

value of the peak of the impulse from the Hilbert-transformed data. In some cases, the258

FWHM included sub-pulses occurring close in time to the main peak. Our algorithm in-259

cluded a test for this case by checking to see if the waveform decreased continuously from260

either side of the peak to the FWHM value. In the event that it did not, we used a lin-261

ear fit to extrapolate the waveform of the main pulse beyond the point where the min-262

ima between the two peaks occurred. The FWHM value was then determined using the263

extrapolated waveform (Figure 3b, solid curve). For comparison, we also recorded the264

pulse width of the uncorrected wave, which includes the sub-peaks (Figure 3b, vertical265

dashed lines). Not all impulses included sub-peaks close to the maxima, thus for some266

impulses, the pulse width is the same as the uncorrected pulse width (Figure 3a). In some267

cases the extrapolated waveform extended past the uncorrected FWHM value on one or268

both sides of the main peak if sub-peaks were particularly close to the main peak, and269

in these instances we truncated the extrapolated wave to not extend past the uncorrected270

value.271

3.3 Envelope Width Determination272

We used two methods to determine the envelope width of the impulse. The first273

method was used to select a time window to calculate the energy spectral density of the274

waveform. We wanted the time window to encompass as much of the impulse envelope275

as possible, while excluding as much noise as possible. To accomplish this, we first smoothed276

the absolute value of the Hilbert-transformed waveform using a moving average window277

of 36 samples (200 ns). This large smoothing window turned the multi-peaked envelope278

into a single broad prominence that encompasses the waveform envelope (Figure 4a, black279

dotted trace). The envelope width was then calculated as the time period where the smoothed280

waveform exceeded the median of all the smoothed waveform values within a 3 µs time281
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Examples of Pulse Width Calculation

a) b)
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Figure 3. Examples of the pulse width calculations from Hilbert-transformed data. Dashed

vertical lines show the uncorrected FWHM pulse width. Solid black lines and circles show the

FWHM pulse width, which is interpolated if there are sub-pulses near to the main peak. (a) An

example of an impulse that lacks any nearby sub-pulses. In this case the uncorrected and interpo-

lated pulse widths are the same. (b) An example of a more complex impulse, where the FWHM

value was interpolated.

period centered around the peak of the waveform (Figure 4a, red dashed vertical lines).282

Note that this method sometimes results in discontinuities if there were multiple impulses283

present within the 3 µs window, but we only use a continuous time period extending for-284

wards and backwards in time from the impulse peak. Ideally, this would encompass just285

the impulse envelope, but sometimes it includes a repeating background noise event if286

it occurred close in time to the impulse. We also made note of the number of other peaks287

in the smoothed data that exceeded 0.008 AU outside of the envelope width.288

The second method for calculating the envelope width is similar to the procedure289

for the uncorrected pulse width. This envelope width is calculated as the time between290

the first and last samples of the Hilbert-transformed waveform that exceed a value equal291

to half of the peak of the Hilbert-transformed waveform (Figure 4a, purple vertical dash-292

dot lines). This differs from the uncorrected pulse width because that width represents293

where the waveform is continuously above half of the maximum, whereas this envelope294

method may contain discontinuities when the waveform drops below the half maximum295

value. However, discontinuities that lie outside of the boundary of the first envelope method296

width were not included. This method was used for comparison to the first envelope method,297

as it would be affected less by the repeating noise sources.298
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(a)

(b)

Example of Envelope Width Calculation

Fast Antenna

Figure 4. (a) An example of a CRF impulse showing how the two envelope methods were

determined. The solid black trace shows the VHF waveform. The absolute value of the Hilbert-

transformed VHF data is shown as a dashed blue trace. The dotted black trace is the smoothed

Hilbert-transformed data. The vertical red dashed lines delineate the envelope width resulting

from the first method. The vertical purple dash-dot lines mark the envelope width from the

second method. The vertical black solid lines show the window length used for the fixed width

spectra calculation. (b) Fast antenna data collected coincident with the CRF pulse shown in (a),

showing a significant fast electric field change concurrent with the VHF data.

–13–



manuscript submitted to JGR: Atmospheres

3.4 Energy Spectral Density Calculation299

The energy spectral density of the CRF and flash impulses was calculated follow-300

ing the method of Willett et al. (1989). Similar to Willett et al. (1989), we also needed301

to correct the spectra to remove the time derivative component inherent in the measure-302

ments from the VHF flat plate antenna. The output voltage of the VHF antenna is pro-303

portional to the time derivative of the charge induced on the antenna (dQ/dt) due to304

the resistive 50 Ohm impedance of the antenna amplifier (Liu et al., 2019). Thus, the305

voltage is proportional to dE/dt rather than E(t). To obtain the energy spectral den-306

sity that is proportional to E(t), we divide the Fourier transform of the waveforms by307

2πf . We use the formula for energy spectral density as given by Willett et al. (1989):308

ESD = 2 | F ′(f) |2 /(2πf)2

for positive values of f . F ′(f) is the Fourier transform of the dE/dt measurements and309

f is frequency. Energy spectral density was calculated for the impulse waveforms using310

two different time windows. We used a fixed window length equal to 800 ns centered on311

the peak of the waveform (vertical black bars in Figure 4a) and a dynamic window length312

using the time window determined from the first envelope method described above (red313

vertical dashed bars in Figure 4a). The fixed window length was used in order to be able314

to average the spectra from all the events together, while the dynamic window length315

was used to eliminate as much noise as possible from the spectra. We then determined316

the slope of the amplitude spectra for each individual waveform for both the fixed and317

dynamic window length to compare the rate at which the amplitude falls off with fre-318

quency. The slope was determined using a linear fit between 20 and 80 MHz.319

4 Results and Discussion320

The pulse width analysis revealed that the distributions for vent discharges and light-321

ning flashes overlap, and overall the distribution for flashes is broader than for vent dis-322

charges. Figure 5a-b shows the distributions of pulse widths in the form of box plots.323

For both measures of pulse width, though the means of the distributions are the same324

or very similar, the interquartile range for vent discharges is smaller than for flashes, which325

shows that vent discharges have less variability than flashes. Overall, pulse widths < 100 ns326

are most common for both vent discharges and flashes and the mean pulse widths (50 ns)327

are much larger than the resolution limit of the bandpass filter (17 ns), though some mea-328
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surements were at the bandwidth limit. We also confirmed that signal-to-noise differ-329

ences were not influencing these results. To test this, we examined the pulse width dis-330

tributions using only the impulses within the 50th quartile of impulse amplitude. We found331

that the statistical differences still exist between the two distributions in this case, thus332

smaller pulse widths are not a result of smaller amplitude.333

The statistics of the distributions show that vent discharges and flashes have dis-334

tinct distributions, despite their overlap. Table 1 shows the mean, variance, skew, and335

kurtosis for the pulse width distributions. Vent discharges have larger skew and kurto-336

sis than flashes for both pulse width measures, while flashes have a larger variance than337

vent discharges. The variance shows how the values of a distribution differ from the mean,338

and similar to the interquartile range, it is also a measure of the variability of a distri-339

bution. The skew and kurtosis describe the shape of the distributions, and neither im-340

pulse class approximates a normal distribution. For the interpolated pulse width, flashes341

had a skew and kurtosis of 0.7 and 3.7, respectively, while vent discharges had a skew342

and kurtosis of 0.9 and 5.8. The distinctions between the two distributions are also ev-343

ident using a statistical test to verify or reject the null hypothesis that the two samples344

are from the same distribution. We use the two-sample Kolmogorov-Smirnov test, which345

is a non-parametric goodness-of-fit test that measures the maximum distance between346

the two samples’ empirical cumulative distribution functions. The resulting p-values of347

the test are used to determine whether or not the null hypothesis can be rejected. Typ-348

ically, it is acceptable to reject the null hypothesis if the p-value is below 5%. We com-349

puted p-values using the two-sample Kolmogorov-Smirnov test from the SciPy Python350

library. For both pulse width methods, the p-values were less than 0.0001 (Table 1). Thus,351

we can reject the null hypothesis and conclude that the pulse width distributions from352

flashes and vent discharges are distinct.353

The pulse widths that we measured are similar to past studies of pulse width for354

several types of RF impulses from lightning flashes. Jacobson and Light (2003) reported355

on pulse widths for two classes of cloud discharges detected by the FORTE satellite. One356

of these types were low amplitude, polarized pulses. These pulses were found to occur357

anywhere within a flash, and it was speculated that they may be associated with break-358

down events. These impulses had 1/e widths on the order of 100 ns. Due to their method-359

ology, 100 ns is the resolution limit for these pulses, and it is possible that pulse widths360

were smaller than 100 ns. Willett and Krider (2000) measured FWHM pulse widths from361
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f )e)d)

a) b) c)

Figure 5. Distributions of impulse characteristics for vent discharges and lightning flashes,

shown as box plots. Each box shows the extent of the 25th to 75th percentile of the data. The

horizontal line in the box shows the median of the distribution. Whiskers represent 1.5 times

the interquartile range. Outliers beyond this range are shown as plus symbols. (a) Distributions

of the interpolated pulse width. (b) Distributions of uncorrected pulse width. (c) Distributions

of impulse amplitude. (d) Distributions of envelope widths determined with the first envelope

method. (e) Distributions of envelope width calculated with the second envelope method. (f)

Distributions of the number of peaks adjacent (within +/− 1.5µs) to the main impulse.
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Table 1. Statistics of waveform characteristics for impulses from vent discharges and lightning

flashes

Vent Discharges (N=1240) Lightning Flashes (N=1234) K-S Test

Characteristic Mean Variance Skew Kurtosis Mean Variance Skew Kurtosis p-value

Pulse width
50 237 0.9 5.8 50 513 0.7 3.7 < 0.001

(interpolated)

Pulse width
63 834 1.5 5.3 66 1120 0.9 3.5 < 0.001

(uncorrected)

Envelope width 1 704 59463 0.4 2.6 705 59468 0.4 2.6 0.76

Envelope width 2 168 19044 2.2 9.2 153 17544 2.1 8.2 < 0.001

Spectral slope
-3.5 0.3 -0.1 2.9 -3.3 0.6 0.3 2.8 < 0.001

(fixed window)

Spectral slope
-3.6 0.3 -0.1 2.9 -3.3 0.6 0.3 2.9 < 0.001

(dynamic window)

dE/dt records of first strokes, subsequent strokes, stepped leader pulses, dart-stepped362

leaders, and characteristic pulses. Mean pulse widths varied from 54 ns for stepped leader363

pulses to 79 ns for subsequent strokes. Willett and Krider (2000) found that the differ-364

ence in the distribution means between stepped leader pulses and subsequent strokes were365

statistically significant at the 99% confidence level using a student’s t-test.366

Our measurements of vent discharge pulse width can be used to refine previous es-367

timates of the length of vent discharges. Behnke et al. (2018) previously estimated an368

upper limit for the length of vent discharges to be about 10 m based on the 160 ns du-369

ration from log-detected RF measurements of vent discharges assuming a propagation370

speed of 7× 107 m/s, which is the upper limit observed for the speed of fast positive break-371

down (Rison et al., 2016). Using 56.5 ns (the midpoint between the average uncorrected372

pulse width and average interpolated pulse width for vent discharges) and 7× 107 m/s,373

the upper limit for the average size of a vent discharge would be about 4 m.374

Unlike the pulse width analysis, the differences in the vent discharge and flash dis-375

tributions for the two envelope methods were not as pronounced. The distributions for376

the first envelope method are very similar; in addition to the means and variances be-377

ing very close, the skew and kurtosis are the same at 0.4 and 2.6, respectively (Table 1).378
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The p-value for the two-sample Kolmogorov-Smirnov test was 0.76, which indicates the379

two distributions are not statistically distinguishable. For the second envelope method,380

the range of the 25th to 75th percentile is similar for both lightning flashes and vent dis-381

charges (Figure 5), but vent discharges have a larger kurtosis than flashes (9.2 vs 8.2)382

due to the difference determined by to outliers. The p-value for the two-sample Kolmogorov-383

Smirnov test for the second envelope method is small enough to reject the null hypoth-384

esis, though the small difference in variance and interquartile range show that the two385

distributions have more or less the same variability. In addition, the mean envelope widths386

are on the order of 700 ns for both methods, which is similar to the observations of Behnke387

et al. (2018) for the envelope width of log-detected impulses from vent discharges.388

The similarity in the vent discharge and flash distributions for the first envelope389

method may be due to the influence of transient noise. The goal behind this envelope390

method is to isolate the whole pulse waveform by selecting a time window correspond-391

ing to the moment where the waveform rises above the background to when it falls back392

to background values. Thus, the transient noise pulses, if occurring close enough in time393

to the signal of interest, would be indistinguishable from the signal and make the sig-394

nal envelope appear longer than it was. The overlap of the signal with the transient noise395

sources would be random, affecting flashes and vent discharges equally. Overall, the sec-396

ond envelope method would be less susceptible to the low-amplitude transient noise, ex-397

cept for the smallest amplitude impulses, since the method depends on the amplitude398

of the waveform. Therefore, though noise may still be an issue, the second envelope method399

is more likely to be showing a real, albeit relatively small, difference in the two types of400

discharges than the first envelope method.401

The pulse width analysis shows that flashes have a wider variation in impulse du-402

ration than vent discharges, which suggests that vent discharges may have less complex-403

ity in physical process than flashes. While lightning flashes have diverse sources of VHF404

radiation, including initial breakdown (Kolmasova et al., 2018), positive and negative405

leader growth (e.g., Brook and Kitagawa (1964), Shao and Krehbiel (1996)), return strokes406

(e.g., Light et al. (2001)) and k-changes (e.g., Brook and Kitagawa (1964)), vent discharges407

are hypothesized to be a form of streamer breakdown alone. Thus, in the collection of408

electrical discharge impulse type, vent discharges may represent a subset of the impulses409

that make up flashes. Other indications that vent discharges are less diverse than flashes410

can be seen in the distributions of impulse amplitude and number of neighbor peaks. Fig-411
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ure 5c shows that flashes have a larger range of amplitude than vent discharges, consis-412

tent with results from Behnke et al. (2018). Figure 5f shows that flashes more often have413

additional impulses near (within +/−1.5µs) the main impulse, which shows that vent414

discharge impulses are more isolated in time than flash impulses. Once again, we see that415

for both of these features, the interquartile range is much smaller for vent discharges than416

for flashes.417

By stacking vent discharge and flash waveforms separately we can further empha-418

size that the vent discharge impulses are more isolated in time than flashes. Figure 6 shows419

that more flashes have signal above the background noise level outside of the main pulse420

than vent discharges. Waveforms were stacked without normalizing in order to empha-421

size higher amplitudes over lower amplitudes because, as stated earlier, manual inspec-422

tion of data revealed that repeating noise was relatively low in amplitude compared to423

most of the impulses we identified as a flash or a vent discharge. The presence of extra424

signal near to the main flash impulse may explain why the envelopes of the previously425

observed log-detected, narrow band (66-72 MHz) volcanic lightning impulses were often426

observed to be several microseconds long: in that narrow pass band the impulses may427

blend together due to ringing, making several separate pulses look like one larger pulse.428

The results for the energy spectral density analysis also showed a statistically sig-429

nificant difference between the distributions for vent discharge and flashes. The distri-430

butions for the slope of the amplitude spectra calculated using the fixed window width431

and the dynamic window width (envelope method 1) are shown in Figure 7. Similar to432

the pulse width distributions, the two distributions overlap, and the distribution for flashes433

is slightly broader than that for vent discharges. Further, the statistics for the two dis-434

tributions are similar for both methods (Table 1), indicating that there was not a large435

difference in the amount of noise included in the different window lengths. The p-values436

for the two-sample Kolmogorov-Smirnov test were less than 0.0001 for both windowing437

methods. Once again, the results suggest that flashes have more variability in their sig-438

nal features than vent discharges.439

Though the statistics show that vent discharges and flashes are each distinct pop-440

ulations, their distributions do overlap, and the averaged spectra are very similar. Us-441

ing the fixed window length spectra, we averaged all the spectra in their respective dis-442

tributions and found that the averaged slope was -3.4 for both vent discharges and flashes443

–19–



manuscript submitted to JGR: Atmospheres

0 500 15001000 2000

Time (ns)

0 500 15001000 2000

Time (ns)

CRF Waveforms Flash Waveforms

Hilbert-transformed Waveforms

a) b)

Figure 6. All Hilbert-transformed waveforms of vent discharges (a) and flashes (b) stacked on

top of each other. Only a limited limited amplitude range is shown to illustrate the difference in

signal clutter between the two types of waveforms. The horizontal magenta dashed line shows the

amplitude of the background noise.

(Figure 7c-d). The averaged spectra show a prominent bulge around 30 MHz, which is444

likely due to the prevalence of repeating noise sources, based on manual inspection of445

the data. This result shows that vent discharges have broadband spectral content sim-446

ilar to other VHF-producing lightning processes. Behnke et al. (2018) previously hypoth-447

esized that vent discharges were a form of streamer breakdown, with no accompanying448

leader processes. Shi et al. (2018) and Liu and Dwyer (2020) demonstrated that streamer449

propagation can produce radiation throughout the VHF band, and our results are con-450

sistent with that conclusion.451

Past researchers have also found similarity in the spectra of return strokes, leader452

steps preceding return strokes, and cloud flashes. In general the spectral roll-off goes as453

f−1 up to 1-10 MHz, depending on the experiment (Sonnadara et al., 2006; Weidman454

& Krider, 1986; Ahmad et al., 2015; Willett et al., 1990). Above this frequency range,455

the roll-off is faster. The only researcher to have made spectral measurements in the VHF456

range is Liu et al. (2019), who showed the roll-off of narrow bipolar events to be about457

f−1 between 20-80 MHz, though Willett et al. (1989) had found a roll-off of f−2 between458

10-20 MHz for narrow bipolar events. Our results are similar to those of Sonnadara et459
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Distributions of Spectral Amplitude Slope

Averaged Energy Spectral Density

d)

a) b)

c)

Figure 7. (a-b) Distributions of the spectral amplitude slopes for vent discharges and flashes.

Box plots are explained in Figure 5. Distributions for the fixed window length are shown in (a),

while distributions for the dynamic window length are shown in (b). (c-d) Averaged energy spec-

tral density calculated from the fixed window length spectra for vent discharges (c) and lightning

flashes (d). The slope of the spectral amplitude between 20-80 MHz is shown as a dashed line.
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al. (2006), Weidman and Krider (1986), Ahmad et al. (2015), and Willett et al. (1990)460

in that we also see similarity in spectral features for seemingly different types of flash461

processes. In terms of the values for the spectral amplitude slope we have measured, our462

results would seem to follow from those before us, as those studies showed that spectral463

amplitude slopes continued to steepen at the upper edge of their bandwidth (e.g., Willett464

et al. (1990) and Weidman et al. (1981)).465

A limitation of these results arises from the fact that VHF sensors need to have466

a line-of-sight view to the radiation sources, thus, emissions from CRF and lightning flashes467

that may have occurred below Minamidake’s crater rim would have been blocked from468

view and not detected by our sensors. A previous study of CRF from Sakurajima’s Showa469

crater, which sits on the eastern flank of Minamidake, showed that CRF occurred be-470

low the crater rim and was detected before the eruption plume came into view of sen-471

sors located east of the crater, and that this was only observable because of scattering472

of the radiation sources off Showa’s western crater wall, which extends a few hundred473

meters higher in altitude than the eastern crater rim (Behnke et al., 2018). Based on these474

observations it is likely that CRF was also occurring below Minamidake’s crater rim as475

well as above it, however, there is no similar fortuitous scattering source to direct radi-476

ation that is below the crater rim towards the sensors. Furthermore, both of Minami-477

dake’s craters currently have a depth of at least 100 meters, though muographical im-478

ages show the depth may be greater (Olah et al. (2018)), and Showa was estimated to479

be about 90 meters deep (Cimarelli et al., 2016), thus it is likely that much of the CRF480

and possibly some lightning flashes occurred out of view of the sensors. It is not clear481

what effect this would have on our results; it is possible that our distributions of pulse482

width and envelope width might extend to smaller values, had we been able to detect483

all of the radiation sources. In addition, in this study we observed that the highest am-484

plitude CRF impulses were often accompanied by fast electric field changes on the fast485

antenna (e.g., Figure 4b), whereas this was never observed during the prior study of CRF486

from Showa crater (Behnke et al., 2018). The association with fast electric field changes487

implies that the CRF impulses observed in the present study are moving more charge488

than CRF impulses from the Showa study, and thus may also be larger or more complex489

streamer systems, or the streamer systems may be moving charge in one preferred di-490

rection (Liu & Dwyer, 2020).491
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Though the results presented here come from a single explosive eruption from one492

volcano, we would not expect to see significantly different results between vent discharges493

and lightning from other explosive events from either Sakurajima or other volcanoes. This494

is because the fundamental breakdown physics (e.g., leaders, streamers) are expected to495

behave the same regardless of the volcano, just as they do not differ among thunderstorms.496

Due to relatively higher background RF noise at the Kurokami site compared to the Sabo497

North site we are not sampling the lower amplitude end of the distribution, but we hy-498

pothesize that there would be no significant change in the results if we were able to ex-499

tend the analysis to lower amplitude sources.500

5 Conclusions501

These results show that there are both similarities and differences between the VHF502

waveforms of vent discharges and volcanic lightning flashes. The waveforms share sim-503

ilarities because there is overlap between the distributions for pulse width and spectral504

amplitude slope. The mean pulse width for flashes and vent discharges were both 50 ns,505

and the average spectral amplitude slope was -3.4. However, the distributions for vent506

discharges are less broad than flashes, therefore vent discharges represent a subset of the507

distribution of flashes. This is demonstrated clearly for the pulse widths (Figure 5a-b),508

waveform amplitudes (Figure 5c), number of adjacent impulses (Figure 5f), and spec-509

tral amplitude slope (Figure 7a-b). In addition, vent discharge impulses are shown to510

be more isolated in time than flashes (Figure 6).511

The observations of pulse width and spectral content add to our knowledge of the512

physical characteristics of vent discharges. We have used the pulse width measurement513

to refine the upper limit for the size of a vent discharge, which is 4 m. The observed en-514

ergy spectral density show that vent discharges have broadband VHF content, similar515

to lightning.516

The underlying motivation for this work was to learn how RF measurements of vent517

discharges and lightning could be exploited to design a detector that could identify an518

explosive volcanic eruption. While it was clear at the outset that there were macroscopic519

differences in their RF signature, as discussed in the introduction, we aimed to discover520

if there were fundamental differences in the signals. Our results show that the spec-521

tral characteristics of vent discharges alone could not be used to distinguish vent discharges522
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from volcanic lightning, for example by designing a detector to look in a particular fre-523

quency band. However, the Kolmogorov-Smirnov test results showed that the vent dis-524

charge and flash populations are distinguishable based on pulse width and spectral slope525

characteristics, and Figure 6 shows that vent discharges are more isolated in time than526

impulses from flashes. This demonstrates that vent discharges may be discriminable from527

flashes using statistical classification methods such as logistic regression, and process-528

ing algorithms on lightning sensors could potentially be employed to discriminate the529

two VHF signals.530
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