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SUMMARY

Yasur volcano, Vanuatu is a continuously active open-vent basaltic-andesite stratocone with
persistent and long-lived eruptive activity. We present results from a seismo-acoustic field
experiment at Yasur, providing locally dense broad-band seismic and infrasonic network
coverage from 2016 July 27 to August 3. We corroborate our seismo-acoustic observations with
coincident video data from cameras deployed at the crater and on an unoccupied aircraft system
(UAS). The waveforms contain a profusion of signals reflecting Yasur’s rapidly occurring and
persistent explosive activity. The typical infrasonic signature of Yasur explosions is a classic
short-duration and often asymmetric explosion waveform characterized by a sharp compressive
onset and wideband frequency content. The dominant seismic signals are numerous repetitive
very-long-period (VLP) signals with periods of 2-10s. The VLP seismic events are *high-
rate’, reoccurring near-continuously throughout the data set with short interevent times (20—
60 s). We observe variability in the synchronization of seismic VLP and acoustic sources.
Explosion events clearly delineated by infrasonic waveforms are underlain by seismic VLPs.
However, strong seismic VLPs also occur with only a weak infrasonic expression. Multiplet
analysis of the seismic VLPs reveals a systematic progression in the seismo-acoustic source
decoupling. The same dominant seismic VLP multiplet occurs with and without surficial
explosions and infrasound, and these transitions occur over a timescale of a few days during
our field campaign. We subsequently employ template matching, stacking, and full-waveform
inversion to image the source mechanism of the dominant VLP multiplet. Inversion of the
dominant VLP multiplet stack points to a composite source consisting of either a dual-crack
(plus forces) or pipe-crack (plus forces) mechanism. The derived mechanisms correspond to a
point-source directly beneath the summit vents with centroid depths in the range  900-1000 m
below topography. All mechanisms suggest a northeast trending crack dipping relatively
shallowly to the northwest and indicate a VVLP source centroid and mechanism controlled by
a stable structural geologic feature beneath Yasur. We interpret the results in the framework
of gas slug ascent through the conduit responsible for Yasur explosions. The VLP mechanism
and timing with infrasound (when present) are explained by a shallow-buffered top-down
model in which slug ascent is relatively aseismic until reaching the base of a shallow section.
Slug disruption in this shallow zone triggers a pressure disturbance that propagates downward
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and couples at the conduit base (VLP centroid). If the shallow section is open, an explosion
propagates to the surface, producing infrasound. In the case of (the same multiplet) VLPs
occurring without surficial explosions and weak or no infrasound, the decoupling of the
dominant VLPs at 900-1000 m depth from surficial explosions and infrasound strongly
indicates buffering of the terminal slug ascent. This buffering could be achieved by a variety
of conditions at or directly beneath the vents, such as a high-viscosity layer of crystal-rich
magma, a debris cap from backfill, a foam layer, or a combination of these. The dominant
VLP at Yasur captured by our experiment has a source depth and mechanism separated from
surface processes and is stable over time.

Key words: Earthquake source observations; Volcano seismology; Atmospheric effects (vol-
cano); Eruption mechanisms and flow emplacement; Explosive volcanism; Magma migration

and fragmentation.

1 INTRODUCTION

Yasur (19.532°S, 169.447°E), southeastern Tanna Island, in the
southern Vanuatu volcanic arc (Figs 1a and b), is a continuously
active open-vent basaltic-andesite volcano (Carney & McFarlane
1979; Nairn et al. 1988; Vergniolle & Métrich 2016). Activity at
Yasur is characterized by frequent strombolian (typically every 1-
5 min) to vulcanian explosions accompanied by ballistics and ash
emissions (ash-rich or ash-poor), with persistent degassing and spat-
tering (mean SO, emission rate of 633 Mg d~*; Bani et al. 2012),
and occasional larger (subplinian) eruptions (Nairn et al. 1988;
Oppenheimer et al. 2006; Bani et al. 2013; Gaudin et al. 2014;
Meier et al. 2016; Fitzgerald et al. 2020; Simons et al. 2020a).
Yasur is a post-caldera pyroclastic cone (summit elevation 361 m
above sea level) constructed within Siwi caldera (Fig. 1c), which
formed during a moderate volume (1-2 km?®) ignimbrite-producing
eruption probably less than 20 kyr ago (Nairn et al. 1988; Allen
2004; Métrich et al. 2011). The horseshoe-shaped Siwi caldera is
bound on land by ring fractures and the central caldera floor has
undergone rapid resurgence (uplift of 0.16 m yr~* over the past
1000 yr) resulting in the Yenkahe resurgent dome; Yasur occupies
the northwestern portion of the Yenkahe resurgent dome (Chen et al.
1995; Brothelande et al. 2016b, a). The present Yasur cone likely
began to grow about 800 yr ago by deposition of ash, coarse lapilli,
bombs and lavas of basaltic-trachyandesite composition on an ash
plain extending 1-3 km beyond the main vent within Siwi caldera
(Métrich et al. 2011).

Yasur is a site of remarkably persistent and long-lived eruptive
activity; near-continuous strombolian and vulcanian activity is indi-
cated by intermittent European historical documentation beginning
in 1774 and is confirmed by continuous monitoring since the mid-
twentieth century (Firth et al. 2014). Tephra analyses suggest that
the current eruption style at Yasur has persisted in an approximately
steady state for the last 630-850 yr, while Yasur eruptive history
with greater variability and irregularity extends to 1400 yr before
present (Firth et al. 2014). At the time of our field experiment in
2016 (Fig. 1d), the Yasur cone summit region consisted of a crater
of 660 m diameter divided into two subcraters with three main vent
areas (vents A and B in the southern subcrater, and vent C in the
northern subcrater; Fitzgerald et al. 2020). The positions of the mul-
tiple active closely spaced vents migrate over time (Simons et al.
2020b) and are named differently in the literature; thus we refer sim-
ply to North and South Crater (Jolly et al. 2017). The multiple vents
are thought to originate from a single homogeneous magma supply
(Kremers et al. 2012, 2013), possibly with branching conduits or
dikes at shallow levels (Simons et al. 2020b).

In comparison to such longevity of eruptive history, campaign
geophysical deployments capture a brief snapshot of eruptive phe-
nomena, yet enable an important quantitative window into the me-
chanics of subsurface magma movement and eruption (Chouet &
Matoza 2013; Kawakatsu & Yamamoto 2015; Matoza et al. 2019a,
and references therein). At present, the local permanent geophys-
ical monitoring network at Yasur consists of a single short-period
seismometer, while long-range infrasound from continuous Yasur
eruptive activity has been recorded for decades at the permanent In-
ternational Monitoring System (IMS) infrasound array 1S22, New
Caledonia at 400 km range (Le Pichon et al. 2005; Antier et al.
2007; Le Pichon et al. 2010). Additional temporary local seismic,
acoustic, and multiparametric field deployments have elucidated
various aspects of Yasur’s seismo-acoustic wavefield (e.g. Nabyl
etal. 1997; Battaglia et al. 2012; Perrier et al. 2012; Battaglia et al.
2013; Kremers et al. 2013; Marchetti et al. 2013; Battaglia et al.
2016; Meier et al. 2016; Spina et al. 2016b).

Here we present data from a multiparametric field campaign at
Yasur providing temporary but locally dense broad-band seismic
and infrasonic network coverage from 2016 July 27 to August 3
(Fig. 1). In comparison to previous studies, we deployed a greater
number of broad-band seismic and infrasound instrumentation with
higher spatial density concentrated locally around Yasur. The broad-
band seismic network geometry permits recovery of the source
mechanism of high-rate repetitive very-long-period (VLP) ( 2 to
10 s period) seismic events through full-waveform inversion. The
broad-band and high-dynamic range seismo-acoustic instrumenta-
tion recorded at relatively high sample rate (seismic 200 Hz sam-
ple rate; infrasound 400 Hz sample rate) capture Yasur explosion
seismo-acoustics with unprecedented fidelity, which we compare
with coincident video data from cameras deployed at the crater and
on an unoccupied aircraft system (UAS; Fitzgerald et al. 2020).

2 TEMPORARY BROAD-BAND
SEISMO-ACOUSTIC NETWORK

We conducted a collaborative multiparametric field experiment at
Yasur from 2016 July 27 to August 3 (Fig. 1; Matoza et al. 2017).
Analyses of a subset of the acoustic (infrasound) data from our ex-
periment were previously reported by Jolly et al. (2017), lezzi et al.
(2019) and Fee et al. (2021). Here we focus on data from a temporary
network of eight broad-band seismometers, six single infrasound
stations and two 3-element infrasound line arrays (Fig. 1). Each
seismic station (YS, Fig. 1) consisted of a three-component 120-s
Trillium Compact Posthole (Nanometrics) seismometer sampled at
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Figure 1. Location map. (a and b) Location of the Vanuatu archipelago in the southwest Pacific, with major plate boundaries (orange lines; Coffin et al. 1998)
and potentially active Holocene (past 10 000 yr) volcanoes (red triangles) (Global Volcanism Program 2013). (c) Tanna Island, showing the locations of Yasur,
Siwi caldera (thick white line), and the Yenkahe resurgent dome (primary faults and lineations indicated by white dashed lines; digitized from Carney &
McFarlane 1979). (d) Yasur, showing temporary broad-band seismic and acoustic stations deployed in our field campaign 2016 July 27 to August 3. Inverted
white triangles: three-component compact broad-band (120 s) seismometers (sampled at 200 Hz); red hexagons: broad-band infrasound sensors (sampled at
400 Hz); yellow squares: video cameras. Yasur summit is subdivided into North and South crater.

200 Hz on a three-channel Omnirecs (DiGOS) DATA-CUBE digi-
tizer. The infrasound stations consisted of Chaparral Physics Model
60 UHP infrasound sensors with a flat response between 33 s to
Nyquist and a pressure range of 1000 Pa, sampled at 400 Hz on
a DATA-CUBE digitizer. The two 3-element infrasound line arrays
(YIB, Fig. 1) were identical in configuration to the single infrasound
stations (YIF, Fig. 1), except with longer cables (75-m cables; sensor
separations  55-65 m) and three-channel recording. The relatively
high sample rate of 400 Hz used for the infrasound data permits
capturing higher order features of acoustic explosion waveforms in
the infrasound and low-audio ranges (Rowell et al. 2014; Matoza
etal. 2019b) that is not captured with typical sample rates of perma-
nent infrasound stations (e.g. IMS infrasound stations use a 20 Hz
sample rate, with a 10 Hz Nyquist; Matoza et al. (2019a)).

The recording window (data availability) of our temporary
seismo-acoustic network is shown in Supporting Information Fig.
S1 (all times in this paper are reported in UT). Data were recorded

between 2016 July 27 and August 3, with the network largely com-
plete between 2016 July 28 and August 2. Data from station YS07
and YIF6 were not recoverable after 2016 July 31.

The video data collected during the field experiment are de-
scribed by Fitzgerald et al. (2020) and utilized a DJI Phantom 3
‘drone’ (UAS) along with three GoPro Hero 3+ cameras with or-
thorectified lenses set up around the crater rim (Fig. 1). The GoPro
cameras recorded for over 10 hr from 2016 July 30 to August 1.
As described by Fitzgerald et al. (2020), the UAS was primarily
utilized for field mapping volcanic ballistic projectile deposition;
explosion observation was not the priority of this system during
the field campaign. However, several pertinent UAS videos provide
invaluable constraints on eruptive activity and infrasound signal
interpretation (e.g. Supporting Information Movies M1-M3). All
UAS video observations presented in this study represent a subset
of the available UAS data that could be calibrated for timing using
coincident GoPro camera and GPS synchronization.
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3 SEISMO-ACOUSTIC OBSERVATIONS

3.1 Infrasound waveforms

The waveform data from our short field campaign contain a pro-
fusion of signals reflecting the rapidly occurring and persistent ex-
plosive activity of Yasur (Jolly et al. 2017; Matoza et al. 2017;
lezzi et al. 2019; Fee et al. 2021). The typical infrasonic signa-
tures of Yasur’s strombolian explosions (Fig. 2) consist of clas-
sic short-duration ( 5 s) explosion waveforms characterized by a
sharp compressive onset, which in most cases is asymmetric with
a higher amplitude initial compression than subsequent rarefaction.
The explosion signals have wideband frequency content extending
up to the 200 Hz Nyquist, which includes the low-audio subbass
range (Goto et al. 2014; Matoza et al. 2019a). Numerous explosions
and infrasound signals during the field campaign were associated
with visible and audible shocks captured in video data and directly
observed by field personnel (Austin et al. 2017; see Supporting In-
formation Movies M1 and M2). Marchetti et al. (2013) previously
noted the similarity between the waveform shape of Yasur infrasonic
explosion signatures and blast waves from chemical explosions.

In addition to this dominant infrasonic signal type, we also record
avariety of infrasonic pulses and tremor signals associated with sus-
tained and pulsatory ash emissions, degassing, and spattering ac-
tivity, validated through direct video observation (Fitzgerald et al.
2020). For example, visible on Fig. 2(c) is a near-continuous low-
amplitude broad-band ( 0.1-20 Hz) infrasonic tremor, with a wave-
form appearance of near-continuous repetitive shocklets, that is di-
rectly related to sustained ash emissions from the North Crater as
captured by a UAS video (see Supporting Information Movies M1
and M2). A detailed investigation of this infrasonic tremor mecha-
nism is beyond the scope here, but we posit that this near-continuous
highly cyclic repetitive shocklet signature reflects the low-level con-
tinuous jetting (short-lived sustained compressible gas jet flow with
significant ash component) captured in the video footage, rather
than a sequence of discrete individual bubble bursts. The repetitive
shocklet waveform signature is similar to that associated with the
‘crackle’ phenomenon in man-made jets (Gee et al. 2007; Nichols
et al. 2013), which has previously been identified in long-range vol-
canic infrasound signals associated with large explosive eruptions
involving sustained jet flows (Fee et al. 2013; Matoza et al. 2018).

3.2 Seismic waveforms and seismo-acoustic source
decoupling

The dominant seismic signals are numerous repetitive VLP signals
with periods of 2-10s (Figs 2 and 3), which extend into the long-
period (LP) band (Battaglia et al. 2013, 2016; see also Section 3.4).
We follow the definition of Chouet & Matoza (2013) for LP referring
to periods from 0.2 to 2 s (frequencies 0.5 to 5 Hz) and \VVLP referring
to periods from 2 to 100 s (frequencies 0.01 to 0.5 Hz); thus, the
observed Yasur VLPs are at the shorter-period (higher-frequency)
end of the VLP bandwidth. The VVLP seismic events reoccur near-
continuously throughout the data set with short-interevent times
( 20to 60 s, but variable); hence, we use the appellation ‘high-rate’
to describe them. The explosion waveform example highlighted in
Figs 2(c) and (d) shows a clear example of a sequence which begins
with  4-s-period VLP seismic oscillations (observed across the
network) at time 115 s in Figs 2(c) and (d); the main explosion
occursat 125sand is characterized by a high-amplitude infrasonic
explosion signal accompanied by a higher-frequency (>5 Hz to
100 Hz Nyquist) seismic signature of the explosion.
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However, the majority of the data do not follow this simple be-
haviour and we observe strong variability in the synchronization of
seismic and acoustic signals. Explosion events clearly delineated by
infrasonic waveforms are underlain by seismic VLPs (seismic VLP
and infrasound are ‘synchronized’; Fig. 2). However, strong seismic
VLPs also occur with only a weak infrasonic expression (‘desyn-
chronized’; Fig. 3). This behaviour is obvious in extended waveform
plots (Figs 4 and 5; peak seismic amplitude waveform features vis-
ible at the scale of these figures is VLP). Fig. 4 spans three days and
Fig. 5 spans one day around a transition on 31 July 2016 from weak
to strong infrasound (corresponding to an increase in explosion size
that is well-documented in video data and field observations by
Fitzgerald et al. 2020), with only a modest corresponding increase
in VLP seismic amplitudes. This transition from weak to strong
infrasound with increase in eruption intensity also corresponds to
a general shift from activity at North Crater to increased explosive
activity at South Crater (Jolly et al. 2017; Fitzgerald et al. 2020);
the violent explosion example highlighted in Figs 2(c) and (d) is
one such explosion at South Crater (see Supporting Information
Movies M1 and M2).

A consistent increase in infrasound amplitudes is recorded on
2016 July 31 across the YIF crater stations at different source—
receiver azimuths (see Supporting Information), inconsistent with
atmospheric propagation effects (i.e. wind direction; Matoza et al.
2009) and consistent with the increased explosive intensity (Jolly
et al. 2017; Fitzgerald et al. 2020). Furthermore, the YIF crater
stations are all within <0.5 km distance from the source, well below
the range of  10-15 km where boundary layer propagation effects
become significant for infrasound in the so-called diffraction zone
(Fee & Garces 2007; Matoza et al. 2009). Vertical dashed lines in
Fig. 5 indicate the times of the waveform examples highlighted in
Figs 2 and 3, corresponding to VLP seismic events with (Fig. 2)
and without (Fig. 3) accompanying infrasonic explosion signals.
In Section 3.3, we quantify these variations using systematic event
detection with swarm and multiplet analyses.

We note that air-to-ground coupling (ground-coupled airwaves)
can occur in volcano seismo-acoustic data sets (e.g. Ichihara et al.
2012; Matoza & Fee 2014; Fee et al. 2016a; Matoza et al. 2019b).
A comprehensive investigation of air-to-ground coupling for this
data set is beyond the scope, but we confirmed that air-to-ground
coupling does not affect any of the results presented here. The seis-
mic VLP waveform inversion results (Section 4) are not affected by
air-to-ground coupling (Section 4.3). A basic analysis of the higher-
frequency (>5 Hz) seismic signature of selected Yasur explosions
considering relative arrival timing and using methods of Ichihara
et al. (2012), Matoza & Fee (2014) and Matoza et al. (2019b) (not
shown here) also indicates that this higher-frequency seismic signa-
ture is dominantly a seismic phase (explosion earthquake); however,
it remains possible that further work may identify minor contribu-
tions from air-to-ground coupling in the seismic waveforms. We
also note that most waveforms displayed in the figures are unfil-
tered (see figure captions for details), such that acausal filter effects
on waveform timing (Patrick et al. 2011) are not relevant.

3.3 Seismo-acoustic signal evolution and multiplet
analysis
3.3.1 STA/LTA

The high event rate presents a challenge to standard automated
signal detection procedures. For a preliminary characterization of
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Figure 2. Seismo-acoustic (vertical component velocity and infrasonic pressure) waveform signatures of powerful explosion events at Yasur, including a large
ballistic eruption. All data shown are raw, unfiltered waveforms. The same amplitude scale is used for all waveforms on each subfigure (lower-left scale).
The left label above each trace indicates the station and channel (see Fig. 1); waveform offsets are arbitrary to display coincident data. (a) Infrasound and (b)
vertical-component seismic velocity for a 400 s sequence starting at 22:42:00, 31 July 2016 UT; boxes indicate time-range of zoomed data in (c) and (d). Blue
colour in (c) helps with visual separation of the high-amplitude rapid-onset of the waveform which overlaps adjacent traces at this scale. See also Supporting
Information Movies M1 and M2.
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Figure 3. As for Fig. 2, but for a VLP seismic event sequence with weak-to-little accompanying infrasound and not related to immediate surficial explosive

activity (plot origin time 02:08:05, 31 July 2016 UT). This event sequence is more typical of the majority of VVLP seismic events in the data, which are poorly

correlated with surficial explosions and infrasound (see Figs 4-6). Note that the seismic amplitude scale is twice that used in Fig. 2, while the infrasound

amplitude scale is the same as that used in Fig. 2.
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Figure 4. Unfiltered waveforms (helicorder plots) at collocated (a, ¢) infrasound station Y1B22 (channel CDF) and (b, d) broad-band seismometer YS01
(vertical component, HHZ), located approximately 630 m from the summit vents; all times in UT. (a, b) 3 full days from 00:00 30 July to 00:00 2 August

2016; (c, d) day of 31 July 2016. The most prominent individual seismic events visible at this scale are

10-s-period VLP seismic events, while the visible

infrasound events are classic explosion waveforms (see Figs 2 and 3). Note the dramatic increase in infrasound explosion event amplitudes, with only a modest
corresponding increase in VLP seismic amplitudes. The infrasound helicorder plots are qualitatively similar across the YIF crater stations (see Supporting

Information Fig. S2), inconsistent with atmospheric propagation effects.

the data set, we attempt network-coincident STA/LTA (short-term
average/long-term average) detection (Withers et al. 1998; Figs 6a
and b). For seismic data, we define triggers with 0.5-8 Hz filtered
data using an STA length of 0.5 s, an LTA length of 5 s, and a
coincident STA/LTA threshold of 3 on at least four stations of the
full network (note that this choice of filter distorts the VLP seismic
waveforms, but makes them more detectable with STA/LTA). For
infrasound data, we define triggers with 0.1-50 Hz filtered data
using an STA length of 0.5 s, an LTA length of 40 s, and a coincident
STA/LTA threshold of 3 on at least 2 channels of the 3-element array
(Y1B21, YIB22, YIB23, Fig. 1). Figs 6(a) and (b) show peak event
amplitudes at a reference station in a time-window from —5 to
+10 s around the network-coincident STA/LTA trigger. Due to the
high event rates and lack of pause between events, this STA/LTA
configuration misses many events, but this procedure results in
25279 infrasonic and 10 735 seismic events (Figs 6a and b). The
STA/LTA approach, however, is generally not well-suited for VLP
waveforms (see Section 3.3.3).

3.3.2 RSAM and RIAM

A complementary rapid metric for the continuous waveform am-
plitude variation is provided by 10-min ‘real-time’ seismic am-
plitude measurement (RSAM) values (Endo & Murray 1991) and
(we define here also) ‘real-time” infrasonic amplitude measurement

(RIAM) calculated as the 10-min mean of absolute amplitude of
0.1-50 Hz filtered waveforms, plotted at the centre of the time win-
dow (Figs 6¢c—e). We also compare this broad-band (0.1-50 Hz)
RSAM with a short-period (1-50 Hz) RSAM in Fig. 6(d), as the
short-period RSAM is more similar to the typical monitoring setup
with the permanent short-period seismometer at Yasur. RSAM and
RIAM (Figs 6¢—e) provide useful rapid signal summaries that track
the transition to more energetic explosive behaviour on 2016 July
31 (Day 4 in Fig. 6), as documented by Fitzgerald et al. (2020). The
consistency of the RSAM variations at all seismic stations across
the network provides information on source variation that is robust
to individual station noise levels and path effects. The consistent
RIAM time-series are again incompatible with atmospheric prop-
agation effects (i.e. wind direction) and track the clear waveform
amplitude variations shown in Figs 2-5. The short-period RSAM
(Fig. 6d) better tracks RIAM than the broad-band RSAM, further
highlighting the decoupling of the VLP component from the higher
frequency component (=1 Hz), which more closely tracks surficial
explosions and infrasound.

3.3.3 Multiplet analysis

We perform multiplet analysis (e.g. Stephens & Chouet 2001; Green
& Neuberg 2006; Petersen 2007; Matoza & Chouet 2010; Rodgers
et al. 2015) to determine the dominant VVLP waveform signatures in
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Figure 5. Waveforms (unfiltered) and spectrograms for the day of 31 July 2016 UT at (a) infrasound station Y1B21, (b) vertical-component velocity at seismic
station YSO01. The vertical dashed lines indicate the 400 s time windows of Figs 2 and 3. The spectrogram colour scale units are 10logio(P), where P is the

power spectral density in (a) [Pa2/Hz] and (b) [(m s~1)2/Hz].

the data set. Our method largely follows that of Matoza & Chouet
(2010), but here uses a new parallel implementation in Python for
rapid computation. As a starting catalogue, the STA/LTA results
(Section 3.3.1) are unsuitable due to inconsistent waveform au-
topicks. However, the simple VLP pulse shape (see, e.g. Figs 3b
and d) motivates the use of a simple event detection scheme using a
standard peak detection algorithm to identify peaks in the waveform
above an amplitude threshold and with a prescribed minimum time
spacing (Duarte & Watanabe 2018). Peak detection performs well
for this data set, consistently picking the VLP signal maximum and
allowing sharp waveform alignment, as well as producing a detec-
tion list that is in general agreement with the independent STA/LTA
detections but with more consistent picks (Fig. 7). We use the high-

amplitude peak detections (blue dots, Fig. 7a; 7833 events) as input
to the multiplet procedure.

For the 7833 events, we window the waveform data at station
YSO01 (vertical component, HHZ) from —10 to +20 s around the
picked peak amplitude. We then cross-correlate each event with
every other event, storing the results in a cross-correlation matrix.
We group the events into multiplets using a threshold correlation-
coefficient r = 0.75, following the method of Green & Neuberg
(2006) and Matoza & Chouet (2010). The amplitudes and timing of
the nine most populous multiplets (all each comprising at least 100
events) are shown in Figs 7(b) and (c), but we limit all subsequent
analysis to quantifying the dominant and most populous VVLP mul-
tiplet. There are only minor waveform differences between the two
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