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Volcanic lightning reveals umbrella cloud dynamics of the January 2022 Hunga Tonga-
Hunga Ha’apai eruption
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Abstract

The 15 January 2022 eruption of Hunga Tonga-Hunga Ha’apai (HTHH) significantly impacted
the Kingdom of Tonga as well as the wider Pacific region. The eruption column attained a
maximum height of 58 km whilst the umbrella cloud reached a diameter approaching 600 km
within about 3 hours. The intensity of volcanic lightning generated during the eruption was
also unprecedented, with the Vaisala Global Lightning Database (GLD360) recording over 3
x 10° strikes over a two-hour period. We have combined Himawari-8 satellite imagery with
the spatiotemporal distribution of lightning strikes to constrain the dynamics of umbrella
spreading. Lightning was initially concentrated directly above HTHH, with an areal extent that
grew with the observed eruption cloud. However, about 20 minutes after the eruption onset,
radial structure appeared in the lightning spatial distribution, with strikes clustered both directly
above HTHH and in an annulus of radius ~ 50 km. Comparison with satellite imagery shows
that this annulus coincided with the umbrella cloud front. The lightning annulus and umbrella
front grew synchronously to a radius of ~ 150 km before the umbrella cloud growth rate
decreased whilst the annulus itself contracted to a smaller radius of about 50 km again. We
interpret that the lightning annulus resulted from an enhanced rate of particle collisions and
subsequent triboelectrification due to enhanced vorticity in the umbrella cloud head. Our results
demonstrate that volcanic lightning observations can provide insights into the internal
dynamics of umbrella clouds and should motivate more quantitative models of umbrella
spreading.
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1. Introduction

The 15 January 2022 eruption of Hunga Tonga-Hunga Ha’apai (HTHH) was hugely
impactful for the Kingdom of Tonga and beyond, as well as being unique in the time of
human observations for the scale of various associated physical phenomena. The eruption
generated a tsunami (Gusman et al. 2022.; Omira et al. 2022), tragically causing loss of life
and substantial damage (estimated at ~ 90M USD) in Tonga (World Bank Group 2022), as
well as causing a variety of impacts for the wider Pacific region (Global Volcanism Program
2022). Furthermore, the eruption plume reached a maximum height of ~ 58 km (Carr et al.
2022; Proud et al. 2022), with ashfall from the associated umbrella cloud covering the
Tongan islands (World Bank Group 2022; UNOSAT 2022). Aside from the unprecedented
(in the satellite-observation era) height of the eruption column, the eruption was also
remarkable for the atmospheric disturbances it created, with acoustic booms heard as far
away as New Zealand and even Alaska (Global VVolcanism Program 2022), an atmospheric
Lamb wave observed to propagate across the globe (Amores et al. 2022; Matoza et al. 2022;
Otsuka 2022; Wright et al. 2022; Vergoz et al. 2022; Yuen et al. 2022), as well as packets of
gravity waves (Liu et al. 2022; Vergoz et al. 2022; Wright et al. 2022). These facts
demonstrate the incredible power of the eruption, as well as bring to the fore the vulnerability
of communities to natural hazards.

The edifice of HTHH is a mostly-submerged caldera on the Tonga-Kermadec Arc (Figure 1).
Two islands, Hunga Tonga and Hunga-Ha’apai, represented the only parts of the caldera rim
which were exposed subaerially (Bryan et al. 1972). Surtseyan style eruptions occurred in
2009 and 2014-2015 (Cronin et al. 2017; Colombier et al. 2018), with the latter eruption
forming a new tephra cone which, following subsequent remobilisation, connected the two
islands (Cronin et al. 2017; Garvin et al. 2018). Field observations of ignimbrites preserved
on the two islands demonstrate that repeated caldera-forming eruptions have occurred, with
the most recent between 1040 and 1180 CE (Cronin et al. 2017; Brenna et al. 2022). On 20
December 2021 a new eruptive phase initiated, with Surtseyan-style activity, seemingly
similar to that observed in both 2009 and 2014-2015 (Gupta et al. 2022; Yuen et al. 2022).
This eruption sequence continued intermittently until a larger eruption occurred on 13
January 2022 (UTC - the eruption was 14 January local time), producing an ash plume up to
~ 18 km (Gupta et al. 2022). Notably, after this large eruption, high-resolution satellite
imagery showed that much of the 2014-2015 cone material had been removed, with the
islands of Hunga Tonga and Hunga Ha’apai now appearing separate (Yuen et al. 2022). The
eruption episode seemingly ended with the climactic 15 January eruption a few hours later.
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Fig 1 a) Map of the west Pacific region showing the location of Hunga Tonga-Hunga Ha’apai
(HTHH) (red circle). The region demarked by red dashed-lines shows the area shown in b)
where the locations of the weather stations (orange circles) recording barometric pressure are
shown (adapted from Gusman et al. (2022))

The remoteness of HTHH means that it is difficult to characterise eruptions through common
field techniques. Eruptions at accessible volcanoes can be characterised through visible or
infrared imagery (Self et al. 1979; Patrick 2007; Tournigand et al. 2017; Bombrun et al.
2018), proximal seismoacoustic observations (Jolly et al. 2017) and radar (Freret-Lorgeril et
al. 2018) and lidar (Scollo et al. 2012) techniques. Additionally, eruption products and
deposits can be rapidly characterised through sampling (Diaz Vecino et al. 2022), field
observations (Bonadonna et al. 2011; Freret-Lorgeril et al. 2022) and petrological analysis
(Pankhurst et al. 2022). Conversely, rapid observations of eruptions from volcanoes such as
HTHH rely on far-field remote sensing techniques (McKee et al. 20214, b). Satellite imagery,
using a range of wavelengths, can provide a wealth of information on plume height and
umbrella cloud extent (Prata et al. 2020; Corradini et al. 2020), whilst large eruptions can be
observed using international acoustic sensors (Fee et al. 2010; Matoza et al. 2011) and
teleseismic stations (Haney et al. 2017; Poli and Shaprio 2022).

At the time of writing, various studies have already utilised a number of these techniques to
study the HTHH eruption and the associated phenomena. Seismoacoustic studies (Matoza et
al. 2022; Poli and Shaprio 2022) have shown that the climactic eruption started in the 30
minutes prior to the largest seismoacoustic event of the sequence at 04:15 UTC and continued
for approximately two hours. By tracking the Lamb wave signal across barometric (Gusman
et al. 2022.; Wright et al. 2022) and infrasonic (Matoza et al. 2022; Vergoz et al. 2022)
stations and through satellite imagery (Otsuka 2022), the peak disturbance can be shown to
have an origin time of 04:29 - 04:30, with propagation speed estimates between 310 and 319
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m s—1. From satellites, stereo methods have been used to determine a maximum plume height
of 55 (Carr et al. 2022) to 58 (Proud et al. 2022) km, whilst showing a two-layer umbrella
cloud, with lateral spreading at approximate altitudes of 20 and 34 km (Proud et al. 2022).
Gupta et al. (2022) attempted to fit the umbrella radius 7, as a function of time t to a
commonly used power law r.~t2/3 (Woods and Kienle, 1994; Costa et al. 2013; Mastin &
Van Eaton 2022; Prata et al. 2020) but noted that the quality of fit was poor. Other studies
have focused on the associated tsunami (Carvajal et al. 2022; Gusman et al. 2022.; Omira et
al. 2022; Schnepf et al. 2022), atmospheric gravity waves (Liu et al. 2022), radiative impacts
on the Earth’s atmosphere (Sellitto et al. 2022) and the SO2 emissions associated with the
eruption (Carn et al. 2022).

In addition to the above remote techniques, electromagnetic (EM) radiation generated by
volcanic lightning has become a further source of information on explosive eruptions in
recent years (Cimarelli and Genareau, 2022). Although a long-observed phenomena (Mather
& Harrison 2006), the precise origins of volcanic lightning remain elusive. However, it is
known that volcanic ash can retain a charge (Gilbert et al. 1991), possibly originating from
fragmentation of the magma (fractoelectrification) (James et al. 2000), or particle-particle
collisions (tribo-electrification) (Cimarelli et al. 2014). Whilst this charge may be important
for aggregation of volcanic ash (Schumacher 1994; James et al. 2003; Pollastri et al. 2021), it
is also likely to contribute to the development of charge separations required for lightning
strikes (Smith et al. 2021). Nonetheless, tall and wet plumes seem to be associated with more
intense lightning events (McNutt & Thomas 2015), suggesting ice precipitation is a dominant
control on lightning occurrence (Prata et al. 2020; Van Eaton et al. 2020, 2022). In recent
years, various studies have used lightning strikes detections, which are based on radiowaves,
to observe the temporal evolution of lightning intensity during eruptions, in an attempt to
relate these time series to eruption dynamics (Behnke et al. 2013; Van Eaton et al. 2016;
Behnke et al. 2018; Prata et al. 2020; Van Eaton et al. 2020; McKee et al. 2021a, b; Van
Eaton et al. 2022). These studies demonstrate that the EM radiation generated by volcanic
lightning can provide crucial information on eruption processes. Additionally, broadband EM
signals have also been used to investigate low-intensity volcanic lightning during Vulcanian
eruptions at Sakurajima volcano, Japan (Aizawa et al. 2010, 2016; Cimarelli et al. 2016).
Despite the rapid progress in recent years, quantitatively relating the properties of volcanic
lightning to eruption dynamics has been difficult (Cimarelli and Genareau 2022), although
Prata et al. (2020) demonstrated a correlation between plume height and the rate of lightning
strikes during the 2018 eruption of Anak Krakatau.

In this paper, we study the HTHH eruption through 1) lightning strike timing and locations
from the Vaisala Global Lightning Database GLD360, 2) observations of the air pressure
perturbation due to the Lamb wave as it passed over New Zealand and 3) imagery of the
eruption captured by the Himawari-8 satellite. By combining the spatiotemporal distribution
of the lightning locations, together with satellite imagery, we provide insights into the
dynamics of umbrella spreading and the internal distribution of vorticity and particle
concentration. Additionally, integrating these observations with published teleseismic and
infrasonic datasets (Matoza et al. 2022; Poli and Shaprio 2022) allows us to impose some
constraints on the timeline of the eruption. Our results therefore have implications for the
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source conditions of both ashfall and tsunami models, and thus for assessing the impact of
both this eruption and potential future activity.

2. Methods
2.1 Volcanic lightning

We used lightning strikes recorded in the Vaisala Global Lightning Dataset GLD360, which
includes the horizontal location (latitude and longitude) and timing of detected lightning
strikes. For some of our analysis, we have reported the distance at which individual strikes
have occurred from HTHH. Defining ¢; and 6; as the latitude and longitude of a given
lightning strike, and ¢ =—20.536° and 68, = —175.382° the corresponding coordinates for
HTHH (Global Volcanism Program 2022), the distance of the strike location from HTHH can
be expressed as (Inman 1838)

d = 2R sin™! (\/H(QDH,QDi, Oy, Qi)),
(1)

where

H(q)H' ¢i! eH' 61)

- - o+ 6, — 6
= \/sinz (—% > (pH) + [1 — sin? (—% > ¢H) — sin? (—% > qu)] sin? (—l > H),

and R = 6378.1347 km is the Earth’s radius (assuming a spherical Earth).

(2)

2.2 Barometric observations

Ground level barometric pressure measurements were recorded from 92 New Zealand
MetService weather stations (Figure 1b) at 1-minute intervals using Vaisala pressure sensors.
Thus, a time series of pressure P;(t) was recorded at each station, where i denotes the station
label. The pressure time series, as well as the locations of all stations, have been included as
Supporting Information files TableS1.csv and TableS2.csv, respectively This data has also
been used to constrain properties of the barometric pressure disturbance which drove the
meteotsunami associated with the eruption (Gusman et al. 2022). In order to better isolate the
signal due to the HTHH eruption from long-period variations in P;(t), we filtered the data to
produce a 60-minute moving average P;(t) and finally calculated an adjusted pressure

P';(t) = P;(t) — P;(t). From these time series P’;(t), we were able to identify the arrival
time of the Lamb wave peak at each station from the maximum value of P’;(t) whilst also
attempting to pick the time of the emergent Lamb wave onset. In order to track the
propagation of the Lamb wave from HTHH, we calculated the distance of each station from
the volcano using equation 1.

2.3 Satellite observations
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We use imagery from the 11.2 micron band of the Himawari-8 satellite to observe the
volcanic plume and umbrella cloud associated with the eruption. Himawari-8 captures full-
disk scans of the Earth’s surface every 10 minutes, starting from the North Pole and in west-
to-east stripes. Each image is timestamped with the moment the scan initiates whilst HTHH is
observed 7 minutes after the start of the scan. Thus, an image timestamped at 04:00 UTC
corresponds to an observation of HTHH at 04:07 UTC. We use these images to construct a
general timeline of changes in plume and cloud features as well as follow the methodology of
(Prata et al. 2020) to calculate the radial extent of the umbrella cloud in each image. This first
involves contouring the brightness temperature (BT) at a threshold value, which was selected
by visibly comparing the reproduced contour with the original image. We find that a
threshold value of Ty = 250 K successfully produces a contour which visibly matches the
edge of the umbrella cloud. We then remove any short wavelength noise from the image by
applying a Gaussian filter with a standard deviation of 3 before producing a segmented image
where pixels for which the BT Tg > Ty, are set to 1, with all other pixels set to zero. This
effectively separates the volcanic cloud from the rest of the image but there are sometimes
other, smaller objects also highlighted. We therefore remove all objects apart from the largest
(which is invariably the plume) before filling holes in the remaining object. This is successful
in producing a segmented image in which the plume is successfully isolated. We then extract
the perimeter of this object as the desired contour.

In order to quantify the horizontal extent of the cloud, we wish to calculate the circular
equivalent radius of this contour, which requires knowledge of the area inside the contour. To
do this, we first project the latitude and longitude of each pixel on the contour onto a
cartesian x, y grid, with the origin located at an arbitrary point on the contour. We therefore
calculate the east-west and north-south coordinates of each point using equation 1. Then,
following (Prata et al. 2020), we calculate the area using Green’s theorem

Asz dxdyzjg x dy,
A c

where C denotes the determined contour. The circular equivalent radius of the umbrella cloud
is then calculated as

(3)

SIS

(4)
An implicit uncertainty in this method is that we are unable to quantify vertical variations in
the lateral extent of the umbrella cloud meaning we cannot distinguish between spreading at
multiple levels. The consequences of this shortcoming with be discussed in Section 4.
3. Results

3.1 Barometric data



241
242
243
244
245
246
247
248
249

250
251

252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272

Figures 2a-e show examples of the high-pass filtered (see Section 2.2) barometric pressure
signal received at some of the stations shown in Figure 1b. The precise locations of the
stations can be found in the Supporting Information (Table S2.csv). The waveform received
by all stations appears similar, with a characteristic N-shape. In all cases, there is a gradual
increase in pressure over approximately 15 minutes, followed by a rarefaction before the
signal restores. The total duration of the signal is approximately 1 hour. These observations
are consistent with global observations of the Lamb wave produced by the eruption (Matoza
et al. 2022; Wright et al. 2022).
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Fig 2 a -e) Examples of the high-pass filtered barometric pressure time series recorded at
some of the stations shown in Figure 1b. Locations of the stations can be found in the
Supporting Information Table S2.csv. b) Arrival time of the peak (black crosses) and onset
(red stars) of the barometric pressure disturbance associated with HTHH eruption. Straight
lines (black solid and red dashed, respectively) show the linear fits. Raw data for peak

arrivals also presented in Gusman et al. (2022)

From each weather station, we have identified the time for which P’;(t) is a maximum and
plotted this as a function of distance from HTHH in Figure 2f in black. Additionally, we have
attempted to select the arrival time of the onset of the disturbance although, given the arrivals
are emergent, this is associated with a greater uncertainty. We see that the disturbance has
propagated at an approximately linear velocity, with a linear fitting to the peak pressure
disturbance obtaining v, = 319 + 1 m s™*. When performing a linear fit to the arrival times of
the onset of the disturbance, we obtain a slightly lower value of ug =312+ 7ms™. The
discrepancy and larger uncertainty are likely due to the greater uncertainty associated with
picking the arrival of the onset rather than the peak. We also extrapolate these linear
relationships back to HTHH and obtain an origin time of the peak of ¢, , = 04:29:30 +
00:00:30 UTC and of the onset as ts, = 04:15 + 00:03 UTC. We must treat these origin times

with caution though, as we are assuming that the near-field Lamb wave propagates at the
same horizontal velocity as in the far field.

3.2 Satellite observations
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Video S1 in the Supporting Information shows a sequence of images captured by Himawari-8
in the 11.2 um band showing the eruption of 13-14 January. The eruption plume first appears
at 15:27 UTC, indicating an eruption start time between then and 15:17. The plume and
umbrella cloud grow relatively axisymmetrically for about 3 hours, during which time faint
concentric ripples in the umbrella cloud can be seen. After this, the cloud margins become
diffuse whilst the cloud becomes stretched in an east-west orientation. Despite this,
disturbances to the cloud above the vent can be seen to continue until about 12:00 UTC (14
January) indicating ongoing convection above the vent.

Figure 3 shows a sequence of images captured by Himawari-8 in the 11.2 um band showing
the main eruption on 15 January whilst Video S2 in the Supporting Information shows the
same images as a video at higher spatial resolution and for a longer time period. At 04:07, no
plume can be seen in the image, although closer inspection of the visible bands suggests a
small plume may be evident. A plume becomes visible by 04:17 which rapidly expands until
about 04:57.
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Fig 3 Sequence of Himawari-8 images in the 11.2 micron band showing the evolution of the
eruption cloud on 15 January

Beyond 04:57, the rate of expansion begins to slow whilst at approximately this time, a
circular region of higher brightness temperature Ty is seen to expand away from the cloud,
remaining visible until about 05:37. Also at 05:37, it becomes possible to delimit vertical
structure in the cloud. At the highest altitudes, there is a cloud of higher Tg ~ 220 — 240 K
with a lower cloud with Tg =~ 200 — 220 K. From this time onwards, the upper cloud starts to

9
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drift to the west, while the lower cloud remains centred over HTHH, at least until the end of
the dataset presented here (07:07). At 05:47, another wave-like disturbance in the brightness
temperature is seen to propagate away from HTHH, at a faster velocity than the cloud
propagation. It is particularly prominent to the north-east, and remains visible until 07:07.
After this time, the upper umbrella cloud stops spreading radially and starts to drift towards
the west, revealing more of the lower umbrella cloud, which continues to show concentric
ripples on its upper surface. At 08:07, disturbances are again visible in the upper umbrella
cloud above HTHH. These disturbances persist until approximately 09:07 but do not appear
to result in any further radial spreading at the altitude of the upper cloud. Throughout the
observation period, ripple-like structures can be observed in both the upper and umbrella
clouds.

Figure 4 shows the umbrella cloud radius 1 as a function of time for the time period shown in
Figure 3. It can be seen that the cloud already has a radius of about 20 km by the time it is
first seen at 04:17, which rapidly increases until about 180 km by 04:57. Following this, the
spreading velocity drastically decreases, with the cloud reaching a radius of about 280 km by
07:07.
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Fig 4 Plot showing the radial position 7. of the outer edge of the umbrella cloud (red crosses),
the modal radius of lightning strikes r,,, (blue crosses) and the extrapolated position of the
peak 7, and onset r; of the Lamb wave (solid and dashed black lines, respectively) as
functions of time. The dashed and dotted red lines show power-law fits to the umbrella cloud
radius as a function of time between 04:37 and 04:57 and 05:57 and 07:07, respectively (all
times UTC). The inset shows r; as a function of (t — tg), where tg is defined as the time at
which gravitational spreading of the umbrella begins, taken here to be at 04:22 + 00:05. The
horizontal error bars correspond to this uncertainty on tg

Some previous studies have attempted to quantify cloud spreading by fitting 7.(t) with a
power law of the form r.~t2/3 (Costa et al. 2013; Mastin and Van Eaton 2022; Carn et al.

10
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2022; Gupta et al. 2022). However, Figure 4 clearly shows that a single power law will be
insufficient to describe the data. Instead, following the results of Pouget et al. (2016), we fit
separate power laws to different portions of the dataset, recognising that cloud spreading can
transition between different regimes. First, we need to define a time tg at which gravitational
spreading begins. This is difficult to identify, particularly given that satellite retrievals only
have a 10-minute period. At 04:17, satellite imagery (Figure 3 and Video S1) shows that the
plume has a “mushroom shape” whereas by 04:27, a flatter, outer region has started to spread,
presumably through buoyancy. It seems reasonable to assume that buoyant spreading began
during this interval so, thus, we assign tg = 04:22 £ 00:05. Next, we visually inspect 7.(t —
tg) on log-log axes (inset of Figure 4). It can clearly be seen at late times, the data converges
towards a straight line, indicating an asymptotic power-law relationship. At early times, such
behaviour is much harder to identify owing to both the low temporal resolution of the data
and uncertainty on the appropriate value of tz. However, we note a possible power-law trend
for the first four data points, followed by a transitional period to the late asymptotic regime.
Motivated by these semi-quantitative observations, we therefore fit power-law relationships
for the two time periods from 04:37 to 04:57 and from 05:57 to 07:07, obtaining 7, ~¢%-65%0-04
for early times and r,~t0-367£0-005 at |ate times. We choose not to include the data point at
04:27 in the fitting owing to the large effect of the uncertainty on tg at this early time.

3.3 Lightning location data

In Figure 5a, we present the number of lightning strikes per minute n that occurred in the 48
hours starting from 11:00 UTC on 13 January. Consequently, this time period covers both the
eruption of the 13-14 January, as well as the climactic event on 15 January. Both events are
clearly distinguished in the dataset. Lightning associated with the first eruption commenced
around 16:00 on January 13 and continued until about 12:30 the following day, with a peak
intensity of about 1000 strikes per minute around one hour into the eruption. This was
followed by a hiatus of about 18 hours, with small bursts of lightning at 14:07-14:42, 15:44-
15:54 and 18:17-18:32, until the onset of the climactic eruption the next day, shown in more
detail in Figure 5b. Here we see a rapid increase in lightning intensity, starting at 04:11 and
increasing to a peak of n =~ 5 x 10 at 05:03. This increase is punctuated with local maxima
occurring at 04:18, 04:34 and 04:50. Following this peak, n decays, again in a spiked fashion,
with a particularly prominent peak at 05:47, until lightning almost ceases at about 07:15, with
only occasional lightning strikes occurring. Lightning recommences again shortly before
08:00, again showing a punctuated increase in n until a peak of n = 1500 at around 08:48
before rapidly falling away. A final increase in n, for about 1 hour, occurs around 09:30.

11
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Whilst the time series shown in in Figure 5 demonstrate the temporal variation in n, the

Vaisala data also contains useful information concerning the spatial distribution of the

lightning strikes. Video S3 shows lightning strike locations overlain on satellite imagery for
the 13-14 January eruption. In each frame, we show the locations of strikes occurring in the
minute bracketing the time of satellite image acquisition, i.e., at 04:17, we show strikes

occurring between 04:16:30 and 04:17:30. It should be noted that the video shows an
apparent spatial offset between the lightning locations and the eruption cloud. This is due to a

parallax effect associated with the satellite imagery (Bielinski 2020) (see Appendix A).

In Video S3, we see that during the eruption of 13-14 January, lightning strikes occurred
directly above HTHH from the onset of the eruption at about 15:17 and persisted

continuously until about 11:47 the following day. After this time, lightning generation
becomes sporadic, and appears to coincide with the appearance of discrete eruption plumes at
12:27, 14:07 and 15:47. This pattern is consistent with the time series of lightning strikes
presented in Figure 5a. It is also notable that, despite the umbrella cloud spreading to
diameters of a couple hundred km, the lightning remains focused in a much smaller region

directly above the vent.

In Figure 6, we show the locations of strikes during the main eruption of January 15. The
same data are also presented in Video S4 of the Supporting Information. Here, in order to
enable a comparison between the location of the umbrella cloud and the spatial lightning
distribution, we have corrected for the satellite parallax effect noted above. To do so, we have

isolated the volcanic cloud using the Tz = 250 K contour, as described in Section 2.3. Then,

we relocate each pixel inside this contour using the parallax projection method described in
Appendix A. This correction relies on knowing the altitude of the umbrella cloud. To
estimate this, we took the time series of altitudes determined by Proud et al. (2022). Whilst
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this is a strong assumption, both Figure 6 and Video S4 show there is good spatial agreement
between the lightning strikes and the un-projected umbrella cloud.
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Fig 6 Sequence of Himawari-8 images in the 11.2 micron band showing the evolution of the
eruption cloud. Overlain in red are Vaisala lightning data locations recorded in the 1-minute
window which brackets the image acquisition time. The cloud has been isolated from the
image and its position corrected for parallax (see Appendix A)

Initially, the areal extent of the lightning matches that of the umbrella cloud. However, by
04:27, we see that radial structure has appeared in the spatial distribution of the lightning,
with strikes clustered both directly above HTHH and in an annulus at a larger diameter. This
annulus expands until about 04:47, with only occasional strikes occurring between the
annulus and the central cluster above HTHH. By 04:57, the intensity of lightning in the
annulus has started to decrease, but radial structure can still be made out, with lightning
focused at a smaller radius. Radial structure appears to persist until about 05:37, but there
appears to be variability in the radial locations at which lightning is focused during this time.
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From 05:37 onwards, lightning remains focused at smaller radii, decreasing in intensity
across the umbrella cloud. Beyond 07:07, we no longer have information on the altitude of
the cloud, so do not consider the comparison between the unprojected satellite imagery and
the spatial distribution of the lightning strikes further.

In Video S5 of the Supporting Information, we again present the lightning spatial distribution
of the 15 January eruption but at a higher temporal resolution, showing the lightning strikes
that occur every minute between 04:00 and 11:00. At this greater resolution, it can be seen
that once the initial lightning annulus stops expanding at 04:47, a second ring of lightning
detaches from this annulus and propagates back towards the vent. The large number of
lightning strikes in the area means it is difficult to fully distinguish, but this secondary
annulus becomes particularly prominent at 04:56-57 and persists until around 05:29, at which
point it becomes indistinguishable from lightning above the vent.

In order to quantify the spatial distribution, as well as the propagation of the initial lightning
annulus, we bin the lightning strikes into 2 km radial bins around HTHH. Figure 7 shows
subsequent histograms of the number of strikes n’ for selected one-minute intervals.
Additionally, Video S6 in the Supporting Information shows the same histograms but for
every minute from 04:00 to 07:00. At 04:09 UTC, there are just two lightning strikes, centred
directly above HTHH. At 04:17, lightning is distributed across a circle centred on HTHH
with a radius of about 34 km and a decreasing density with . However, by 04:23, the
lightning has become more evenly spread, out to a diameter of about 50 km, with a slight
peak at r = 32 — 34 km. This peak then becomes more pronounced and propagates outwards
until about 04:47, at which point it has reached approximately 118 km. During this time, most
of the lightning is concentrated in this annulus, with a smaller amount occurring within the
first 20 km from HTHH and much less lightning at intermediate distances.
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Fig 7 Histograms showing the radial distribution of lightning during the climactic eruption. n
is the number of lightning strikes in a 2 km radial bin and r is the distance from HTHH

In order to track the location of the lightning annulus, we define r,,(t) as the modal radius
(corresponding to the maximum of n') of the histograms in Figure 7. In Figure 4 we see that
Ty, initially trends similarly to r.. Beyond 04:47, temporal variations in the histograms in
Figure 7 become noisy, but it is possible to discern the inward propagating annulus as a peak
in n at r = 50 km. This peak first appears at about 04:53 but becomes particularly prominent
from about 05:09 until 05:30, at which time it starts to merge with the lightning directly
above the vent. From this point onwards, n" decreases with r until just after 06:30, as the total
number of lightning strikes decreases and the lighting becomes uniformly distributed across
the umbrella cloud.

4. Discussion

The detected lightning locations, together with the barometric pressure and infrared satellite
observations, allow us to place some constraints on the timeline of events at HTHH. We also
use teleseismic (Poli and Shaprio 2022) and infrasound (Matoza et al. 2022) data, as well as
satellite-derived plume height estimates (Carr et al. 2022; Proud et al. 2022) published
elsewhere to support our interpretations. A critical part of this analysis concerns the rate of
spreading of the umbrella cloud and primary lightning annulus (Figure 4). We therefore first
discuss the implications of our results for the dynamics of umbrella cloud spreading (Section
4.1), before presenting an eruption timeline (Section 4.2).

4.1 Umbrella cloud spreading

15



466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511

4.1.1 Satellite observation

The lightning strike locations (Figures 6 and 7) and the satellite imagery (Figure 3) have
allowed us to develop a description of how the umbrella cloud spread. Figure 4 shows that
the early spreading appears to follow a power law r.~t%7£9%1_Although this is consistent
with the commonly-used theoretical scaling r.~t%/3 (Woods and Kienle 1994; Costa et al.
2013; Mastin and Van Eaton, 2022), there is significant uncertainty on our result owing to
uncertainty on the choice of tg. Additionally, Johnson et al. (2015) showed that shallow
water models for spreading of a continuously-fed instrusion resisted by inertial drag fail to
permit this scaling law and instead found r,~t3/#, again within uncertainty of our result. Our
results thus highlight that the temporal resolution of satellite retrievals mean satellite imagery
alone cannot be used to distinguish between these spreading models, for this early growth.

As spreading continues, . (t) passes through a transitional regime between 04:57 and 05:37,
after which a new asymptotic regime with r,~¢0-352£0-005 engyes. Since now t > tg,
uncertainty on tg has much less impact on the fitted value of the exponent. The obtained
fitting is close to the prediction of r.~t'/3 from the single-layer shallow water model of
Ungarish and Zemach (2007) for the spreading rate of an instantaneously-fed intrusion
resisted by inertial drag. Thus, it appears that, during the transitional regime, the supply of
material to the umbrella cloud ceases. However, our lightning location (Figure 7) as well as
seismic data (Matoza et al. 2022; Poli and Shaprio 2022) suggest extrusion at the vent may
have continued until shortly after 06:00. One possible explanation is that the MER of the
climactic event decreased after approximately 05:00, with the newly-erupted material unable
to contribute to the outward spreading of the cloud. Another possibility is that an increasing
amount of water became entrained into the eruptive column, leading to further collapse of the
vertical plume, preventing eruptive material entering the umbrella cloud (Koyaguchi and
Woods 1996; Prata et al. 2020).

4.1.2. Spatiotemporal distribution of lightning

More detail to this picture can be provided by the spatiotemporal distribution of lightning
(Figures 6 and 7). Particularly pertinent is the primary lightning annulus which spreads
radially outwards from 04:27 until about 04:47. Assuming lightning is produced due to
particle collisions leading to charge differences, we can use the spatial distribution of the
lightning as a proxy for a map of where particle collisions occur. The coincidence of the
annulus with the front of the umbrella cloud (Figure 4) suggests that an enhanced rate of
particle collisions is taking place at the umbrella front. A possible explanation for this is the
umbrella front is thicker than the inner region, thus enhancing the depth-integrated ash and
ice concentration, another prediction from the same shallow water model which predicts the
t3/* spreading rate (Johnson et al. 2015). Another possibility is that vorticity, rather than the
particle concentration, is enhanced in the head, as has been seen in laboratory-scale
axisymmetrically spreading gravity currents (Patterson et al. 2006; Yuan and Horner-Devine
2013). In these flows, the front of the current spreads as a turbulent vortex ring, with the
interior of the flow spreading as a thinner, more laminar layer. This reduction in both flow
depth and vorticity of the interior of the flow, i.e., away from the front, may lead to reduced
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rates of particle collisions in this region, explaining the lack of lightning generated behind the
current front. This scenario is depicted in Figure 8a.

a)

Fig 8 Schematic depicting possible evolution of the umbrella cloud spreading. a) The initial
buoyant spreading is sufficiently fast to generate a pair of vortex rings in a thickened head.
The vorticity in this head is likely to lead to intense particle collisions, subsequent
triboelectrification and discharges, resulting in the observed lightning annulus. b) At later-
times, the vortex ring has decayed, resulting in a more laminar intrusion. There are fewer
particle collisions and more uniform lightning

The lightning annulus appears to decay at approximately 04:47, with a secondary annulus
detaching and propagating back towards the vent, whilst radial structure within about 75 km
from the vent persists until about 05:30. Since we have no vertical information concerning
the lightning strike locations, these later observations are difficult to decisively interpret.
Experimental observations of axisymmetric gravity currents show that the vortex ring
representing the current head can decay due to the presence of azimuthal instabilities at a
critical radius ~ 1.7r,, where 1y is the initial radius of the current (Patterson et al. 2006). This
would result in a more laminar umbrella cloud, such as that depicted in Figure 8b. We
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observe breakdown of the lightning radius at approximately r = 117 km. If we assume, as
above, that gravitational spreading began between 04:17 and 04:27, then r, is between 20 and
54 km, respectively. Our lightning annulus therefore breaks down somewhere between r =
2.2r, and 5.85r,, significantly greater than this critical value. However, given the large
uncertainty on ry, as well as in how the vorticity field evolution controls the lightning spatial
distribution, it remains entirely possible that the primary lightning annulus decay represents
the breakdown of this vortex ring.

Between 04:55 and 05:30, the secondary annulus seemingly contracts, moving back towards
the vent. Whilst this is seemingly counter-intuitive, this does not necessarily correspond to
the flow of material in the umbrella cloud back towards the vent. Indeed, using the same
shallow water equations as Johnson et al. (2015), Ungarish et al. (2016) showed that, once an
axisymmetric intrusion reaches a certain radius, the inner boundary of the thickened head can
start moving back towards the centre of the intrusion. This inner boundary is likely to be a
site of considerable vorticity and particle collisions. Consequently, the retreating lightning
annulus may correspond to this behaviour. However, dedicated numerical modelling, using
shallow-water models (Ungarish and Zemach 2007; Johnson et al. 2015; Ungarish et al.
2016) with suitable input parameters for the HTHH eruption, is necessary to test this.

4.2. Timeline of events at HTHH

The eruption onset time remains an open question. Yuen et al. (2022) suggest that the
climactic event initiated at 04:02 £ 00:01 UTC. However, the evidence supporting this is
unclear. From our datasets, the earliest evidence we have for the climactic event occurring are
the first two associated lightning strikes at 04:09 UTC (Videos S3, S4), followed by a rapid
increase in n starting at 04:12. Although it is not possible to resolve the altitude of lightning
strikes, observations from other wet eruptions suggest the eruption plume needs to reach a
sufficient altitude for ice formation to occur in order to trigger sufficient lightning once the
plume mixture temperature drops below 20 <C (Van Eaton et al. 2020, 2022). Although the
exact height at which this occurs will depend on the initial temperature of the eruptive
material, the mass eruption rate (MER) and the vertical temperature profile of the
atmosphere, lighting-associated wet plumes from Anak Krakatau in 2018 (Prata et al. 2020)
and Taal in 2020 (Van Eaton et al. 2022) reached 8-10 km before lightning was detected. We
therefore suggest that the plume top reached the level of ice nucleation when n started rapidly
increasing at 04:12 and the earlier lightning strikes are associated with charged ash particles
(not ice) at lower altitudes. Without knowledge of the MER at eruption onset, it is difficult to
estimate how fast the plume would have risen, and therefore the onset time of the eruption.
However, since a plume is not seen in the infrared channel at 04:07 (Figure 5), it seems
reasonable to suggest that the eruption initiated sometime between 04:07 and 04:09. This is
consistent with seismic events at 04:06 and 04:07 detected on regional seismometers (Matoza
et al. 2022).

Following the eruption onset, backwards extrapolation of the arrival times of the onset of the
Lamb wave (Figure 2) suggest an origin time of 04:15 £ 00:03. Within uncertainty, this
corresponds with the primary seismoacoustic event (moment magnitude 5.7 - 5.8) of the
eruption which occurred at 04:14:45 (Matoza et al. 2022; Poli and Shaprio 2022). It seems
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likely this corresponds to the largest explosion of the sequence. This clearly very energetic
explosion would have been associated with an extremely large MER, undoubtedly
contributing to the large increase in values of n at this time. This probably also led to an
increase in the plume radius, leading to the almost step-like increase in the modal radius of
the lightning strikes at around 04:20 (Figure 4). From this time onwards, the lightning
annulus starts to spread.

Plume height retrievals from satellite imagery show the maximum plume height increased
from about 22 km at 04:17 to 55 km at 04:37 (Carr et al. 2022; Proud et al. 2022),
demonstrating that the release of material associated with the large explosion at 04:15 was
sufficiently strong to generate a plume of unprecedented (in the satellite era) vertical scale.
By 04:47, the same dataset shows that the top of the plume has collapsed, leaving what Proud
et al. (2022) refer to as a “donut-shaped cloud”. This suggests there may have been a drop in
the MER, meaning the height of the overshoot could not be sustained. Another possibility, as
mentioned in Section 4.1 is column collapse. At the same time, the number of lightning
strikes per minute directly above the vent has reduced from a maximum of about 130 at 04:17
until almost vanishing from 04:53-04:57. This also suggests that the rate of particle collisions
in the central part of the eruptive column has reduced. However, Proud et al. (2022) also
demonstrate that at 04:57, “tendrils” of plume material extend up to 58 km in altitude. These
tendrils, however, are much narrower in extent than the initial overshooting dome, so may not
contain enough particulate matter to leave a clear signature in the lightning data. Nonetheless,
the peak in the total number of lightning strikes n occurs shortly afterwards at 05:03. This
suggests that HTHH continued to erupt material at a high rate, maintaining turbulent
convection of the particle/ice-rich plume, after the initial strong explosions.

From the appearance of the lightning ring at 04:20, radial structure remains in the spatial
distribution of the lightning pattern until about 06:00, nearly two hours after the eruption
onset. As Figure 8 shows, the location of local maxima in n during this time varies
considerably. Whilst this undoubtably contains information on the time varying intensity of
the eruption, an understanding of how this pattern depends on radial spreading of the
umbrella cloud is likely necessary in order to fully develop these interpretations.

Final observations from the satellite imagery that may be used to infer eruption chronology
are the wavelike disturbances in BT seen to propagate away from the umbrella cloud at 04:57
and 05:47 (Figure 3 and Video S1). These are likely to be gravity waves generated by events
at HTHH (Vergoz et al. 2022; Wright et al. 2022). Since they only become visible once they
have reached the edge of the umbrella cloud, which has a radius of approximately 180 and
220 km, respectively, their origin time at HTHH must be earlier than the time at which they
become visible. Matoza et al. (2022) noted a significant infrasonic event with an origin time
of 04:30 that might explain the earlier wave. This event was the most widely detected in their
global infrasound network but seemingly had no seismic nor hydroacoustic signature. An
explanation for this event remains to be uncovered.

5. Conclusions
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We have used satellite observations, lightning strikes detections by the GLD360 network and
barometric pressure measurements to study the 15 January 2022 HTHH eruption. Our results
have enabled us to make interpretations concerning both the timeline of the eruption and also
the spreading dynamics of the umbrella cloud. The climactic phase of the eruption initiated at
approximately between 04:07 and 04:09 UTC. The eruption consisted of a series of
explosions lasting until about 06:00 (Poli & Shapiro, 2022), with the largest explosion
occurring at 04:14 + 00:03. The volcanic plume was first seen by the Himawari-8 satellite at
04:17, and reached an altitude of 55 km by 04:37 (Carr et al. 2022; Proud et al. 2022).
Throughout the eruption, there remains a focus of lightning strikes above the vent. However,
from about 04:20, an annulus of lightning strikes is observed, expanding outwards from an
initial radius of ~ 50 km to ~ 150 km by 04:47 (Figure 7). We definitively show that the
expansion rate of this annulus is not linked to the propagation of the generated Lamb wave,
which had a significantly faster celerity (Figure 4). Instead, we see that the annulus is
coincident with the front of the expanding umbrella cloud (Figure 6). We thus suggest that,
during this time, the umbrella front has a strong vortical structure, leading to frequent
collisions and subsequent triboelectrification of the ash and ice particles present. The
lightning annulus is observed to decay at about 04:47, seemingly contracting and becoming
poorly-defined, although radial structure persists until about 05:37. This could be explained
by decay of the vortex ring into a 3-dimensional turbulence field (Patterson et al. 2006) and
the transition of the umbrella to a more laminar intrusion. Although the climactic eruption
phase appears to end at about 06:00, a small uptick in the number of lightning strikes and
observed disturbances in the umbrella top above HTHH suggest eruptive activity resumed at
about 08:07, lasting for approximately one hour.

Our interpretations linking the spatiotemporal distribution of lightning strikes to the internal
dynamics of umbrella spreading remain qualitative. Further testing of our proposed
conceptual model requires a combination of numerical and experimental modelling. Shallow-
water models, such as those by Johnson et al. (2015) and Ungarish and Zemach (2007) could
be used to make predictions for the rate of spreading for the umbrella cloud and, possibly, for
the observed contraction of the lightning annulus (Ungarish et al. 2016). However, this will
require suitable input parameters for the HTHH eruption to be determined. The data
presented here, along with insights on the eruption timeline and plume height from other
studies (Carr et al. 2022; Matoza et al. 2022; Poli and Shapiro 2022; Proud et al. 2022) can
provide a starting point for this. However, shallow-water models only make predictions for
the mean horizontal flow fields in the intrusion and will be unable to resolve the vorticity that
we hypothesise is essential for generating the lightning annulus. Thus, laboratory
experiments, e.g., Patterson et al. (2006) and Yuan and Horner-Devine (2013), and fully
resolved numerical simulations are also required.
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Appendix A: Parallax correction

Objects at altitude above the Earth’s surface appear at erroneous spatial locations when
viewed by satellites due to a parallax projection (Figure Al). In the following, we use S to
denote the location of satellite, P to denote the true location of an object at altitude and P’ the
apparent projected location of P on the Earth’s surface. The Earth itself is approximated as a
sphere with a radius of R = 6378.1 km. Since Himawari-8 is geostationary and HTHH is in
the tropics, this is a reasonable assumption. We also use both spherical polar and Cartesian
coordinate systems, before transforming to latitude and longitude coordinates at the end. The
polar coordinate ¢ is measured with respect to polar north, the azimuthal angle 6 westward
with respect to the prime meridian and the radial coordinate r with respect to the Earth’s
centre. The corresponding Cartesian system is defined as

X =rsingcos0,

(A. 1)
y =rsin¢gcos0,
(A.2)
and
Z =T COS .
(A. 3)
Thus, in Cartesian coordinates, the position vector of S is given by
x5 = (r; cos b, 15 sin 6,0) = (R + A)(cos b, sin 6, 0),
(A. 4)

where r; = R + A is the radial position of S, A = 35793 km is the satellite altitude and 6 is
the azimuthal position of S. Similarly, the position vector of S’ is given by

x' = (r'sing’cos@’,r' sing’ cosf’,r' cos ') = R(sin¢p’ cosB',sin ¢’ cos ', cos ¢"),

(A. 5)
where ', @', 8” are the radial, polar and azimuthal positions of P’, respectively.
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a)

Figure Al. Schematic showing the geometry leading to the parallax effect with a) view
showing the North (N) and South (S) poles and b) a cross-section through the Earth’s equator,
showing west (W) and east (E) directions. S denotes the location of the satellite, P the top
location of the plume and P’ the projected location of the plume on the Earth’s surface. 5 =
140.7° is the azimuthal position of S, 8, is the azimuthal position of P and 6" is the azimuthal

position of P’. ¢, and ¢ are the polar positions of P and P’, respectively.

In order to determine the coordinates of P, we define the location of the line connecting S and
P’ as
L(s) = xs + s(x' — x5),
(A. 6)

where L denotes the position of points on the line and s is a parameter indicating distance
along the line. Combining equations A.4 and A.5 with equation A.6, we can show that the
radial coordinate of each point on the line r;, = |L] is given by

. = {s?[R? + (R + A)? — 2R(R + A) sin ¢’ cos(8' — 6,)]
+ s[2R(R + A) sin @’ cos(0’ — 0s) — 2R(R + A)?] + (R + A)?}/2,
(A.7)

Next, we know that at P, 11, = R + h, where h is the altitude of P above the Earth’s surface.
So, defining s, as the value of s corresponding to the location of P, we can use equation A.7

to derive a quadratic equation for s,

sg[R*+ (R+ A)* — 2R(R + A) sin ' cos(8' — 65)]
+ 2R(R + A)sp[sin g’ cos(8' — 65) — (R + A)] + (R + A)> = (R + H)* = 0.
(A. 8)

Solving equation A.8 produces two roots, the smallest of which corresponds to the position of
P (the larger is a location on the opposite side of the Earth). Once the equation is solved, the
position of P in Cartesian coordinates is given by

Xp = (xp,yp,zp) = L(s = sp).
(A. 9)

These Cartesian coordinates are then converted back to spherical polar equivalents using
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¢p =90° + sin_l( Zp ),

R+h
(A. 10)
and
(tan™*(y,/x,) if xp, ¥, > 0
180° — tan™(—y,/x,) ifx, < 0,, >0
180° + tan™*(y,/xp)  ifxp, ¥, <O
6, = ! 360° — tan~'(—y,/x,) ifx, > 0,5, <0 ’
90° ifxp =0,,>0
270° ifx, = 0,, < 0
0 ifxp >0,,=0
[ 180° ifx, < 0,3, = 0
(A. 11)

where ¢, and 6, are the polar and azimuthal coordinates of P. Additionally, in equation

A.10, we have used the fact that, at all times, the umbrella cloud is in the southern
hemisphere.

Finally, we convert these spherical polar coordinates back to latitude A;,, and longitude ;4,4
using

/11at =@p — 90°,
(A. 12)
and
360° — 6, if 6, > 180°
long = 1 g, if6, < 180>
(A. 13)
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