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Multiphase turbulent flow explains lightning rings
in volcanic plumes

Mie Ichihara® "™, Pablo D. Mininni® 2, S. Ravichandran® 3¢, Corrado Cimarelli*® & Chris Vagasky 5

Hunga Tonga-Hunga Ha'apai (HTHH), a submarine caldera volcano of the Tonga archipelago,
erupted explosively on January 15, 2022. The eruption generated the highest concentration of
lightning events ever recorded, producing characteristic ring patterns of electrical discharges
concentric to the vent. Here we reproduce the key features of the observations using three-
dimensional simulations of buoyant plumes in a stably stratified atmosphere. Our idealized
minimal model based on the Boussinesq approximation and heavy particles reveals that the
essential mechanism underlying the formation of lightning rings is turbulence-induced par-
ticle clustering, which generates structures, favorable conditions for charge concentration by
particle collision. We propose that the location, size, and persistence of lightning ring
structures can reveal pulsatory activity at the vent that the opaque ash cloud hides from the
satellite observation and can be used as a proxy for eruption parameters regulating the
generation of hazardous impacts on the environment.
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dera volcano of the Tonga archipelago!~3, erupted explo-
sively on January 15, 2022, with power unprecedented
since the advent of modern instrumental recording*-. Record-
breaking characteristics of this eruption include the production of
a 57-58 km tall plume’, the umbrella expanding to a diameter of
400 km in <1 h8, and the generation of multiple geophysical waves
propagating globally through the atmosphere, the ocean, and the
solid earth?-09-11. Analyses of these geophysical waves suggested
multiple bursts in several hours>%10-12, Purkis et al.!3 investigated
direct tsunami from the explosive volcanic events that hit the
Kingdom of Tonga and identified five blasts in 1h, of which the
last two at 4:18 and 4:56 had larger energy (4 Mt and 15 Mt,
respectively) than the first three (0.5 Mt or smaller). They
emphasized that explosion sequences derived from the global-
scale waves and the near-field events were different. The huge
umbrella cloud obscured satellite view of the activity at the vent
preventing further constraining of the explosive sequence!.
Another prominent atmospheric effect caused by this eruption is
the highest concentration of lightning events ever recorded, peaking
nearly 400,000 strokes over 6h!>, or above 5000 strokes/min'4.
Lightning marked the inception of the eruption and evolved in
space and time producing characteristic ring patterns centered over
the volcanic vent®!%17 (Fig. 1). Gaps in the volume-filling lightning
activity of large supercell storms have been described before!®1°
and interpreted as due to localized regions of strong updraft within
the thunderstorm. However, meteorological lightning discharges
have never showed such regular symmetry, extension, or periodicity
as those produced during the HTHH eruption. The origin of this
phenomenon poses an interesting question, and its answer could
also provide useful information on eruption activity.
Here we investigate the hypothesis that particle clustering in
the turbulent flow can give rise to the observed lightning ring

I I unga-Tonga Hunga Ha’apai (HTHH), a submarine cal-
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structures. We perform three-dimensional numerical simulations
of a turbulent plume with solid particles in a stratified atmo-
sphere, considering a simple single-phase incompressible fluid in
a linearly stratified atmosphere under the Boussinesq approx-
imation, and passive heavy particles with linear drag to model a
particle laden flow (see the ref. 20 for more realistic multiphase
plume models). Our aim is to constrain the physical conditions
that generate the ring structure in a convective plume, rather than
to accurately simulate the HTHH eruption. In order to constrain
the physical conditions generating the ring structures, we analyze
the relation between turbulence production and particle accu-
mulation (or, indirectly, lightning patterns and volcanic plume
parameters). Our model shows that particles’ ring structures are
determined by the turbulence in the eruptive column and
umbrella cloud due to the interaction with the still atmosphere
and the turbulent-induced particle clustering, as they generate
favorable conditions for charge concentration by particle colli-
sion. We show that the extension, persistence and decay of the
lightning ring structures can be related to in-plume fluid
dynamics parameters otherwise inaccessible through direct
measurements and that they can be used as an indicator of suc-
cessive explosions obscured to satellite observation by the
expansion of the plume umbrella.

Background

Volcanic activity. The HTHH submarine caldera has a historic
record of violent explosive eruptions often propelled by the
interaction of andesitic magma with ocean water:2, After seven
years of repose, HTHH volcano erupted first in mid-December,
2021, with Surtseyan explosion of similar characteristics of those
recorded in 2009 and 2014-201516. After about a week of pause,
the activity resumed on 13 January 2022 (all times and days
hereafter are in UTC) producing a 11 km tall plume accompanied
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Fig. 1 Observed lightning rings during the January 15, 2022, eruption of Hunga-Tonga Hunga-Ha'apai volcano. a Lightning sources (magenta dots) in
1 min from the indicated time superimposed on the temporally nearest Himawari-8 satellite infrared images (downloaded from NICT-Japan and processed
at ERI, U-Tokyo). Note that Himawari-8 takes images of the area at 7.5 min after every 10 min (e.g., 4:17.5, 4:27.5, etc.). b Temporal variation of the east-
west slice (5-km around the center) of the structure like (a). ¢ The lightning source number density (counts/km2/min) as a function of time and radial
distance. Although Bér et al.!4 presented similar plots for event rate per distance, we show event rate per area to compare the data with our numerical
results. Some expanding features are noticed (dashed lines assuming 65 m s~1 and arrows), which are discussed in the “Effects of gravity waves and of

particle settling” section.
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by intense lightning activity (about 55,000 lightning events, as
measured by the Vaisala GLD360 network?!) clustered around
the vent. After 12:00 on 14 January, the eruption became inter-
mittent and the activity temporally declined?2. At about 04:00 on
15 January, the first of a series of main explosions started. We
discuss next the main explosions (see Fig. 1).

Figure 1 shows the observed lightning ring evolution with the
umbrella cloud, as reported previously®141617. The lightning
sources (magenta circles) form a ring, which initially radially
expands (Fig. la: 4:29-4:49) and diffuses (Fig. la: 4:49-5:09).
Following, a second ring appears (Fig. la: 5:09-5:29) analogous to
the first one. The temporal evolution is highlighted in the East-
West slices (Fig. 1b) and the lightning number density (count/
km?/min) as a function of time and radial distance from the vent
(Fig. 1¢).

Volcanic lightning generation mechanism. Electrification of
volcanic plumes can be achieved mainly through size-dependent
triboelectrification of colliding ash particles?3-2> and additionally
through the collisions of hydrometeors formed in situ?%%7, the
formation rate of the latter being determined by the contribution
of water vapor (with either magmatic or external origins)
advected in the plume and the enhanced ice nucleation by the
presence of volcanic ash?®2%. Furthermore, as in the case of
submarine eruptions breaching the surface, magma fragmenta-
tion by contact with water and consequent water vaporization can
add to the electrification of the emerging plume30-33. Lightning
discharges are therefore believed to be intimately related to the
nature and size of charged particles, their spatial distribution, and
collision frequency, so that the lightning rate could provide
insights into particle acceleration and turbulence as well as plume
extent?%:27-34-36_ However, in order that lightning rates may be
used to infer eruption properties, the mechanisms through which
turbulence in the volcanic plumes effects electrification need to be
further investigated.

Turbulence is known as a physical phenomenon that mixes
fluids and particles carried by a fluid very efficiently. However,
under certain conditions, turbulence can “unmix” particles,
segregating them in regions or patches with high density. This
phenomenon of “preferential concentration” or “clustering” can
decrease the effective mean free path between particles, and
increase collision rates above the value expected for homogeneous
distributions’-3. Here we want to investigate whether turbu-
lence and associated phenomena can give rise to lightning ring
structures as those observed at HTHH and other volcanic
eruptions.

Plume dynamics. The fundamental dynamics of free-shear flows
was modeled by Morton et al.#0 (hereafter referred to as
MT1956). The controlling factor is the entrainment velocity
which determines the rate at which non-turbulent ambient fluid
is incorporated into the flow of interest. MT1956 postulated that
the entrainment velocity is proportional to some characteristic
velocity of the flow. Furthermore, their model incorporated a
Boussinesq approximation, which is valid when the density dif-
ference between the plume and the ambient fluids can be ignored
except for its effect on the buoyancy force. MT1956 dealt with
both fixed-volume “thermals” and fixed-flux plumes.
Long-lasting eruptions, like the HTHH event, are often
modeled as fixed-flux plumes. They are characterized by a
constant energy input rate Q, which is equivalent with a buoyancy
input rate in MT1956. This model shows that the radius, r,, of a
steady maintained plume in an unstratified ambient grows
proportionally with its height, z,, as r,~z,o /4 A volcanic
plume generally rises in a stably stratified environment and stops

rising at its level of neutral buoyancy (LNB). The one-
dimensional representation of MT1956 predicts the maximum

plume height H to be proportional to Q1/4.

The fix-volume plume model of MT1956 in a stably stratified
medium has been applied to short-duration explosions generating
volumes of fluid lighter than the surroundings, the thermals. A
thermal having thermal energy Q reaches a height H o Q1/4 (note
that in this relation Q is the instantaneous injection of thermal
energy). Regardless of the simplifications, MT1956 and similar
models explain the essential behaviors of plumes, either volcanic
or non-volcanic, and have become the basis of modern plume
models#!1-44, Once the plume reaches and overshoots its LNB, an
umbrella cloud forms as the flow spreads out. Modeled as a
gravity current, the umbrella cloud radius, r, (the square-root of
cloud area), is expected to follow 7.« t2/3 for a fixed-flux plume
and r, o 13 for a fixed-volume plume?®.

Large volcanic eruptions display both transient and continuous
features, with explosions marking the onset of the eruption but
also producing pulses during the sustained phase.

Volcanic eruptions are different from buoyancy inputs as the
flows are generally high-density and high-velocity jets at the vent.
The jets rapidly mix with the ambient air and transfer their
thermal and kinetic energy to the buoyancy. MT1956 models do
not deal with the dynamics of the jet region, called the “gas-thrust
region™4, In volcanology, efforts have been made to model this
gas-thrust region, incorporating complex effects such as different
entrainment mechanisms, supersonic expansion with standing
shock waves, internal inhomogeneity, and incomplete thermal
equilibration between particles and gas*440-48. Although the
dynamics in the gas-thrust region may have essential influence on
the stability/collapse of plumes and the relationship between H
and Q*446, the plume is regarded as a buoyancy-driven convective
plume once it gains buoyancy, and the gas-thrust region makes up
only a small fraction at the lowest part of the plume#448,

Other essential factors that deviate volcanic plumes in the
convective region from MT1956 models are winds*®*0 and
external surface water#3°1>2, The latter is particularly important
for strong plumes formed by submarine eruptions, as observed in
the HTHH eruption. The net effect of external water on plume
dynamics is non-monotonic. If the mass fraction of the surface
water entrained is small ($10%), the effect of water is to increase
the plume buoyancy due to the increase of volume upon
evaporation resulting in greater final plume height. However, if
too much water is entrained the net effect is a decrease in the
plume buoyancy, resulting in smaller final plume heights*3->1.
Maeno et al.>2 modified the conventional steady one-dimensional
plume model to represent a recent shallow-sea eruption in Japan,
where a large fraction of erupted magma remained in the sea as
pumice rafts, using its thermal energy to evaporate sea water.
Then, a low-density high-energy vapor plume was formed, which
reached large H for relatively small Q.

Three-dimensional numerical models have been developed to
simulate the observed and theoretical plume behaviors in a
stratified medium*#!->3->5, In a simulation of the 2014 eruption of
Kelud volcano in Indonesia, Suzuki and Iguchi®® showed that
expansion of the umbrella cloud radius was consistent with a
fixed-flux gravity current model (r. o t#/3) after 1000s, but was
much more rapid as r. o t107 before 1000s from the eruption
onset. The 3D multiphase flow simulations?®>* included the gas-
particle relative motions due to both inertia and gravitational
effects. Although they pointed out the particle clustering due to
turbulence, they mainly focused on the large-scale effects like the
entrainment coefficient and plume shape. Their simulations also
included gas compressibility and demonstrated its effect on the
supersonic jet region below the buoyancy region.
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While increasingly complex plume models may be more
realistic, too many details may obscure the essential mechanisms
and factors underlying other observed phenomena. To answer
similar questions, Hernandez-Duenas et al.’’ investigated
minimal models for precipitating turbulent plumes. Our study
follows their concept to capture the effect of turbulence without
relying on subgrid models for inertial range effects at relevant
scales.

Results

We conducted simulations of a stably stratified flow, with con-
tinuous buoyancy input from a small hot source in the lower part
of the domain to generate a turbulent plume, together with the
integration of four sets of particles advected by the fluid. The flow
is assumed to be incompressible (Mach number equal to zero),
the background stratification profile of the atmosphere before the
eruption is linear with height (exponential decay at high altitudes
is not considered), and particles use a model with linear drag that
is valid for small and heavy particles (see “Methods” for all
approximations and relevant parameters). Three sets of particles
were placed in a thin layer at the bottom of the domain, in such a
way that the plume can push particles upward. These sets of
particles with decreasing inertia have Stokes numbers of St=1,
1071, and 1072, hereafter labeled A, B, and C, respectively (see
“Methods” for the definition of the Stokes number). A fourth set
of homogeneously distributed particles with St=1 was placed
between heights of 10 to 60 km (in the following, “initially sus-
pended particles” or ISP), to study whether particles already
present in the atmosphere (e.g., ice crystals, volcanic ash particles
and aerosols from preceding eruptions) can cluster as a result of
interacting with the turbulence. Except for a simulation discussed
later, settling of particles is neglected in all cases. As time pro-
gresses, the hot source in the bottom generates a plume of fluid
moving upwards, that also advects the different sets of particles.
This plume first overshoots the LNB at t~2 min, and then
spreads horizontally with the hot fluid asymptotically reaching
the LNB.

Figure 2 shows a three-dimensional visualization of different
species of particles 43 min after the initialization of the plume. In
the side view, the three million particles with St = 102 are shown
together with the flow squared vorticity in half the domain. In the
top view, particles with St =102 and 1, and the ISP, are shown
together with the squared vorticity. Particles with lesser inertia
(smaller St) follow the flow more closely, and move further out
radially, while particles with larger St move further up in the
central column, and to a lesser degree radially. However, in both
cases an annular region with similar radius can be identified
where the particle densities are substantially larger. The annular
regions with larger density can also be identified for the ISP.
These regions of strong particle accumulation correlate with
regions with strong turbulence, as shown later.

Figure 3a shows the particle densities as a function of the
radius, n;(r), for all particle species considered (i.e., for i = A, B,
C, or ISP) at t =43 min. As a reference, we also show the profile
of the squared vorticity w?(r), to quantify the strength of turbu-
lence as a function of the radial distance from the central column.
All particles starting from the bottom of the domain at t=0
(species A, B, and C) have a maximum in the central column, and
another maximum at r =40 km, where the vorticity and turbu-
lence intensity are maximum (comparisons with the turbulent
kinetic energy yield similar results). The particles initially sus-
pended at t=0 (ISP) also display rings with maximum accu-
mulation at r =25 and = 40 km, the curves tending to the mean
homogeneous value of the density at large distances, where the
particles are undisturbed (i.e., n,(r) = (n;) for large r).

The density of particles provides a first proxy to possible
enhancements in the number of collisions, which can in turn
result in enhanced electrification only if the accumulation of the
different particles takes place in the same places (note that elec-
trification mostly results from collisions between particles with
different sizes and masses). As the numerical integration of rea-
listic numbers of particles in a domain of 188 km of length is out
of reach of today’s computational capabilities, direct computation
of collisions is unfeasible. We can instead obtain an estimation of
the probability of collisions between species from the cross-
correlations of densities of different sets of particles®®. Or, from
kinetic theory, we can expect the number of collisions between
different species of particles to be proportional to the product of
the densities times their characteristic velocities,

N;;= ninj(vivj)l/z, (1)

where v; is the r.m.s. velocity of the particles’ species i (estima-
tions using the particles relative velocities yield similar results as
the ones discussed below, as all particles have similar r.m.s.
velocities, see “Methods” for details). This quantity as a function
of the radius, and its normalized value is shown in Fig. 3b at
t =43 min for species A and C (i.e., for particles with St=1 and
1072) and for ISP and species C (i.e., for the initially suspended
larger particles, and the smaller particles with St=1072,
respectively), as well as for A-A and C-C cross-correlations. All
cases show a maximum near the central column, and a second
maximum at 7 =~ 40 km. The most prominent of these maxima are
those for N4 ¢ and Nisp c. Note that for electrification, the interest
is in the interactions between species with very different sizes
(and, in the case of ice particles, growth rates>?).

The foregoing results are for ¢ =43 min. With time, the radius
of the region of accumulation of particles (and of large cross-
correlation between all species) fluctuates, but with a well-defined
mean radius, even as the plume continues expanding. Figure 4a
shows the evolution of n4(r) (with St = 1) as a function of time in
color, together with the radius of the “cloud,” where the border of
the structure is defined as the radius at which the density of the
particles C (with St = 1072, i.e., the particles with less inertial and
better coupled to the flow) drops below a small threshold. The
figure also shows the position of the ring-like region of pre-
ferentially larger collision rates, defined as the position of the
second most prominent maximum of the cross-correlation
Ny c(r) shown in Fig. 3b. Note that the cloud continues to
expand with time, while this ring fluctuates around a radius that
correlates with the region of maximum turbulence intensity. As in
the observations (Fig. 1), we see in Fig. 4a a region near the center
of the domain (at r = 10 km) with a large density of particles, with
“fingers” of large density that expand radially linearly in time. The
ring (in particular, the second peak in N, ¢) is recreated many
times, also evolving approximately linearly in time in between
and fluctuating around r = 40 km. Figure 4b shows the radius of
the cloud and of this ring in log-log scale, with two power laws
indicated only as a reference.

Discussion

We showed that turbulence in the buoyant plume can accumulate
particles and increase their collision probability in the central core
and a ring-like region, generating an annular gap between the
core and the ring. Our simulations also revealed that the ring-like
region initially expands with the plume and fluctuates at ~ 40 km
while the plume edge continues to move radially outwards.
Comparison of time scales in cluster formation and particle
dynamics (see the “Effects of gravity waves and of particle set-
tling” section) also indicates that turbulence is dominant in the
horizontal evolution of the particles, while stratification plays a
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Fig. 2 Visualization of the three-dimensional numerical results. a Three-dimensional rendering of the flow squared vorticity (in red, shown in half the
domain), together with three million particles in colors with St =10~2 (species C). The color bar indicates the particles velocity in all panels. Particles seen
from the top with b St =102 (species C), and ¢ St =1 (species A). Note the ring with strong accumulation of both species, and with large particles

velocities. d Particles with St =1, for the case initially suspended homogeneously (ISP). e Flow squared vorticity, seen from above. All images correspond to

t=43 min.

role in further confining the particles vertically (see also related
discussions by Van Eaton et al.1”).

The model solved here is a simplified set up for a turbulent
plume in a dry and linearly stratified Boussinesq medium, with
non-interacting (one-way coupled) point and heavy inertial
particles. Modification and new formation of particles due to
vapor condensation is therefore not captured by the model, while
it still mimics in a simple way the presence of particles already
suspended at the time of plume injection, such as ice crystals and
older ash particles. It also considers a steady source for the plume,
while source parameters in a volcanic eruption are time-
dependent. The flow compressibility effects are not considered,
either, though they may influence the plume behavior20->4, Thus,
care must be taken when comparing the simulation parameters
with the observations.

In spite of these limitations, we believe the ring-like structures
obtained by our simulations may be linked to the lightning ring
observed during the HTHH eruption. Below we discuss the
relevance and implications of the linkage.

Thunderstorm lightning vs. volcanic lightning ring. Bor et al.14,
who reported detailed observations of HTHH lightning, com-
pared the lightning rings with a very active supercell during
thunderstorms and linked them with updraft surges. The lack of
lightning activity within confined regions of thunderstorm clouds
("lightning holes”) has been observed in supercell systems!8:19
and has been interpreted as an indicator of severe weather con-
ditions. Such lightning holes are known to drift with time,
coinciding with regions of strong updraft within the cloud.
Conversely, in the HTHH plume the central region over the vent,
where we expect the strongest updrafts, is almost continuously

marked by lightning activity (Fig. 1, except a temporal break
between 06:30 and 7:45), while lightning ring structures (and the
associated annular gaps) appear and dissolve periodically in a
persistently concentric region. Note that strong and episodic
updraft surges are however another possible source of inhomo-
geneities in particle distribution.

Non-inductive electrification of volcanic plumes and thunder-
clouds is in large part caused by collisions between particles with
different sizes?3>8-61, However, when particles are not homo-
geneously distributed, the number of collisions can be strongly
dependent on their relative position. We showed that the buoyant
plume can accumulate particles and increase their collision
probability in the central core (radial distance within 20 km from
the source) and a ring-like region, generating an annular gap
between the core and the ring (Fig. 3). Our simulations also
revealed that the ring-like structures reached similar radii for very
different sizes (i.e., different Stokes numbers), =40 km in the
calculated cases.

Effects of gravity waves and of particle settling. The formation
of the ring can be caused by turbulent inertial clustering, or
associated to oscillations caused by gravity waves!”. It is not easy
to disentangle these effects, but our approach allows us to study
the dynamics of each individual particle. Figure 5 shows the
frequency power spectrum of the particles’ velocities for species C
in the umbrella cloud. The x and z components of the velocity are
considered separately. Both components display a range of fre-
quencies compatible with a Kolmogorov spectrum, but v, has a
peak near the Brunt-Viissild frequency, which corresponds to the
lowest frequencies of gravity waves. The spectrum of v, displays
instead excitations at lower frequencies. As a reference,
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Fig. 3 Radial profiles of parameters relevant to lightning generation. a The squared vorticity and the density of particles of each species, normalized by
their respective mean values. All quantities have a maximum near the center of the domain, and another around ~40 km. b Cross-product of the densities
of particles times the square of their r.m.s. turbulent velocities. Quantities are normalized by their mean values, and are considered as a proxy for the
number of collisions. Note the peaks at r~ 40, especially for the pairs of species A and C, and ISP and C. All plots correspond to t =43 min.

frequencies of =3 x 1073 s~! correspond to the turbulent turn-
over time of eddies of size of =20 km. This indicates that while
gravity waves in the simulations can enhance particle accumu-
lation through vertical confinement and oscillations with a period
of =100 s (the inverse of the Brunt-Viissila frequency), the
horizontal displacements, which are the essential feature of the
lightning rings, are dominated instead by turbulent motions with
slower time scales.

We also discuss here the effect of gravity and settling in the
clustering of particles, which so far were neglected. Species B and
C have smaller settling velocities than the flow turbulent velocity
(see “Methods”), and adding gravity has small effects on particle
densities (except for a small fraction of particles in regions of
small fluid velocity that settle). For species A, adding gravity still
results in the formation of a ring with larger particle density
around r = 40 km, while it also increases clustering. This is shown
in Fig. 5, which shows the particle density with and without
settling of particles. Interestingly, while gravity makes particles in
calmer regions of the umbrella cloud to settle, particles in regions
with strong turbulence remain suspended and cluster even more.

The expansion behavior of the ring structures and implications
to volcanic activity. The simulation captured the basic expansion

behavior of a plume in a stratified medium. A dry plume in a
non-stratified medium has a lateral velocity proportional to the
vertical velocity, both varying as t~1/4, so that the plume radius,
75 grows like /4 (see the “Plume dynamics” section). In a stra-
tified medium, r, is expected to grow faster than /4. Once the
plume hits the LNB, it spreads out as a gravity current, and the
umbrella cloud radius, r,, grows. We see an expansion (mainly r,)
starting proportional to ¢ and decelerating as {7 and then %4 in
both simulations (Fig. 4) and the HTHH eruption®. The expan-
sion of 107 is consistent with the model for r, as a gravity current
spreading horizontally after a steady plume in a stratified
medium®> reaches the LNB. The initial expansion as o«t may
indicate that the supply rate is accelerating.

At the inception of the HTHH eruption, the lightning ring
marks the extension of the expanding umbrella cloud, as both
features travel at the same constant radial velocity in the early
stage of umbrella growth? (see Fig. 1). In our simulation, the ‘ring’
of particle and vorticity concentration exhibited similar expan-
sion behaviors (Fig 4). It is worth noting that clustering of
particles in turbulence is different for plumes injected in isotropic
and homogeneous media than for stratified media, as found in the
atmosphere®2. The density stratification of the medium is thus
essential to reproduce the generation and growth of ring-like
structures (see a sketch of the process in Fig. 6). On the other
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Fig. 4 Evolution of the radial structure in a plume. a The density of species
A, na(r, t), showing a prominent peak near the axis of the plume and
multiple radiating ‘fingers'. The white solid line indicates the border of the
cloud as a function of time, and the red dots indicate the position of the
second maximum observed in Fig. 3 as a function of time. A linear time
dependence is indicated by the straight blue line at early times, which also
serves as a reference for the evolution of the rings. b The radius of the
cloud and of max{N, ¢} as a function of time in log-log scale. Two power
laws at later times are shown as ref. 4> (see also the HTHH case8). Note
that while the cloud keeps expanding in time, the annular structure
fluctuates around a mean radius of ~ 40 km.

hand, the ring expansion speed is ~ 65 m s~! in both simulation
(Fig. 4a) and observation (Fig. 1c), which is much slower than the
gravity waves (horizontal phase speeds of 240-270 m s~! in the
HTHH eruption®, and of =200 m s~! in the simulation for
horizontal scales of =20 km).

The spatial-temporal distribution of lightning activity in the
HTHH plume shows multiple successive radial expansions of
lightning ring structures as highlighted by the dashed lines and
arrows in Fig. 1b and c. Some of these alignments originate from
the vent area (dashed lines). The others appear at a distance from
the vent and propagate further away (arrows). The numerical
result also exhibits outward movement of max{N, ¢} (red circles
in Fig. 4); the first one from the center and the subsequent ones
at a distance of about 40 km. Note that the numerical simulation
assumes a constant flux after the onset, thus implying that not all
expanding rings necessarily indicate new flow injection nor
unsteady mass discharge rate at the source. On the contrary,
rings originating from the vent area (in the observational data)
likely mark the onset of a new explosion. Based on these
observations and the qualitative behavior in the simulations, we
can infer that significant explosions at HTHH occurred in several
minutes around 4:14, 4:51, 5:34, and 8:33 (Fig. 1c¢). Interestingly,
the first three times are comparable with the observed major
earthquakes at HTHH, resolved by the global seismic network at
4:07:53-4:14:45 (two M4.7 events and one M5.8), 4:40:37 (M4.8)
and 5:30:17 (M4.7)%3. Also, the first two times may be associated
with the two energetic blasts at 4:18 and 4:56, inferred from the
direct tsunami hitting the Kingdom of Tonga!3. The last one may
be associated with the strong eruption detected by infrasound
and hydroacoustic stations at 8:31!1. Around 6:00, before 8:00,
and around 8:15, smaller explosions might have occurred and
produced rings not resolvable in the current dataset.
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5 T T
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Fig. 5 Gravity effects. a Power spectrum of the particles' velocities for
species C, for the x and z components of the velocity. A Kolmogorov
spectrum is shown as a reference. The vertical dashed line indicates the
Brunt-Vaissala frequency. b Density of particles (normalized by the mean
density) for species A 40 min after the start of the simulation, with and
without gravity.

Conclusions

Our numerical simulations for a buoyant plume in a linearly and
weakly stratified medium under the Boussinesq approximation
with heavy passive point particles have shown that the turbulent
clustering mechanism works to concentrate particles in regions of
high turbulence intensity surrounding the updraft, in the ring,
and in the umbrella cloud (Fig. 6). A high probability of particle
collisions is expected in these regions from kinetic theory (Fig. 3).
We believe our simulations capture the essential mechanism
underlying the lightning ring observed in large volcanic erup-
tions, including the recent HTHH eruption.

Our minimal simulations are able to reproduce the observed
radial expansion of the umbrella cloud as well as the oscillations
of the lightning ring. While both umbrella cloud and lightning
ring initially expand together asct, later on the umbrella
expands as o t7 and the lightning ring repeatedly expands and
contracts around a fixed radial distance. Most remarkably, our
simulation shows that expansion and contraction of the lighting
ring happens even if the buoyancy flux at the source remains
constant. Based on the results, we distinguish the observed
lightning ring expansions due to new explosions from those due
to spontaneous fluctuations, and infer the occurrence of sig-
nificant explosions in several minutes around 4:51, 5:34, and 8:33
UTC on 15 January 2022, otherwise obscured by the expanding
plume and umbrella cloud from the primary explosion around
4:14.

Numerical models and observations of volcanic plumes have
advanced significantly in recent years, and more precise and
detailed volcanic lightning data are becoming available. This
study proposes a possible mechanism for the formation and
evolution of lightning rings in volcanic plumes. Incorporating this
mechanism into numerical models that include more realistic
conditions (e.g., the presence of vapors, realistic atmospheric
conditions, the supersonic injection of hot material at the source,
and non-steady mass discharge), may allow estimation of
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50 - 60 km

High vorticity
regions

Hot source

Fig. 6 Schematic diagram of the formation of the plume in the simulation and of the resulting particle clustering. The buoyancy source at the bottom of
the domain, shown in red, generates the plume. Vorticity, and turbulence, is stronger in two regions: in the outer region of the ascending jet, where velocity
gradients are large, and in an annular region with radius of ~40 km. These two regions of high vorticity correspond to regions of particle clustering for all
particles considered. Collisions between these particles could then result in strong electrification of these regions. In the simulations the accumulation of

particles is seen above 10 km.

eruption parameters from observations of cloud and lightning
dynamics in the future. We emphasize that tracking lightning
rings in volcanic plumes is particularly effective in inferring not
only the opening explosive episode of a volcanic eruption but also
subsequent explosive pulses during its course. For the HTHH
eruption, uncovering this sequence is essential to understanding
when and how disastrous events like tsunamis, damage to sub-
marine cables, and caldera collapse occurred.

Methods
Numerical simulations and approximations. The flow is
described by the Boussinesq equations

Ju+u-Vu= _V(P/Po) - (g/Po)P/2 +vViu, ()

dp' +u-Vp' = (pN*/g)u- 2+ kV?p' +5, 3)

where u is the incompressible fluid velocity (V - u=0), and p’ is
the mass density fluctuation around the background linear stra-
tification

p=po+(dp/dz)(z —zp) +p'. 4

In these equations py is the reference fluid density at the
reference height zy, dp/dz<0 is the uniform background density
gradient (with the convention of z> 0 upwards), Z is a unit vector
along the z-axis, g is the acceleration of gravity, p is the correction
to the hydrostatic pressure, v is the kinematic viscosity, « is the
diffusivity, s is a source of density fluctuations, and N is the
Brunt-Viisdld frequency. In terms of these parameters,

N? = —(g/p,)(dp/dz). The kinematic viscosity was chosen to

have the Kolmogorov dissipation scale # = (12/ (wz))l/ * well

resolved (i.e., larger than the smallest scale resolved by the
simulation), where w = V x u is the vorticity. Note that the r.m.s.
value of the vorticity defines the Kolmogorov dissipation time as

- % We also assume the turbulent Prandtl number is

7, = (@)
of order unity and use x = v%4.

The incompressible Boussinesq equations can be rewritten
using a change of variables for the density fluctuations,
{ =gp'/(p,N), in such a way that only v, x, and N must be
prescribed (see below). The correction to the hydrostatic pressure
per unit mass density, p/po, is obtained from the incompressibility

condition, V3(p/p,) = —V-(u-Vu+ N(z). Thus, the gas

thermodynamics is decoupled from the evolution of u and p/,
and not considered in the time evolution of our model. The
reference fluid density p, can also be chosen arbitrarily. We note
that the Boussinesq approximation with linear density variation is
not strictly valid for flows deeper than a fraction of the density
scale height, H, = gN~2. Better models can be obtained using,
e.g., the anelastic approximation. However, we are interested in a
minimal model for lightning ring formation in the umbrella
cloud, and follow similar approximations as those used in the
study of moist convection®”.

The source s in Eq. (3) is a localized Gaussian ellipsoid of light
(hot) fluid at the bottom of the domain, in order to generate a
turbulent plume in the stratified flow. A buffer region was left
below the source to have fluid at rest and prevent possible
artifacts associated to the periodic boundary conditions (the
simulation was also stopped before a strong large-scale circulation
with the size of the domain was excited by the periodic boundary
conditions). The amplitude of the source is constant in time and
was set to have in the steady state typical upward velocities in the
center of the plume as those in an eruption.

Particles in the simulations satisfy the heavy point particle
approximation of the Maxey-Riley equation®?,

dv_ 1 p\.
= —[uex, 0 —v] —g( —p—)z, 5)

P P

where 7, is the particles’ Stokes time, v is the particle velocity,
u(xp, t) is the fluid velocity at the particle position x,, p, is the
particle density, and p/p, = po/p,. This equation is valid for small
particles such that the Reynolds number of the particles satisfies
Re, = v,d,/v<1, where v;= |v —u] is the slip velocity and d, is
the particles’ diameter. For small heavy spherical particles the
particles’  Stokes time and radius are related by
T, = ZdeIZ) /(9vp,). Under these approximations, the settling
velocity of the particles (when the fluid is at rest) is w = g7,(1 —
Po/pp)®. In all simulations we neglected the effect of gravity and
the settling velocity, except for one simulation discussed in the
“Effects of gravity waves and of particle settling section”.
Equations (2), (3), and (5) were solved numerically with a
high-order parallel pseudo-spectral method and high-order
interpolation schemes using the GHOST code®. Three-
dimensional renderings of vector fields and particles were done
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using VAPOR®. Our simulations solve a stably stratified fluid
initially at rest, in a periodic domain of size L x L x H=188 x
188 x 94 km3. The spatial resolution of all simulations shown in
the present study is 1024 x 1024 x 512 grid points. We also
performed simulations using 512 x 512 x 256 and 256 x 256 x 128
grid points (with larger values of v and «, and smaller values of 7,)
to ensure the results reported here had converged, and did not
depend significantly on the spatial resolution and values of
viscosity and diffusivity used in the simulations.

Dimensional fluid and particle parameters. The background
density stratification in the fluid is fixed by the Brunt-Vaisild
frequency, which in the simulations is set to N=0.01 s—1. This
results in the lowest period of the gravity waves of =100 s. This
value is realistic for stable atmospheric conditions®®, including the
atmosphere above HTHH?. The buoyancy source is put at the
bottom of the domain creating an upward speed of 150 m s~1.
The r.m.s. turbulent velocity in the entire domain at late times is
U=26 m s~ ! (note that this value is different from the r.m.s.
turbulent velocity in the umbrella cloud, discussed below).
Together with the choice of N, the Froude number (a dimen-
sionless measure of the level of atmospheric stratification) results
Fr = U/(LN) = 0.01, where L = 188 km.

The energy input rate per unit of mass is e=12 W kg1,
which results in a total energy input rate of E = ep,V,~
1.6x 10'2 W, where V, is the volume of the Gaussian source (with
a vertical dispersion of 2.8 km and a horizontal dispersion of 5.6
km) and po = 1.225 kg m—3 is the density of air at sea level. This
energy release rate is comparable with an eruption with a mass
discharge rate of 2 x 108 kg s~! assuming a heat capacity of 1000 J
kg—! and an excess temperature of 800 K (see a discussion of the
energy budget below).

The flow r.m.s. turbulent velocity in the umbrella cloud is
Ums = 61 m s~1. For the spatial resolution of 1024 x 1024 x 512
grid points, the Kolmogorov microscales are the dissipation time
7,= 35 s and the dissipation scale # = 115 m. The velocity at the
dissipation scale is u, = 3.2 m s~1. With the definitions given in
the “Numerical simulations and approximations” section, v = #2/
7, =378 m? s~ L. The viscosity and Kolmogorov scales are large
compared with realistic values in volcanic eruptions, where
typical values can be as small as 72 10 um and 7, > 10 ps?’. Note
that explicitly resolving a dissipation scale of ~2 cm or less would
require an increase by more than a factor of 5000 in the linear
spatial resolution in each direction.

From these values we can estimate a fluid Taylor microscale

A= urm(IS/(wz))l/2 ~ 8.2 km, and a buoyancy (or vertical
stratification) length scale Lp= 1,/ N=~6.1 km. The Taylor
Reynolds number then is Rj = u;mA/v=1360. This Reynolds
number characterizes turbulent intensity in the inertial range
scales of the umbrella cloud.

Volcanic particles (water droplets, ice particles, and other
particles in volcanic eruptions) have Stokes numbers St between
10~% to 1042454, where St is defined as the ratio of 7, to some
characteristic flow time. The choice of the characteristic flow time
is different among studies: Esposti Ongaro and Cerminara®* used
the large eddy turnover time of a turbulent plume, Gaudin and
Cimarelli?* used the vent diameter divided by the jet velocity, and
Cerminara et al.20 comparatively used the typical eddy turnover
time in the jet at the vent and the turnover time at the Taylor
scale in the convective plume. In studies of turbulence it is a
common practice to use the Kolmogorov dissipation time as the
characteristic time”?, and thus here we use

St=1,/7, (6)

Table 1 Typical parameters of the different species of
particles.

Species A B C

St 1 0.1 0.01

7, [s] 35 35 0.35

dIml  252(00/p,)"?  79.8(po/p)"? 25(po/p,)"?
do/n 220p0/p,)"  0.69po/p,)?  0.22(po/p,)"?
dp/2 0.03(p0/p,)">  0.009(po/p,)"">  0.003(po/p,)"
Voms [M/s] 62 62 62

v, [m/s] 34 33 33

Re, 2.3(po/p,)"? 0.73(po /p,)""? 0.23(po /p,)""?
wlm/sl 3770 —po/pp) 3700 —po/pp) 3.7C01 = po/pp)
W/ Urms 6(1 — po/pp) 0.6(1 = po/pp) 0.06(1 — po/pp)

Initially suspended particles (ISPs) have the same parameters as species B. St =17,/7, is the
Stokes number (with 7, the Kolmogorov time), 7, is the Stokes time, d, is the particles diameter,
d,/n is the particles diameter in units of the Kolmogorov scale, d,/4 is the particles diameter in
units of the Taylor scale, v, is the particles r.m.s. velocity, v is the slip velocity (measured in
the particles that neglect gravity), Re, is the Reynolds number of the particles, w is the settling
velocity, and w/u,ms is the settling velocity in units of the fluid r.m.s. velocity.

Larger and heavier particles correspond to larger values of 7,
and of St. As already mentioned, the approximations made in Eq.
(5) are reasonable for small volcanic particles with small enough
St. Therefore, we considered particles with St =102, 1071, and
1. As a reference, and to compare with previous studies, our
Stokes numbers should be multiplied by = 0.26 to obtain Stokes
numbers based on the eddy turnover time at the Taylor scale as
reported in ref. 20, and by = 0.1 to obtain Stokes numbers based
on the large eddy turnover time at the umbrella cloud. We
verified that simulations with St =5 or larger require considera-
tion of at least the settling velocity in Eq. (5)%, and perhaps also
nonlinear drag effects?0.

We considered 4 sets of particles in the simulation, each set
containing 3 million particles. Particles are non-interacting: they
are affected by the fluid but they do not affect the fluid back, and
they do not interact between themselves. Three sets (with St=1,
1071, and 1072, ie., with decreasing inertia) have as initial
condition all the particles at rest, homogeneously distributed in a
thin layer at the bottom of the domain (labeled, respectively, as
species A, B, and C). As the plume develops, particles in this thin
layer are advected upwards with the fluid. A fourth set (with
St = 1) has the particles initially distributed between z= 10 and 60
km homogeneously (labeled as “initially suspended particles” or
ISP). The aim of this set is to identify whether the turbulent plume
can also generate clustering of particles already present in the
atmosphere before the eruption, such as small ice particles. Finally,
we also performed simulations of species A but considering gravity.

Table 1 shows the typical parameters for all species of particles.
While particle radius and times are unrealistic for small particles
in an eruption, their ratio to the Kolmogorov scales (as measured
by St and d,/n) are more realistic. As already mentioned, we
verified that increasing the spatial resolution from
256 x 256 x 128 to 1024 x 1024 x 512 grid points while keeping
these ratios fixed provides convergent results. Particles are also
smaller than the Taylor scale in all cases, ensuring that their
dynamics are sensitive to inertial range turbulence effects, the
main objective of this study. Note also that for particles in the
umbrella cloud po/p, <1, and thus the Reynolds number of the

particles satisfies Re,<1 in all cases, thus justifying the

assumptions in Eq. (5) needed for linear drag to be a good
approximation3. Finally, the settling velocity is smaller than the
fluid r.m.s. velocity in all cases except for particles A%, The effect
of gravity on these particles is discussed in the “Effects of gravity
waves and of particle settling” section.
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Energy budget in the numerical simulations. We finally present
the detailed derivation and estimation of the energy input rate in
the numerical simulations, to allow comparisons with typical
parameters in volcanic eruptions. The source in the Boussinesq
equations is a fluid mass (or thermal) source, and energy is
injected as potential energy that can then be converted to kinetic
energy by the system dynamics.

The evolution of the fluid density is given by Eq. (3). We can
assume the velocity in the vicinity of the source and near the
bottom boundary to be u=0, and that diffusion is negligible.
Then, Eq. (3) reduces to

9,p =s. (7)

From Eq. (7) we can then interpret s as the increase rate of
density fluctuations at the source. Note that s <0 (i.e., s must be a
density reduction rate) to have fluid elements pushed upwards by
the buoyancy force. This choice corresponds to a hot source as
the equivalent temperature increase rate, d,AT>0, can be
estimated from the density variations as 9,p" = —ap,0,AT, where
a is the thermal expansion coefficient and pq is the mean fluid
density. )

We want to estimate the potential energy input rate, E,. The
total density of the fluid is given by Eq. (4), where we can take
zo =0 without loss of generality. If the density in the source
region (at z = z,) differs from the surrounding atmosphere by Ap,
i.e., the density in that region is p, = p, + (dp/dz)z, + Ap, it will
be in equilibrium at a height z., given by

dp dp

p0+$zs+Ap:po+E‘zeq' (8)
Solving this equation we obtain
Ap
Zgyg =%t (@p/dz)’ )
or alternatively
dp
Ap = d_z(zeq —z). (10)

In the absence of any other atmospheric fluctuations (p’ = 0
except at the source), the buoyancy force applied to a fluid
element with density p, at any given z is

P& - ple = (L2 - tple=Fe-ze )

The potential energy per unit volume in a density variation Ap
at z,, e, = E,/V, (where V; is the source volume), is then equal to
minus the work required to move the fluid element from z, to z,,

% dp 14
e, = _/ d_Z(z — zeq)gdz = _Ed_fz)(zs - Zeq)2g~ (12)
kM

Substituting from Eq. (10),
1 Ap?

=—-— g 13
%= T 2(dp/do)? (13)
The potential energy input rate per unit volume is
. d\p g
=N __o
%= "0 p/dz) (14)

Note that Ap =p’ at the source region. As the velocity is
negligible there, dp’/dt ~ 9,p. According to Eq. (7), we can then
also replace dAp/dt by s. Thus,

g

ép = —p/Sm. (15)

Integrating e, over the source volume we finally obtain

T / g Vs

EP = —(p S) W = SPOVS,
where e = —g(p's)[p,(dp/ dz)]”" is the potential energy input rate
per unit of mass, and the brackets denote the volume average.
From the simulations, using g=9.8 m s~! and p, = 1.225 kg
m~3, then e=1.2 W kg~! and E, ~ 1.6x 10'> W. This energy
release rate is comparable with an eruption with a mass discharge
rate of 2 x 108 kg s~1, assuming the heat capacity is 1000 J kg~!
and the excess temperature is 800 K.

(16)

Data availability

Data in all figures (observed lightning rings, radial profiles of square vorticity and density
of particles, radius of the cloud, and power spectra) are available at https://doi.org/10.
5281/zenodo.841733871.

Code availability

The GHOST code used for the simulations, with configuration files and examples, is
available at https://doi.org/10.5281/zenodo.801530872. Three-dimensional renderings
were done with VAPOR, available at https://doi.org/10.5281/zenodo.777964873. Both
codes are publicly available and run on most UNIX systems. GHOST is maintained by its
authors®”. VAPOR is a product of the National Center for Atmospheric Research’s
Computational and Information Systems Lab. Support for VAPOR is provided by the
U.S. National Science Foundation and by the Korea Institute of Science and Technology
Information®874,
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