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network, and global lightning detection network (GLD360) with information from local authorities and social
media to retrospectively characterize the eruptive sequence and improve understanding of the pre-, syn- and
post- eruptive behavior. We observe six infrasound pulses beginning on 21 June at 17:49:55 UTC as well as the
main Plinian phase on 21 June at 22:29 UTC. Each pulse is tracked in space and time using lightning and satellite
imagery as the plumes drift eastward. Post-eruption visible satellite imagery shows expansion of the island's sur-
face area, an increase in crater size, and a possibly-linked algal bloom south of the island. We use thermal satellite
imagery and plume modeling to estimate plume height at 10-12 km asl and 1.5-2 x 10 kg/s mass eruption rate.
Remote infrasound data provide insight into syn-eruptive changes in eruption intensity. Our analysis illustrates
the value of interdisciplinary analyses of remote data to illuminate eruptive processes. However, our inability
to identify deformation, pre-eruptive outgassing, and thermal signals, which may reflect the relatively short du-
ration (~12 h) of the eruption and minimal land area around the volcano and/or the character of closed-system
eruptions, highlights current limitations in the application of remote sensing for eruption detection and
characterization.
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1. Introduction

Many volcanoes around the world lack dedicated, local ground-
based instrumentation. At those that do host ground-based instrumen-
tation it comes with significant challenges to maintain, especially at re-
mote volcanoes, and is often destroyed during the early phases of an
eruption. In such cases, observatories use remote observations, satellite
and ground-based sensors >250 km from the source, to monitor and

* Corresponding author.
E-mail address: kfmckee@carnegiescience.edu (K. McKee).
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characterize activity. Remote observational tools played a critical role
in a number of recent eruptions, including those at Bogoslof (USA),
Kasatochi (USA), Calbuco (Chile), Sarychev Peak (Kuril Islands), Agung
(Indonesia), Anak Krakatau (Indonesia), and Chaitén (Chile) volcanoes.
During these eruptions, the combination of remote observations
(infrasound, lightning, and satellite remote sensing data) enhanced
monitoring efforts and eruption characterization (e.g., Coombs et al.,
2018; Matoza et al., 2018; Van Eaton et al., 2016).

In this study we retrospectively characterize the VEI 4 eruption of
Raikoke volcano, Kuril Islands, on 21-22 June 2019 (Degtyarev and
Chibisova, 2019; Firstov et al., 2020; Girina et al.,, 2019; Rashidov et al.,
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2019; Smirnov et al., 2021) to evaluate the state-of-the-art in remote
observational tools in application to a closed system volcano. We define
“remote” as instruments that are non-local to the volcano which include
satellite remote sensors, global lightning networks, and regional and re-
mote infrasound. In a companion paper (McKee et al,, this volume), we
perform the same evaluation for an open-system volcano, and compare
the results of both studies. A volcanic system is considered closed if its
conduit lacks pathways for gas escape, which implies no measurable
pre-eruptive gas emissions (e.g., Reath et al.,, 2019a). A recent ground-
based survey of gas emissions from active volcanoes in the Kuril Island
arc reports no geochemical or emissions data for Raikoke (Taran et al.,
2018). Given the long repose (~100 years) since its last major eruption
in 1924, it therefore seems likely that Raikoke was a predominantly
closed system prior to the 2019 eruption, although a more detailed anal-
ysis of TROPOMI SO, data collected in 2017-2019 might provide further
insight. Using data from remote infrasound and lightning sensors and
satellite-borne sensors, combined with plume modeling based on
these observations, we estimate eruption onset and cessation times,
track syn-eruptive variations in infrasonic amplitude and frequency,
lightning stroke rate, and plume height, and show pre- to post-
eruptive morphology changes.

The Earth science community is working to improve infrastructure
to support the reuse of data under the FAIR Data Principles (National
Academies of Sciences, Engineering and Medicine, 2020; Stall et al.,
2018; Wilkinson et al., 2016). Data are considered FAIR if they are Find-
able, Accessible, Interoperable, and Reusable. The field of volcanology is
multidisciplinary and relies on many data types. This includes volcanic
eruption characterization. Given the community-wide efforts towards
FAIR data practices, we highlight in the Data and Discussion sections
the classification of the data we utilized in this study.

2. Raikoke volcano

Raikoke (48.29°N, 153.25°E, 551 m) is a small (2 x 2.5 km) basaltic
stratovolcano in the Kuril Island chain between Japan and Kamchatka
(Fig. 1a-b). The Kuril Island chain is part of the Kuril-Kamchatka volca-
nic arc associated with subduction of the Pacific Plate beneath the
Okhotsk microplate. The Kuril volcanoes are sparsely populated but un-
derlie major air traffic routes between Asia, North America, and Europe,
making explosive eruptions hazardous to aviation. Raikoke is remote
(~1090 km from Sapporo, Japan) and infrequently active (three
known historical eruptions) with no local monitoring network and little
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publicly-available scientific literature. The edifice is unvegetated, with a
steep-walled crater measuring 700 m wide and 200 m deep (Gorshkov,
1970). The eastern slope is mantled by lava flows and the southern
slope covered by pyroclastic deposits. Known eruptions include a VEI
2 event in 1765 (+/— 5 years) and VEI 4 events in 1778 and 1924
(Gorshkov, 1970; Newhall and Self, 1982). The 1778 eruption prompted
the first specifically-volcanological investigation of the Kuril islands
(Tatarinov, 1785). The 1924 eruption generated tropospheric aerosol
transport resulting in an ice-core signal in Greenland (Holdsworth and
Peake, 1985; Lyons et al., 1990; Zielinski, 1995) but no significant aero-
sol peaks were observed in time series of atmospheric optical extinction
(solar intensity; (Sato et al.,, 1993)). More recently, the Sakhalin Volca-
nic Eruptions Response Team (SVERT) reported weak fumarolic gas
emissions and possible phreatic ash emissions at Raikoke in June
12-13, 2009 that did not lead to a major eruption (McGimsey et al.,
2014). This activity coincided with the VEI 4 eruption of Sarychev
Peak volcano, ~24 km to the south (Fig. 1b), which began on June 11,
2009 (SVERT, 2009).

3. Data and methods

In our analyses, we utilize primarily infrasound, lightning, and satel-
lite remote sensing (thermal, UV, and visible) data, but we checked ad-
ditional data types. Table 1 shows the data type that provided
information for pre-, syn-, and post-eruption periods and the instru-
ment or network, in the case of infrasound and lightning, it came
from. Raikoke volcano does not have ground-based instrumentation
and the island is too small for the effective use of InSAR techniques.
Thermal observations of Raikoke were limited by cloud cover and the
closest seismic station from which we were able to obtain data is
>20 km away.

3.1. Infrasound

Infrasound is defined as sound below the audible range for humans,
20 Hz (Bedard Jr. and Georges, 2000), with wavelengths ranging from
~20 to 3500 m that can propagate hundreds to thousands of kilometers
in the atmosphere (Whitaker and Norris, 2008). Volcano infrasound is a
measure of the perturbation of the atmosphere by subaerial/surface vol-
canic activity (e.g., explosions, gas jetting, lahars, pyroclastic density
currents, sub-Plinian to Plinian eruptions) and is recorded at local
(<15 km), regional (~15 to 250 km), and remote (>250 km) distances
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Fig. 1. Location of Raikoke volcano with tectonic context. a) and b) Raikoke volcano, Kuril Islands. Ka = Kamchatka, Sa = Sakhalin, Ho = Hokkaido. Yellow stars = IMS infrasound stations.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Data accessibility and analyses.
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Pre-eruption Syn-eruption

Post-eruption

Utilized Thermal (Sentinel-2), Visible (Sentinel-2)
time series and satellite imagery
Plume Heights
Inconclusive  InSAR (ALOS-2); RS Thermal (cloud cover);
(checked) Seismic at >20 Km distance (IU PET in IRIS  PET)

DMC)

Satellite Detections: Ash (MODIS, Himawari), SO2 (OMI,
TROPOMI); Lightning (GLD360); Infrasound (IMS data);

RS Thermal (cloud cover); Seismic at >20 Km distance (IU

Modelled Ash Dispersion; Visible Satellite
Imagery (Sentinel-2); Topography Change
(RADARSAT-2)

Seismic at >20 Km distance (IU PET)

The columns show the data types and their respective instruments or networks analyzed for each period of the eruption sequence. The rows then highlight whether the data and analyses
were utilized or checked, but inconclusive. Bold indicates data can be formally classified as FAIR —Findable, Accessible, Interoperable, Reusable.

from the source (Fee and Matoza, 2013; Matoza et al., 2019). Infrasound
detected from a volcano confirms subaerial activity, provides eruption
timing (onset and duration) (Fee et al., 2010b, 2013b; Matoza et al.,
2011, 2018), and gives a measure of intensity (power per unit area;
(Matoza et al., 2013a)) and eruption dynamics (Cannata et al., 2009;
Dabrowa et al., 2011; Fee et al., 2010a). Waveform characteristics and
signal frequency content relate to the type of activity and variations in
eruption (e.g., Fee et al., 2017, 2013a; Johnson et al., 2018; Marchetti
et al,, 2009; Matoza et al., 2009).

We use data from the infrasound component of the International
Monitoring System (IMS), a global network designed for the verification
of the Comprehensive Nuclear-Test-Ban-Treaty (CTBT). The infrasound
array network has been designed to detect and locate an atmospheric
explosion with a yield of at least 1 kt, at any point on the globe, at any
time. The network consists of arrays with an average spacing of
1902 km in the Northern hemisphere and 2027 km in the Southern
hemisphere. IMS infrasound arrays have an average aperture (largest
distance between two sensors composing an array) of two km
and consist of four to eight highly sensitive pressure sensors
(i.e., microbarometers) that are installed with a wind noise reduction
system (Christie and Campus, 2010). The microbarometers sample the
pressure field in the vicinity of the sensor at 20 Hz. Infrasound sensors
are often deployed as arrays when trying to observe a large region
and potential source locations are unknown. The specific IMS arrays
used were 1S44 (four elements at 621 km), IS45 (four elements at
1700 km), and IS30 (six elements at 1787 km).

We use two different array processing techniques, the Progressive
Multi-Channel Correlation (PMCC) (Cansi, 1995) and the Median
Cross-Correlation Maxima (MdCCM) (Lee et al.,, 2013) combined with
a weighted least squares estimation of a plane wave arrival (Olson
and Szuberla, 2008), to detect and estimate the back-azimuth to signals
of interest. Both of these methods give a measure of signal coherency
and an estimate of back-azimuth, the notable difference is that PMCC
combines the evaluation of coherency with back-azimuth estimation
and uses window lengths scaled with frequency, while MdCCM evalu-
ates signal coherency separately from the back-azimuth, which is esti-
mated using the least squares estimation of a plane wave arrival
method. We use the PMCC configuration as described in Matoza et al.
(2017, 2013b). For the MdCCM detections, we filter the 1S44, 1545, and
IS30 data from 0.1 to 5 Hz. We use the multitaper method (Riedel and
Sidorenko, 1995) for power spectral density estimates on time windows
with detections +10 degrees back-azimuth to the volcano.

3.2. Lightning

Volcanic lightning is a relatively new data type being applied to vol-
canic eruption monitoring and characterization. Lightning is a transient
high-current transfer of charge between oppositely charged regions
(Dwyer and Uman, 2014). Lightning emits radiation across a wide
range of frequencies, from very low (VLF, 3-30 kHz detectable at
<4000 km) to very high (VHF, 30-300 MHz detectable to ~200 km)
(Behnke and McNutt, 2014). VLF lightning generated by volcanic erup-
tions can be detected with global lightning detection networks such as

the Global Lightning Dataset (GLD360, operated by Vaisala Inc.),which
record the time, location, and strength of individual lightning strokes.

Multiple processes generate charge within eruption columns and
clouds, including fracto-emission (fragmentation of solidified magma
into ash which releases charge into the plume; James et al. (2008,
2000)) and triboelectrification (the transfer of charge between ash par-
ticles when they interact; (Forward et al., 2009; Houghton et al., 2013a;
Méndez Harper and Dufek, 2016; Williams et al., 2009)). Fracto-
emission and triboelectrification are thought to be the dominant charg-
ing mechanisms in the eruption column where air temperatures remain
above freezing (James et al., 2008), but as an eruption cloud gains in al-
titude, the generation of ice and graupel (at temperatures <-20 °C) also
facilitate non-inductive ice charging, similar to that found in meteoro-
logical thunderstorms (Arason et al., 2011; Prata et al., 2020; Van
Eaton et al., 2020).

Previous volcanic lightning studies at Eyjafjallajokull (Aplin et al.,
2014; Arason et al., 2011; Behnke et al, 2014; Woodhouse and
Behnke, 2014), Redoubt (Behnke et al., 2013; Genareau et al., 2019;
Hoblitt, 1994), Sakurajima (Aizawa et al., 2010; Cimarelli et al., 2016;
Miura et al., 2002; Smith et al., 2018a), Bogoslof (Haney et al., 2018;
Smith et al., 2018b; Van Eaton et al., 2020), Kelud (Hargie et al., 2019),
and Calbuco (Van Eaton et al., 2016) observe ash coincident with elec-
trical activity and lightning generation. These observations suggest vol-
canic lightning may be a valuable, early indicator of an explosive, ash-
bearing eruption, particularly for remote volcanoes lacking dedicated
monitoring instruments or in regions where meteorological lightning
is rare, such as high latitudes (McNutt and Williams, 2010).

For this analysis we use globally detected lightning strokes from the
GLD360. Our dataset includes strokes within a 300 km radius of Raikoke.
We use a large radius to account for the drifting and eastward elonga-
tion of the eruption cloud due to the wind field. We cleaned the
GLD360 dataset of meteorological lightning strokes by visual inspection
of the lightning times and locations with respect to satellite imagery.
The GLD360 data is composed of date, time (to the nearest millisecond),
latitude, longitude, polarity, and estimated peak current (kA) for each
recorded stroke. In total there were 753 volcanic lightning strokes in-
cluded in this analysis.

3.3. Satellite remote sensing

Satellite remote sensing data are used to characterize various as-
pects of the Raikoke eruption. These data are particularly useful in the
absence of local, ground-based instrumentation. We focus on the
three primary types of satellite volcanic monitoring techniques to
make these characterizations: degassing, visible/thermal, and deforma-
tion (Poland et al., 2020).

Instruments designed to measure atmospheric SO, provide a way to
remotely monitor volcanic SO, flux. The Ozone Monitoring Instrument
(OMI) (e.g., Carn et al., 2017, 2016) and TROPOspheric Monitoring
Instrument (TROPOMI) (Veefkind et al., 2012) instruments are sensitive
to the absorption features of SO, in the ultraviolet (UV) wavelengths.
TROPOMI was launched in 2017 and provides the highest spatial
resolution achieved by a UV satellite sensor to date (~3.5 x 5.6 km at
nadir; (Theys et al., 2019, 2017)). OMI has lower spatial resolution
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(~13 x 24 km at nadir), but it has been operational since September
2004 and has generated the longest, continuous satellite-based record
of volcanic SO, emissions (Carn et al., 2017, 2016). These instruments
are sensitive enough to monitor both active degassing occurring during
eruptions (Carn et al., 2016) and passive degassing occuring before and
after eruptions above detection limits (Carn et al,, 2017).

Optical remote sensing images in the visible and thermal infrared
wavelengths (Asrar, 1989), can provide information about the reflected
and emitted energy from the surface of the earth. Visible Near Infrared
(VNIR) and Short Wave Infrared (SWIR) sensors primarily detect reflec-
tance and have smaller pixel sizes than their thermal counterparts, are
available on a great number of instruments (e.g., ASTER, Landsat,
Sentinel-2) and are effective at identifying healthy vegetation
(e.g., Carlson and Ripley, 1997). We use these data to identify changes
in the shape and size of the volcanic edifice, the emplacement of volca-
nic deposits, and effects of the eruption on surrounding vegetation.

Thermal data, acquired in the Thermal Infrared (TIR) wavelengths,
detect radiant energy emitted from the surface, from which surface
temperature can be derived using Planck's law (Gillespie et al., 1998).
By examining how surface temperature changes over time, using multi-
ple satellite acquisitions, it is possible to identify pre-eruptive changes
in thermal output that could suggest changes within the system, co-
eruptive changes corresponding to the location of active flows, and
post-eruptive changes that could help to identify the likelihood of a sub-
sequent eruption. In this study we use the Advanced Spaceborne Ther-
mal Emission and Reflection Radiometer (ASTER) sensor to make these
measurements (Reath et al., 2019b) due to its accuracy and high spatial
resolution.

3.3.1. SAR and InSAR

Synthetic aperture radar (SAR) satellites emit pulses of microwave
energy and measure reflectance from the Earth's surface. The amplitude
and coherence of the returned signal can be used to map changes in sur-
face morphology and reflectance, permitting the mapping of lava flows
and other volcanological processes (e.g., Dietterich et al., 2012; Lu et al.,
2004; Arnold et al., 2018; Di Traglia et al., 2018; Pallister et al., 2013;
Wadge et al., 2012). In this study, by comparing RADARSAT-2 SAR am-
plitude data acquired before and after the Raikoke eruption we are
able to map changes in vent dimensions. This approach is limited chiefly
by the oblique look angle of the satellite (angle between the satellite
and the ground surface), which makes interpreting changes in horizon-
tal dimensions nonunique. We also investigated InSAR (interferometric
SAR) techniques, which directly interfere two SAR images acquired at
approximately the same location but at different times in order to detect
centimeter-level changes in surface elevation along the line-of-sight be-
tween the satellite and surface (e.g., Hooper et al., 2004; Pritchard and
Simons, 2004). InSAR can be a powerful remote sensing tool for detect-
ing ground deformation caused by magmatic and other processes, but
we find that it is not well suited for the Raikoke eruption due to the
small size of the island.

3.3.2. MODIS and Himawari

The Moderate Resolution Imaging Spectroradiometer (MODIS)
launched on both the Terra (1999) and Aqua (2002) satellites provides
1 km resolution thermal data with an acquisition rate of 4 per day. These
data are utilized to detect volcanic thermal anomalies associated with
eruptions (e.g., Coppola et al,, 2016; Wright et al.,, 2004). Thermal data
are also obtained from the geostationary weather satellite Himawari-
8, operated by the Japanese Meteorological Agency, which has a multi-
spectral imager onboard that images Asia and the Pacific regions every
15 min with a 4 km? pixel size (Bessho et al., 2016).

We use MODIS and Himawari-8 data primarily to establish the
brightness temperature at a wavelength of 11 pm (BT11; band 13 for
Himawari-8 and band 31 for MODIS) of the ash plume. This is consid-
ered to be equivalent to the atmospheric temperature at the top of the
plume (Corradini et al., 2018; Oppenheimer, 1998; Prata and Grant,
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2001). The coldest pixel in a grid over the volcano, that is defined as
spanning between longitudes of 153.1 and 153.59 and latitudes of
48.09 and 48.53, is used to estimate the maximum plume height. We
characterize the uncertainty related to this coldest pixel value by con-
sidering an error of + — 2 K as in Corradini et al. (2018). We then use
European Centre for Medium-Range Weather Forecasts Re-Analysis-In-
terim (ERA-Interim) data to identify the corresponding atmospheric
height at which this temperature is reached (Berrisford et al., 2011;
Dee et al,, 2011). This procedure allows for a maximum plume height,
and an associated uncertainty, to be determined for each satellite
image acquisition. MODIS data are used to determine the average tem-
perature of the plume from the Raikoke eruption from three separate
points in time acquired during the Plinian phase, and Himawari-8 data
are used to determine the average temperature of the plume over
24 h and create a time series.

3.3.3. Sentinel-2

The VNIR and SWIR data were acquired by the Sentinel-2 sensor.
This sensor provided the best high spatial resolution (10 m VNIR
band, 20 m SWIR bands) coverage in these wavelengths due to its
high revisit time (5 days at the equator) (Drusch et al., 2012). The
high spatial resolution of the data provided a means to identify changes
in surface area that occurred during the eruption by comparing images
acquired before and after. VNIR images have the benefit of highlighting
the presence of vegetation, providing a quick solution to identifying
vegetation killed as a result of a new flow or covered from ash fall. The
Normalized Difference Vegetation Index (NDVI) compares reflectance
values at different VNIR wavelengths and provides a measure of vegeta-
tive health, with higher values corresponding to healthier vegetation
(Carlson and Ripley, 1997). NDVI has the added benefit of identifying
some vegetation that may have been missed by a simple VNIR RGB
image. We apply NDVI to Sentinel-2 data to observe post-eruptive
algae blooms. Volcanic eruptions can trigger algal blooms where diffuse
iron from volcanic ash interacts with water and fertilizes existing algae
(e.g., (Armon and Starosvetsky, 2015; Kim et al., 2020; van Stokkom,
2013). All Sentinel-2 data we use in this study are openly available at
the Sentinel-hub EO Browser (https://www.sentinel-hub.com/
explore/eobrowser).

3.34. Ultraviolet (UV) remote sensing

Several operational UV satellite instruments provide measurements
of total column SO, in volcanic plumes, with variable sensitivity due to
differences in spatial and spectral resolution (Carn et al., 2016). Here,
we use SO, data from TROPOMI on the European Space Agency (ESA)
Sentinel-5 Precursor (S5P) satellite and OMI on NASA's Aura satellite.
To investigate SO, emissions prior to and during eruption, we use the
operational TROPOMI and OMI SO, products (Li et al., 2017; Theys
et al.,, 2017). Unless otherwise noted, the UV SO, retrievals reported
here assume a lower stratospheric (STL; ~17 km altitude) plume alti-
tude appropriate for the Raikoke eruption; above altitudes of ~5 km
the UV SO, retrievals and derived SO, mass are relatively insensitive
to the actual plume altitude. TROPOMI SO, products used here
(S5P_OFFL_L2__S02) are publicly available from the Copernicus
Sentinel-5P Pre-Operations Data Hub (https://s5phub.copernicus.eu/
dhus/#/home). OMI SO, products (OMS02_003) are publicly available
from the NASA Goddard Earth Sciences (GES) Data and Information Ser-
vices Center (DISC; https://disc.gsfc.nasa.gov/datasets/OMS02_003/
summary).

In this study we use the satellite SO, data to gain insight into erup-
tion intensity and magnitude, and to identify potential eruption precur-
sors manifested in SO, emissions. Raikoke is absent from the OMI-
derived SO, emissions database (Carn et al., 2017), indicating either
that it was a closed system prior to the June 2019 eruption (at least
with respect to SO, emissions; note that this does not preclude
degassing of other volatile species such as CO,) or that any SO, emis-
sions in 2005-2018 were below satellite detection limits (which is
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~30 tons/day on an annual average basis). We use the TROPOMI SO,
data to investigate SO, degassing on shorter timescales prior to and dur-
ing the 2019 eruption. Although the eruption generated a stratospheric
SO, cloud that persisted in the atmosphere for some time, a detailed
analysis of the long-range transport and lifetime of the volcanic cloud
is beyond the scope of this paper.

3.4. Plume modeling

The sustained volcanic plume produced by the Raikoke eruption is
investigated with the one-dimensional plume model of Degruyter and
Bonadonna (2012). Such models are based on buoyant plume theory
(Morton et al., 1956) and solve the conservation of mass, momentum,
and energy equations to determine the dynamics and characteristics
of a plume. It is assumed that the plume is in steady state, in two re-
spects: (1) changes in plume characteristics such as mass eruption
rate (MER) occur over time scales much longer than the travel time
from the vent to the plume top; and (2) the plume rise timescale is lon-
ger than the turbulence timescale and therefore turbulent velocity fluc-
tuations do not need to be described explicitly. Instead, the rate of
turbulent entrainment of ambient air into the plume is assumed to be
a constant fraction of the average upward velocity of the plume (the ra-
dial entrainment coefficient) (Morton et al., 1956). In the presence of a
crosswind, additional entrainment is assumed to occur at a rate that is
proportional to the crosswind velocity (the wind entrainment coeffi-
cient)(Bursik, 2001; Devenish et al., 2010; Hoult and Weil, 1972). The
total entrainment rate is the sum of the radial and wind entrainment.
Although the model is simple, it takes into account effects of different
processes such as wind, particle fallout, humidity, and phase changes
of H,0 (Bursik, 2001; Glaze et al., 1997; Mastin, 2007; Woods, 1993).
Real atmospheric conditions can also be incorporated.

A Monte Carlo setup is used to determine the MER time-series for
the Raikoke eruption as the initial source conditions (velocity, gas
mass fraction, magma temperature, plume radius) are unknown.
These are sampled randomly from uniform probability distributions.
The parameter ranges that were explored can be found in Sup.
Table 1. The explored ranges are large as little is known about the source
conditions of this eruption. We keep the entrainment coefficients in the
model (wind and radial) and the meteorological data used for the atmo-
spheric conditions constant. The values of the radial and wind entrain-
ment coefficients are 0.1 and 0.5, respectively as in Degruyter and
Bonadonna (2012). Atmospheric inputs include temperature, humidity,
and wind vectors as a function of height in the atmosphere. To account
for uncertainty in using meteorological data from different sources, we
explored the use of meteorological data from the closest radiosonde
and ERA-Interim data. As we did not find a significant difference be-
tween the different weather datasets, we used only the ERA-Interim
data as the atmospheric conditions in the Monte Carlo plume modeling.
For each height measurement in the time-series, a Monte Carlo simula-
tion composed of 500 runs is performed. The Monte Carlo simulations
are constrained with the observed plume heights. To account for bend-
ing of the plume due to wind we follow the procedure of Mastin (2014)
and, for each set of input parameters, run the simulations both account-
ing for and neglecting the effect of wind. In the former case, the top
plume height is taken as the sum of the height of the center line and
the plume radius. The minimum top modelled plume height from
both of these runs is then chosen to compare with the observed top
plume height. For each run in the Monte Carlo simulation the modelled
plume height is compared to the observed plume height (determined
by the Himawari BT11 measurement as described in Section 3.3.1). If
the modelled plume height is within error of the observed plume height
(i.e., between the minimum and maximum, or average if maximum is
not available, plume heights calculated as + — 2 K for the picked coldest
pixel in the satellite image), we consider the simulation as a match and
record the initial MER. When multiple modelled plume heights match
the observations, the range of MERs at each time is recorded. The
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average, minimum and maximum are taken from this range and are
presented in the results section. We also examine the modelled plume
temperature profiles from the matched model simulations to examine
if undercooling of the plume has occurred.

4. Results and observations
4.1. Infrasound

We detect the Raikoke eruption with IMS arrays 1S44, 1545, and 1S30
with 1S44 detections being the most comprehensive. We observe six
pulses lasting 13-43 min with interpulse times from 13 to 33 min.
Fig. 2a shows the best beamform of the 1S44 array data. The first pulse
starts on 21 June 2019 at 17:50 UTC and the main Plinian phase begins
on 21 June at 22:29 UTC and lasts 3.5 h (Fig. 2a-b). In Fig. 2b, we plot the
peak frequency through time over the spectrogram. The peak frequency
is consistent from pulse to pulse, but during the Plinian phase the peak
frequency decreases from ~0.2 Hz to ~0.1 Hz and remains there for the
duration of the eruption. Fig. 2c shows the spectra of several time pe-
riods where the color of the curve matches the color of the detection
dots in Fig. 2a. Again we observe this decrease in peak frequency be-
tween the pulses and the Plinian phase. A photo was captured of the be-
ginning of the Plinian phase from the International Space Station (ISS)
(Fig. 2d). We can distinguish the six pulses with both 1S44 and 1545
data, but not IS30 data (Figs. S1-S6).

4.2. Lightning

The initial lightning stroke occured on 21 June at 17:48:21.645 UTC
(Fig. 3). The lightning continued for over 16 h until the final stroke on
22-June at 09:53:54.045 UTC. We observe peak stroke rates from 21
June 22:28 to 22 June 02:34 UTC with rates reaching >20 strokes per
5 min (Fig. 4a). The peak current measured for a single stroke during
this eruption was +104.9 kA (Fig. 4b) and the highest estimated peak
current strokes are closest to the vent (Fig. 3). The majority of the
strokes were positive in-cloud strokes (as defined by being <15 KkA).
In Fig. 3a-f, we note that the strokes are above/slightly NW of Raikoke,
while in Fig. 3g-i the strokes also extend to the east.

4.3. Satellite remote sensing

Several different sensors observing the VNIR, SWIR, and TIR wave-
lengths provided valuable information for this study. In an attempt to
identify pre-eruptive unrest, we analyzed high spatial resolution
(i.e., ASTER) TIR data before the eruption and were unsuccessful due
to cloudy weather conditions and a lack of regular acquisitions. The
vast majority of acquisitions were obscured by clouds, and the first par-
tially clear observation before the eruption, made on 2 December 2018,
revealed no obvious volcanic thermal features.

We determined the height and position of the dispersing ash plume
from MODIS and Himawari data. A series of short distinctive pulses can
be seen in the height time series data shown in Figs. 3 and 4c, with the
first pulse detected at 18:10 UTC. A more sustained eruption pulse starts
at 22:40 and lasts until 2:00 where the plume height decreases. We ob-
serve a maximum eruption plume height of 11 km a.s.l. at 23:40. This is
followed by two additional pulses. During the sustained pulse, a number
of measurements had temperatures colder than the surrounding atmo-
sphere, suggesting undercooling. The same is observed with the MODIS
data at 22:45 and is further suggested by the flat top of the plume seen
in the NASA ISS image (Fig. 2d).

Cloud-free TIR data were not available soon enough after the erup-
tion to track cooling flows. We used Sentinel-2 VNIR data to identify a
~14% increase in surface area that occurred during the eruption
(Fig. 5) and a syn-eruptive expansion of the crater was identified and
confirmed with SAR amplitude imagery (Fig. 6). Figs. 5 and 6 show
new deltas to the northeast, south, and southwest part of the island
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likely from pyroclastic density current (PDC) deposits; PDCs are visible
in the ISS photo (Fig. 2d). We applied an NDVI equation to these data
which revealed characteristics of healthy vegetation in the water to
the south of the island. This is likely an algae bloom that developed as
a result of eruptive ash altering ocean chemistry (e.g., Genin et al.,
1995; Lindenthal et al., 2013; Mantas et al., 2011) (Fig. 7). This bloom
persisted for 2 months after the eruption.

We inspected TROPOMI SO, data covering Raikoke on June 15-20,
2019, prior to the eruption, but found no evidence for pre-eruptive
SO, emissions detectable from space. OMI measurements since 2005
also show no evidence for detectable SO, emissions from Raikoke
(Carn et al., 2017).

A TROPOMII overpass at ~02:20 UTC on June 22, about 6 h after the
onset of the Raikoke eruption, showed high SO, amounts (~0.3 Tg
S0,) in a cloud extending ENE from the volcano (Fig. 8), consistent
with the prevailing upper tropospheric winds. The highest SO, column
amounts were measured in the proximal region of the cloud generated
by the main Plinian phase of the eruption, which was ongoing at the
time of the overpass (based on high lightning stroke rates). The
TROPOMII data indicate that lesser amounts of SO, were emitted during
the earlier phase of the eruption. Based on data from TROPOMI and
other UV and IR sensors, the peak SO, mass loading of ~1.4 Tg SO, was
not measured in the Raikoke eruption cloud until June 23-24 (e.g., de
Leeuw et al., 2020), suggesting that high volcanic ash loading in the
fresh eruption cloud on June 21-22 compromised the SO, retrievals.
The SO, cloud remained detectable by TROPOMI and other satellite sen-
sors until late August 2019, indicating significant stratospheric SO,
injection.

4.4. Plume modeling

We used buoyant plume modeling to estimate the MER for the
Raikoke eruption. In Fig. 4c we show the average MER estimates for
each determined plume height during the eruption in black. The associ-
ated error bars signify the minimum and maximum MER estimates.
From the maximum plume height we found a maximum MER of 1.62
x 10° kg/s. The MERs for the observed six pulses before the peak of
the eruption were calculated with an average value of 9.1 x 10° kg/s
and a range of 0.33-1.46 x 10° kg/s. Based on this MER time series,
we estimate the total erupted mass as ranging between 2.87 and 6.72
x 10! kg, with an average value of 4.39 x 10'! kg.

5. Discussion

Our observations of the 2019 Raikoke eruption indicate three dis-
tinct eruption phases: waxing-pulsatory, main Plinian, and waning
(Fig. 4).

5.1. Waxing-pulsatory phase

The waxing-pulsatory phase starts on 21 June at 17:50 UTC with six
pulses, which are well documented by temporally-aligned infrasound,
lightning, and ash plume Himawari data (Fig. 4). We suggest this is
the latest possible eruption onset time as there may have been lower in-
tensity activity that started earlier and was below detection limits. How-
ever, Firstov et al. (2020) examined infrasound data from local
instruments and noted a similar onset time. These pulses have similar
infrasonic intensity, lightning stroke rates, and plume heights. We inter-
pret these pulses as ‘throat-clearing’, Vulcanian to Plinian explosions
given their duration and the ash-rich plumes. The occurrence of light-
ning coincident with these pulses suggests the presence of juvenile ma-
terial (Smith et al,, 2018a). There is a clear increase and decrease in the
lightning stroke rate for each pulse as the eruption starts, strengthens,
and then stops (as indicated by infrasound, plume height, and MER
(Fig. 4)). The lightning stroke times and the infrasound detections
occur within seconds or minutes of each other, and there are clear
pauses between the lightning related to the smaller eruptive pulses.
This may indicate that charging for the smaller, initial events is related
to active eruptive processes (electrostatic charging of the ash particles
in conjunction with turbulence in the plume separating the charge).

5.2. Main Plinian phase

The main Plinian phase began on 21 June at 22:29 UTC, lasts ~3.5 h,
and is marked by infrasound signal amplitude increase and peak fre-
quency decrease, high lightning stroke rate, and increasing ash plume
heights. The infrasound signal indicates an hours-long, sustained erup-
tion and the lightning and plume observations indicate a multiphase
mixture that formed a buoyant vertical column. While these observa-
tions align with the description of Plinian (Cioni et al., 2015), specific
classification of each phase of the eruption requires analysis of the de-
posits (Pyle, 1989; Walker, 1973). Similar drops in peak frequency
have been observed during the 2006 eruption of Tungurahua volcano,
Ecuador in the transition from sub-Plinian to Plinian (Matoza et al.,
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Fig. 3. Raikoke eruption satellite observations through time overlaid with lightning locations (colored circles). Visible light satellite images from Himawari. Red is positive, blue is negative,
the yellow triangle shows the volcano location, and green outlines are the surrounding islands. The first six pulses (A-F) were small impulsive events with low levels of lightning. The 7th
event (G) was the largest and formed a plume to 13 km, and had several hundred lightning strokes. Strong winds affected all plumes.

2009). This phase was also observed visually by the ISS (Fig. 2d) and
produced detectable thermal and SO, anomalies. The migration of the
lightning strokes and the plume are consistent with wind shearing.
The correlation between the MER and the plume height time series is
strong due to no significant variation in the weather conditions above
the island.

The flat appearance of the top of the ash plume of Raikoke, seen by
the ISS (Fig. 2d), is a distinguishing feature of the eruption column. A po-
tential explanation for this phenomenon is undercooling of the plume,

which occurs when the top of the plume is colder than the surrounding
atmosphere (Woods and Self, 1992). This can occur when momentum
causes a plume to overshoot the level of neutral buoyancy. In a stratified
atmosphere, the overshoot can bring the cold air and ash plume mixture
to the warmer stratosphere. Adiabatic cooling can make the top of the
plume colder. These phenomena have been observed at many eruptions
such as Mount St Helens (1980), Mount Pinatubo (1991), and El
Chichén (1982) (Holasek et al., 1996; Holasek and Self, 1995). The
colder portion of the plume is denser and can sink to give the flat top
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appearance of the plume (Woods and Self, 1992). In the case of Raikoke,
the ISS image evidence is supplemented by the thermal satellite data.
Himawari and MODIS measurements show that some pixels near the
centre of the plume are colder than the atmospheric temperature pro-
file. Modeling of the plume temperature profiles with the one-
dimensional plume model also indicates that the top of the plume is
colder than the surrounding ambient temperature (Sup. Fig. 4). An al-
ternative explanation is that the overshooting plume top was fluctuat-
ing and the photo was taken when the top was dropping. 3D plume
models frequently show fluctuations in the height of the overshooting
top (e.g., Suzuki and Koyaguchi, 2009) so this cannot be discounted.

Furthermore, the uncertainties related to the calculation of the
plume heights should be considered. We used the brightness tempera-
ture acquired by the Himawari satellite and the atmospheric tempera-
ture profile to determine the plume height. For this approach, an
assumption has to be made as to whether the plume is above or below
the tropopause. If assumed to be below the tropopause (as assumed in
this study), the coldest pixel in the satellite image will give the highest
plume height. Whereas, if the plume is above the tropopause, the hottest
pixel is actually correlated to the highest plume height due to the tem-
perature inversion at the tropopause. In this case, the hottest pixel
should be used with the stratospheric temperature profile to calculate
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Fig. 5. Post-Eruption Raikoke - Sentinel-2 true color imagery of Raikoke island acquired before (A: 26 May 2019) and after (B: 20 July 2019) the eruption demonstrating both the ~14%
increase in surface area of the island and the change in shape of the north section of the crater the occurred during the eruption.

the maximum plume height. This leads to a non-unique solution of the
height of a pixel at a given temperature (Schneider and Hoblitt, 2013).
Without independent observations of the volcanic plume, it can be diffi-
cult to say which approach is suitable for the plume in question,which
can lead to large uncertainties in the plume height. As we use the
plume height to determine the MER with the plume modeling, it could
also lead to large uncertainties in the MER estimates. By looking to see
if the brightness temperature at the center of the plume is warmer

RADARSAT-2
2019-06-20 19:52:34 UTC

1500 m

than the surrounding plume (Schneider and Hoblitt, 2013), we estimate
that the plume could have reached into the stratosphere at 00:10, 01:30,
01:40, 03:50, 04:00 and 05:40 UTC (Fig. S8). Although this approach is
uncertain, an independent observation would be required to accurately
determine if the plume reached the stratosphere. Based on the highest
brightness temperatures at these times, the plume could have reached
heights as high as 29 km a.s.L. - much higher than the heights determined
in Fig. 4c where we assumed the plume was at the tropopause. As a

RADARSAT-2
2019:07-14 19:52:33 UTC

Fig. 6. Post-Eruption Crater morphology of Raikoke - Descending-mode RADARSAT-2 amplitude imagery shows changes in island morphology. A) Pre-eruptive image from 20 June 2019,
and B) post-eruptive image from 14 July 2019. Grid spacing is 250 m. Due to the look angle of the satellite there are distortions and the bottom of the crater is shadowed, but it is evident
that the crater has expanded to the north about 100 m. The crater has also expanded to the west, but this is difficult to quantify due to distortion introduced by the satellite look angle.
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Fig. 7. Post-Eruption Raikoke - NDVI imagery demonstrating the presence and health of
vegetation as a result of an algae bloom to the south of Raikoke Island that appears after
the eruption (A: 30 June 2019) and subsequently disappears (B: 20 July 2019, C: 18
August 2019).
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result, it is vital to be aware of this limitation and acknowledge the po-
tentially large uncertainties in the estimated plume heights.

In the main Plinian phase, we observe the highest lightning stroke
rates and plume heights, which suggest ice-charging as an additional
lightning generation mechanism (Arason et al., 2011; Prata et al,,
2020; Van Eaton et al,, 2020). Van Eaton et al. (2020) show that lightning
generation is amplified when a plume exceeds the —20 °Cisotherm. This
temperature coincides with ~7.5 km asl according to ERA-Interim tem-
perature profiles. Looking at the plume heights (Fig. 4 panel c), we can
see that each plume pulse reaches this height. This indicates, in addition
to electrostatic charging mechanisms, that ice charging is likely playing a
role in lightning generation. This is especially likely for the extended 7th
infrasonic pulse, when the lightning occurred at the farthest distance
(~65 km) from the vent, downwind with the plume. Assuming that
the majority of pyroclastic material would have fallen out at this dis-
tance, it is likely that the lightning generation in the far plume is related
to increased ice-charging. This eruption gives insight into volcanic light-
ning development. Overall, it can be determined that the rates of volca-
nic lightning correlate with increases in plume height and MER.

5.3. Waning phase and post-eruptive phenomena

The main Plinian phase is followed by a waning phase with two
pulses that have decreasing lightning stroke rates and plume heights.
Given the plume heights and durations, these pulses are classified as
Vulcanian to Plinian in scale (Houghton et al., 2013b; Pyle, 2015,
1989; Walker, 1973). The eruption fell below detection limits for
infrasound, lightning, and ash plume detections on 22 June at about
8:15 UTC, but activity may have continued at lower levels past this
time. The SO, drifted to the ENE and was observable into August 2019.
The ash paralleled the SO, moving to the E and was detectable 2 days
beyond the start of the eruption in MODIS images.

Analysis of post-eruption imagery is a powerful tool for understand-
ing eruption dynamics and impacts and for preparing for future erup-
tions. Following the end of the eruption, we were able to resolve the
change in island size and shape as well as the increase in crater area.
We also document a likely eruption-induced algal bloom.

5.4. State-of-the-art and limitations in remote characterization of volcanic
activity

This study demonstrates the utility of multi-parameter remote sens-
ing efforts to document a precise timeline for a remote eruption, and to
characterize syn-eruptive processes. We did not detect pre-eruption de-
formation, outgassing, or thermal anomalies. The lack of outgassing and
thermal detections is consistent with what is anticipated for a closed
system (Chaussard et al., 2013; Reath et al., 2019a). The lack of detected
deformation may be due to the small footprint of the island, which gen-
erally limits effective use of InSAR techniques, or because the island did
not deform significantly prior to eruption.

The eruption detection time (21 June at about 17:50 UTC) is well re-
solved with consistent infrasound, lightning, and Himawari ash plume
detections. We suggest this is the latest possible eruption onset time
as there may have been lower intensity activity that started earlier
and was below detection limits. The waxing-pulsatory and main Plinian
phases are well-documented by temporally-correlated lightning,
infrasound, and ash plume detections. The waning phase is less well-
constrained by infrasound data as the wind noise increased at the clos-
est recording station (IS44). The high temporal resolution (1 image
every 10 min) of the Himawari TIR dataset facilitated the comparison
between ash plume heights and the lightning and infrasound detec-
tions. While the volcanological community has not reached consensus
on the definition of the end of an eruption, for this discussion we define
it as a return to background activity. As Raikoke does not have local
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Fig. 8. Lower stratospheric (STL) SO, column amounts (in Dobson Units [DU]; 1 DU = 2.68 x 10'® molecules/cm?) in the Raikoke eruption cloud, measured by S5P/TROPOMI at ~02:20 UTC
on June 22. The total SO, mass measured at this time was ~0.3 Tg, but this is an underestimate of the actual SO, loading due to volcanic ash interference.

instrumentation, background activity level is no infrasound, lightning,
deformation, or outgassing detected remotely. The eruption fell below
detection limits on 22 June at about 8:15 UTC, marking a return to back-
ground activity. However, as with precursory unrest, there was likely
lower level activity at the end of the eruptive sequence that was
below the detection limits of remote tools.

We can resolve the change in island size and shape as well as the in-
crease in crater area. We also document the likely eruption-induced
algal bloom. While the RADARSAT-2 amplitude data captured the in-
crease in island size, it clearly shows the widening of the crater rim to
the north. However, the western rim is not discernible, resulting in a
qualitative documentation.

In gathering and analyzing the data for this eruption common chal-
lenges arose. Issues we ran into included satellite and infrasound latency,
cloud cover, and data access. The small island footprint made deformation
harder to detect and characterize. Raikoke may not have deformed, the
deformation may not have been detectable, or it could have been a rela-
tively rapid precursory sequence. The closed system also meant precur-
sory thermal and gas emissions were negligible or the signals were not
within satellite resolution. In Table 1, we show the data we used for
each phase of the eruption with bolded data denoting those that are clas-
sified as FAIR-Findable, Accessible, Interoperable, Reusable. We find that
with FAIR data the eruption is detectible and broad characterization is
feasible, especially since MODIS acquisition timing was favorable thus
providing several plume height estimates. The additional data filled in de-
tails, particularly for syn-eruptive variations in lightning rate, current, and
location, infrasound frequency and intensity changes, and higher resolu-
tion (every 10 min) thermal data for comparing plume heights and MER
estimates to lightning and infrasound variations.

We also note that other systems exist to characterize volcanic unrest
in real time using satellite observations. An example of this is VOLCAT
(Pavolonis et al., 2018). The VOLCAT system is operated by NOAA/
CIMSS and analyzes satellite data in real time to detect volcanic activity
and provide alerts (Pavolonis et al., 2018). For the Raikoke 2019 eruption
analyzed here, we find the majority of the VOLCAT ash heights from the
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alerts are comparable to the plume heights that are calculated in this
manuscript, with the only exception being at 03:10 UTC. Here, VOLCAT
determines a plume height of 20.2 km a.s.l. from the Aqua MODIS satel-
lite, which is much higher than the height of ~10 km that we estimated
for this time. This discrepancy would also lead to a much higher MER es-
timate. As there are no errors associated with this height, it is not used to
subsequently determine a MER using the Monte Carlo modeling ap-
proach. We note that such a large difference in plume height would re-
sult in orders of magnitude difference when the Mastin relationship of
plume height to MER is used (~1 x 10° kg/s from this study vrs. ~3 x
107 kg/s based on VOLCAT height) (Mastin et al., 2009).

By comparison to an identical study of an open-system eruption in
Part Il (McKee et al,, this volume), we assess the relative strengths of re-
mote sensing in application to closed- and open-system eruptions. For
the closed-system case, the strength in remote observation was during
the eruption, particularly the onset was very clear as infrasound, light-
ning, and ash plume detections started within minutes of each other
then tracked the eruption as it pulsed and shifted to the main Plinian
phase. The eruptive phases are unambiguous due to the temporal and
spatial resolution gained from combining lightning, infrasound, and satel-
lite remote sensing. As shown and discussed in McKee et al., (this vol-
ume), the onset of the open-system eruption was less clear as
infrasound and gas emissions were detected prior to ash detections. De-
tection of precursory thermal and gas activity remains a challenge as
closed systems emit little to no gas. Detecting deformation prior to erup-
tion was a challenge in the case of Raikoke due to its dimensions. Post-
eruptive changes were well documented in comparing pre- and post-
eruption satellite imagery in both the closed- and open-systems. In
sum, this was a fairly rapid eruption with clearly distinct phases and sub-
tle if any precursors.

6. Conclusions

We characterized the 2019 VEI 4 eruption of Raikoke volcano using
remote technologies (infrasound, lightning, and satellite remote
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sensing) and plume modeling. Our analyses show six waxing pulses
followed by the main Plinian phase and two subsequent waning pulses,
which are well-documented by independent and strongly correlated
infrasound, lightning, and ash plume observations. As the eruption
moved into the main Plinian phase, the infrasound intensity, lightning
stroke rate, and plume heights all increased. Additionally, the lightning
duration corresponds to eruption duration as defined by the infrasound
detections in the pulsatory phase. We also show that the lightning
strokes with the highest estimated peak current occur closer to the
vent and that stroke locations during the main Plinian phase follow
the plume as it moves with the wind. Satellite remote sensing observa-
tions captured morphological changes from the eruption. We show an
increase in the island and crater area resulting from tephra deposition
and crater erosion, respectively. We did not detect precursory unrest
with remote observational tools, but this is not out of the ordinary as
Raikoke volcano is a closed system and the island size limited InSAR
techniques. We illustrate the importance of an interdisciplinary ap-
proach to remote eruption characterization.

Data access

Local radiosonde and ERA-Interim reanalysis modelled data avail-
able at http://weather.uwyo.edu/. Both ASTER and MODIS data are
openly available at several locations online including NASA Earthdata
Search (https://search.earthdata.nasa.gov/search) and the U.S. Geologi-
cal Survey EarthExplorer (https://earthexplorer.usgs.gov/). All Sentinel-
2 data we use in this study are openly available at the Sentinel-hub EO-
Browser (https://www.sentinel-hub.com/explore/eobrowser). Data
from the CTBT IMS infrasound network are available through the
CTBTO vDEC platform (https://www.ctbto.org/specials/vdec/). GLD360
data is available by request of Vaisala Inc. The International Space Sta-
tion photograph is archived at the Gateway to Astronaut Photography
of Earth (https://eol.jsc.nasa.gov/SearchPhotos/photo.pl?mission=
1SS059&roll=E&frame=119250).
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