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Retrospective eruption characterization is valuable for advancing our understanding of volcanic systems and eval-
uating our observational capabilities, especiallywith remote technologies (defined here as a space-borne systemor
non-local, ground-based instrumentation which include regional and remote infrasound sensors). In June 2019,
the open-system Ulawun volcano, Papua New Guinea, produced a VEI 4 eruption. We combined data from satel-
lites (including Sentinel-2, TROPOMI, MODIS, Himawari-8), the International Monitoring System infrasound net-
work, and GLD360 globally detected lightning with information from the local authorities and social media to
characterize the pre-, syn- and post-eruptive behaviour. The Rabaul Volcano Observatory recorded ~24 h of seis-
micity and detected SO2 emissions ~16 h before the visually-documented start of the Plinian phase on 26 June at
04:20 UTC. Infrasound and SO2 detections suggest the eruption started during the night on 24 June 2019 at
10:39UTC ~38 h before ash detectionswith a gas-dominated jetting phase. Local reports and infrasound detections
show that the second phase of the eruption started on 25 June 19:28 UTC with ~6 h of jetting. The first detected
lightning occurred on 26 June 00:14 UTC, and ash emissions were first detected by Himawari-8 at 01:00 UTC.
Post-eruptive satellite imagery indicates new flow deposits to the south and north of the edifice and ash fall to
the west and southwest. In particular, regional infrasound data provided novel insight into eruption onset and
syn-eruptive changes in intensity. We conclude that, while remote observations are sufficient for detection and
tracking of syn-eruptive changes, key challenges in data latency, acquisition, and synthesis must be addressed to
improve future near-real-time characterization of eruptions at minimally-monitored or unmonitored volcanoes.

© 2021 Elsevier B.V. All rights reserved.
Keywords:
Volcanic eruption characterization
Satellite remote sensing
Infrasound
Lightning
Plume modeling
Ulawun volcano
1. Introduction

Remote geophysical observations, which include satellite remote
sensing, infrasound at 250 km or greater, and lightning detections, are
ee).
M, USA
often essential for detection and characterization of volcanic unrest
and eruption. Data from these technologies can confirm subaerial activ-
ity, the presence, distribution, and quantity of ash, gas and aerosols, and
show thermal output, deformation, and syn-eruptive activity changes
(e.g., Fee andMatoza, 2013; Poland et al., 2020; and references therein).
These data are complementary to observations from local, ground-
based monitoring instrumentation and are critical when such data are
not available. Combining data from remote tools has proven valuable
for eruption characterization and for broadening our understanding of
volcanic processes (e.g., Fee et al., 2010; Perttu et al., 2020; Van Eaton
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et al., 2020). Retrospective eruption characterization involves gathering
available data and analyzing an eruptive sequence from quiescence or
background activity throughunrest, eruption and a return to quiescence
or background. Such analyses serve to advance our understanding of
volcanic processes and to enhance our ability to characterize eruptions
when observations are limited.

Unrest is a “deviation from the background or baseline behaviour of
a volcano towards a behaviour that is a cause for concern in the short
term (hours to few months) because it might prelude an eruption.”
(Phillipson et al., 2013). Primary observations that indicate unrest at
volcanoes include ground deformation, increase in thermal output,
changes in outgassing, changes at a crater lake (e.g., color), and changes
in seismicity (Phillipson et al., 2013), but are limited to the first four
when using remote tools. With satellite remote sensing, we can detect
outgassing and thermal output at open-system volcanoes, but often
not deformation (Ebmeier et al., 2013), while for closed systems we
can often detect deformation, but outgassing and thermal output are
often low or not detectable (Reath et al., 2019a). A volcano is considered
open if it has a permanent or semi-permanent open conduit or pathway
for gas escape (Chaussard et al., 2013). From an observational perspec-
tive, this suggests a given open volcanic system will have near-
continuous, measurable gas emission, be it passive or explosive. These
include systems with open lava lakes (e.g., Kīlauea 2008–2018,
Ambrym, Villarrica, Erebus, and Masaya volcanoes), persistent low-
level eruptive activity (e.g. Sakurajima, Stromboli, andYasur volcanoes),
and persistent passive degassing (e.g., Ulawun) (Carn et al., 2017).

The start of an eruption is usually defined by the ejection of solidma-
terial (e.g. ash/tephra and lava) from the vent. Knowing when ash,
tephra, or lava are ejected is critical as these pose a threat to local com-
munities and air traffic. This definition does not distinguish between the
eruption start time and the detection time.With a local monitoring net-
work, the detection time and eruption start time are often the same or
similar. With remote data, the eruption signal needs to be greater than
the noise to be detected. For example, if a volcano is obscured from sat-
ellite view due to clouds (noise), the ash plume (signal) would need to
break through the clouds to be detected. This applies to the infrasonic
eruption signal relative to ocean and wind noise or lightning generated
by processes in the ash plume relative to lightning from a local thunder-
storm. Similar to eruption onset, the eruption does not necessarily end
when we no longer detect it. Additionally, in many cases data latency
(satellite, infrasound) also contributes to discrepancies between erup-
tion start and detection time.

In this study we retrospectively characterize the 2019 VEI 4 erup-
tion of Ulawun Volcano, Papua New Guinea, on 24–26 June to evalu-
ate the state-of-the-art in remote observational tools for an open
system eruption. Analyses of data from infrasound, lightning, and
satellite-borne sensors, combined with plume modeling based on
these observations, indicate that the eruption started ~38 h prior to
the Plinian phase with ~13 h of gas jetting captured by a regional
infrasound array and corroborated by a TROPOMI SO2 observation
five times greater than background emissions. In a companion
paper (McKee et al., 2021), we conducted a similar analysis of a
recent VEI 4 at a closed system volcano (Raikoke, Kuril Islands). To-
gether, these two studies demonstrate that, while remote observa-
tions are sufficient for detection and tracking syn-eruptive changes,
key challenges in data latency, acquisition, and synthesis, must be
addressed to improve near-real-time characterization of eruptions
at minimally or unmonitored volcanoes.

A goal of the Earth science community is to enhance and cultivate in-
frastructure around archiving data for its reuse under the FAIR data
principles (National Academies of Sciences, Engineering and Medicine,
2020; Stall et al., 2018; Wilkinson et al., 2016). FAIR data are Findable,
Accessible, Interoperable, and Reusable. Volcanology is a multidisciplin-
ary field that relies on a myriad of data types. Given the community's
goal, we note in the Data and Discussion sections the FAIR classification
of the data we used.
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2. Ulawun volcano

Ulawun (5.05°S, 151.33°E, 2334m), a DecadeVolcano (UN, 1987) lo-
cated on the island of New Britain in the Bismark volcanic arc, Papua
NewGuinea, results fromnorthward subduction of the Solomon Seami-
croplate beneath the Bismark microplate at rates of over 20 cm/year
(Fig. 1a); (Silver et al., 2009; Wallace et al., 2004). Ulawun has a sym-
metrical and heavily vegetated stratovolcanic edifice with a central
vent located inside an older caldera structure (Fig. 1b). Its earliest
dated eruption occurred on March 11, 1700. It then experienced 11
minor (VEI 1–3) eruptions before a major (VEI 3) eruption in January–
February 1970 prompted evacuation of local residents and produced
lava flows and pyroclastic density currents (reported as nuées ardentes)
(CSLP, 1970). Six minor (VEI 1–3) eruptions occurred between 1973
and 1984 (GVP, 2013). Increasing unrest prompted an evacuation of
700 residents before the (VEI 3) November 17–22, 1985 eruption,
which consisted of Strombolian activity with ejections of incandescent
lava fragments to heights of 300–500 m above the crater, lava
fountaining at the summit, and a lava flow that extended 5.5 km from
the crater (Global Volcanism Program, 1983). Four minor (VEI 1–2)
eruptions occurred between 1989 and 1999 (GVP, 2013), and largely
consisted of small discrete ash emissions. A major (VEI 4) eruption
that began on September 28, 2000 prompted evacuation of nearly
4000 local residents (GVP, 2000). This short-lived eruption produced
ash plumes to 15 km, heavy ashfall, and three pyroclastic density cur-
rents, but no lava flow. After a few months of relatively low surface ac-
tivity, a VEI 3 eruption on April 25–30, 2001, occurred from the main
vent with minor activity from the northern flank vent and produced
plumes to 14 km, triggering localized evacuations. This eruption was
followed by 15 very minor eruptive activities of VEI < 1 before the
2019 eruptions.

Ulawun has been monitored by a single seismometer since 1976,
and for deformation using various tilt methods (dry tilt, EDM, tiltme-
ters) (GVP, 1978, 1989, 2000). Noted changes in seismic activity have
led to several successful eruption forecasts. GVP reports that informa-
tion provided by the Rabaul Volcano Observatory suggest that, between
episodes of major eruption, Ulawun is a persistently restless volcano
(e.g., Rodgers et al., 2013; Roman et al., 2019), characterized by
sustained activity, including high or variable seismicity rates, strong
degassing, and sporadic explosions. GVP reports from 1982 to 2019 in-
dicate background levels of 100–1800 low-frequency seismic events
per day and persistent steaming, aswell as cycles of inflationary and de-
flationary tilt andminor (phreatic) explosions. Beginning in 1998, an in-
crease in high-frequency seismicity began and persisted until the 2000
VEI 4 eruption, suggesting that new magma may have been emplaced
over this time period.

3. Data and methods

Weutilize primarily infrasound, lightning, and satellite remote sens-
ing (thermal, UV, and visible) data in our analyses, but we also checked
additional data types (Table 1). We do not have syn-eruptive MODIS
thermal observations because of acquisition rate and cloudy conditions.
VIIRS data were inconclusive due to cloud cover. Ulawun volcano is too
heavily vegetated for InSAR techniques and the closest seismic station
with openly available data is >20 km away. Here we give a brief over-
view of the data and methods with more details available in McKee
et al. (2021) and highlight additional available data and methods.

3.1. Infrasound

Infrasound (sound at frequencies below human hearing, 20 Hz
(Bedard Jr. and Georges, 2000)), generated by volcanic processes (e.g.
explosions, gas jetting, lahars, pyroclastic density currents, sub-Plinian
to Plinian eruptions) is a critical tool for analyzing eruption process
and detection of eruptions (e.g., Fee and Matoza, 2013; Matoza et al.,



Fig. 1.Map of Volcanoeswith tectonic context. a) and b) UlawunVolcano, Papua NewGuinea. Aus=Australia, PNG= Papua NewGuinea, NB=NewBritain, Bo= Bougainville. The two
infrasound arrays nearest toUlawun are shown in (a)with yellow stars: IS40 is ~114 kmNE of Ulawun and IS39 (star directly above panel a) is 2300 kmNWof Ulawun. (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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2019; and references therein). Here we examine the waveform charac-
teristics and signal frequency content of the Ulawun eruption as these
provide and relate to eruption onset and duration, type of activity, and
variations in eruption (e.g., Fee et al., 2017, 2013; Johnson et al., 2018;
Marchetti et al., 2009; Matoza et al., 2009).

As in McKee et al. (2021), we use data from the infrasound compo-
nent of the International Monitoring System (IMS). We utilize the two
arrays nearest to Ulawun: IS40 (with five out of eight elements available
at 114 km) and IS39 (with six out of seven elements available at
2300 km).We examined data from the IS22 array, but therewere node-
tections likely because it is upwind for stratospheric ducting at this time
of year. The infrasonic sensors sample the pressure field in the vicinity of
the sensor at 20 Hz. We use the Median Cross-Correlation Maxima
(MdCCM) technique (e.g., Bishop et al., 2020; Lee et al., 2013; Wilson
et al., 2003) combined with a weighted least squares estimation of a
plane wave arrival (Olson and Szuberla, 2008) to detect coherent
infrasound and estimate the back-azimuth and apparent velocity of
the incident plane wave. This information can be used to filter for
signals of interest, i.e. infrasound from Ulawun. We use a window of
30 s with a 50% overlap and filter the IS40 and IS39 data from 0.5 to
5 Hz. The lower bound is 0.5 Hz to reduce the coherent acoustic noise
in the microbarom frequency band and the upper bound is 5 Hz to
improve the signal to noise ratio by removing higher frequency
noise. Microbaroms are a ubiquitous feature in the 0.1–0.5 Hz band
(den Ouden et al., 2020) and originate from standing ocean waves
(e.g., Posmentier, 1967). As such, microbaroms appear as a coherent
noise source in the frequency band of interest. We used the multitaper
method (Riedel and Sidorenko, 1995) for power spectral density
Table 1
Data Accessibility andAnalyses. The columns show the data types and their respective instrume
whether the data and analyses were utilized or checked, but inconclusive.

Pre-Eruption Syn-Eruption

Utilized Thermal (MODIS, ASTER) and Passive SO2 (OMI,
Sentinel-5P/TROPOMI) time-series; Satellite Imagery
(Sentinel-2, PlanetLabs); GVP Reports summarizing
seismicity/tilt levels

Satellite Detect
(OMI, Sentinel
(GLD360); Infra
Heights

Inconclusive
(checked)

InSAR (ALOS-2); Thermal (VIIRS); Seismic at >20 Km
distance (AU RABL in IRIS DMC)

Thermal (VIIRS
distance (AU RA

Bold indicates data can be formally classified as FAIR—Findable, Accessible, Interoperable, Reus

3

estimates on time windows with detections ±10 degrees back-
azimuth to the volcanoes.

3.2. Lightning

While lightning emits radiation across a range of frequencies,we uti-
lize the very low frequency band (VLF, 3–30 kHz) as it is detectable at up
to 4000 km(Behnke andMcNutt, 2014). VLF signals from volcanic light-
ning were detected and recorded by the Global Lightning Dataset
(GLD360, operated by Vaisala Inc.).

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); triboelectrification (the transfer of charge
between particles when they interact); (Forward et al., 2009;
Houghton et al., 2013; Méndez Harper and Dufek, 2016; Williams
et al., 2009); and at temperatures <-20°C, non-inductive ice charg-
ing (Arason et al., 2011; Prata et al., 2020; Van Eaton et al., 2020).
Electrical charge is generated in volcanic plumes through ash forma-
tion and interactions, and ice-charging similar to thunderstorms
(Arason et al., 2011; Forward et al., 2009; Houghton et al., 2013;
James et al., 2000, 2008; Méndez Harper and Dufek, 2016; Prata
et al., 2020; Van Eaton et al., 2020; Williams et al., 2009). Previous
studies suggest volcanic lightning may be one of the first indicators
of an explosive, ash-bearing eruption at remote volcanoes (McNutt
and Williams, 2010).

For this analysis we use GLD360 globally detected lightning strokes
located within 100 km of Ulawun. For each stroke the GLD360 records
nts or networks analyzed for each period of the eruption sequence. The rows then highlight

Post-Eruption

ions: Ash (Himawari), SO2
-5P/TROPOMI); Lightning
sound (IMS data); Plume

Satellite Detections: SO2 (OMI,
Sentinel-5P/TROPOMI); Deposition Identification:
Thermal (ASTER, Sentinel-2) and Visible (Sentinel-2);
Topography Change (Sentinel-2, PlanetLabs)

); Seismic at >20 Km
BL)

Thermal (VIIRS); Seismic at >20 Km distance (AU
RABL)

able.
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the time, location, estimated peak current (kA), and polarity. There is an
estimated error radius of <5 km on the location of the lightning strokes
(Said and Murphy, 2016). We visually inspected the lightning data for
meteorological strokes determined by the timing and location of the
stroke in relation to satellite plume imagery. For this eruptionwe deter-
mined that all strokes recorded within 100 km of Ulawun by the
GLD360 network were volcanic so no strokes were removed from the
dataset. In total there were 1,522 volcanic lightning strokes included
in this analysis.

3.3. Satellite remote sensing

Satellite measurements are crucial for eruption characterization
when ground-based instrumentation is unavailable (Poland et al.,
2020). To characterize the Ulawun eruption, we examined four primary
types of satellite volcanic monitoring data: SO2 measurements, visible,
thermal IR, and ground deformation (InSAR). Table 2 shows the satellite
remote sensing data products we examined and our level of post-
processing in characterizing the Raikoke (McKee et al., 2021) and
Ulawun eruptions with infrasound (IMS array) and lightning (GLD360)
included at the bottom for comparison.

Several operational UV and IR satellite instruments can remotely
monitor volcanic SO2 emissions, including both ‘passive’ and pre-
eruptive degassing and eruptive emissions (e.g., Carn et al., 2017,
2016). Here, we use SO2 data from theUVOzoneMonitoring Instrument
(OMI), in orbit on NASA's Aura satellite since 2004, to constrain long-
term, baseline SO2 emissions at Ulawun (Carn et al., 2017), and the
TROPOspheric Monitoring Instrument (TROPOMI), launched in
October 2017 on the European Space Agency (ESA) Sentinel-5 Precursor
(S5P) satellite (Theys et al., 2017), to analyze SO2 emissions from
Ulawun in 2019. TROPOMI SO2 data products are available from May
2018 onwards.

Visible and thermal remote sensing can provide information about
the reflected and emitted energy from the surface of the earth. Visible
Near Infrared (VNIR) and ShortWave Infrared (SWIR) sensors primarily
detect reflectance and have smaller pixel sizes to their thermal counter-
parts, are available on a 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 advantages to identify
changes in the shape and size of volcanic edifices, the emplacement lo-
cation of volcanic deposits, and any effects the eruption may have had
on the surrounding vegetation. SWIR data can also beuseful in detecting
particularly hot volcanic features (e.g., Massimetti et al. (2020)), how-
ever the SWIR images surrounding the eruption that may contain
these features were obscured by clouds. Surface temperatures can be
derived from Thermal Infrared (TIR) data. By examining how surface
temperature changes over time, it is possible to identify pre-eruptive
changes in thermal output caused by a changes in the system, co-
eruptive changes corresponding to the location of active flows, and
post-eruptive changes (e.g surface temperatures remaining high or de-
creasing) that could help to identify the likelihoodof a subsequent erup-
tion in the near future.

We use Himawari-8 thermal data and atmospheric temperature
profiles to estimate maximum plume heights. This was done by using
band 13 to determine the brightness temperature of the ash plume at
awavelength of 11 μm(Prata and Grant, 2001). If the centre of the iden-
tified ash plume was colder than the surrounding ash, the coldest BT11
was selected from this region. The atmospheric temperature profile,
sourced from the European Centre for Medium-Range Weather Fore-
casts Re-analysis-Interim (ERA-Interim)(Berrisford et al., 2011; Dee
et al., 2011), was then used to interpolate at which height the coldest
BT11 temperature, i.e., the highest height of the plume, corresponds to
in the atmosphere. In contrast, if the centre of the identified ash
plume was hotter than the surrounding ash, we assumed that the
plume reached the stratosphere. As a result, the hottest pixel from this
central region was selected and the stratospheric atmospheric
4

temperature profile was used to calculate the maximum plume height.
The uncertainty on these measurements was calculated as +/− 2 k on
the BT11 (Prata and Grant, 2001), which we will call the maximum
and minimum plume heights. This procedure was done to calculate
plume heights for each Himawari-8 satellite image where the volcanic
ash plumewas seen to determine amaximumplumeheight time series.
All this analysis was done using MATLAB.

Sentinel-2 VNIR and SWIR data were used to examine spatial
changes in healthy vegetation, and TROPOMI/OMI SO2 data to gain
insight into eruption intensity and magnitude, and to identify
potential eruption precursors manifested in SO2 emissions. Carn et al.
(2017) reported annual mean SO2 fluxes for all volcanoes with
emissions detected by OMI since 2005. For Ulawun, the mean SO2

emission rate in 2005–2015 was ~630 ± 580 tons/day, which provides
valuable context for interpretation of short-term SO2 degassing
rates. We used the offline Level 2 TROPOMI SO2 data product
(S5P_OFFL_L2__SO2, version 1.01.07) to investigate SO2 degassing on
shorter timescales prior to and during the 2019 eruption. Although
the eruption generated a stratospheric SO2 cloud that persisted in the
atmosphere for some time, a detailed analysis of the long-range trans-
port and lifetime of the volcanic cloud is not covered here.

3.3.1. ASTER
The ASTER sensor was launched on the Terra satellite, and compared

to MODIS, has a much higher spatial resolution (90 m pixels) but a
lower temporal resolution (16 day repeat time at the equator)
(Yamaguchi et al., 1998). The increased spatial resolution of these data
enables ASTER to detect lower temperature and/or smaller thermal fea-
tures. ASTER's ground surface temperature (AST_08) data product was
used to develop a time series of the thermal flux above background
(similar to Reath et al., 2019b) before the Ulawun eruption. These data
were unavailable during the eruption due to cloudy conditions and a
lack of data acquisitions. ASTER data are openly available at several loca-
tions online includingNASA Earthdata Search (https://search.earthdata.
nasa.gov/search) and the U.S. Geological Survey (USGS) EarthExplorer
(https://earthexplorer.usgs.gov/).

3.4. Plume modeling

Integral plume models, based on buoyant plume theory (Morton
et al., 1956), are used to investigate the source conditions and the dy-
namics of sustained volcanic plumes by assuming the eruption column
is in steady-state and the rate of entrainment of ambient gases into the
plume are proportional to the plume velocity. Despite their simplicity,
integral plume models can account for additional volcanic processes
such as wind, humidity, phase changes and particle fallout (Bursik,
2001; Glaze et al., 1997; Mastin, 2007; Woods, 1993). These models
have become part of operational forecasting to bettermonitor explosive
eruption and subsequent tephra dispersal (Scollo et al., 2012).

We determine an initialMass Eruption Rate (MER) time series of the
Ulawun eruption by using the integral buoyant plume model of
Degruyter and Bonadonna, 2012. This is done in the same manner as
in McKee et al., 2021. As the initial conditions of the eruption column
are unknown, we apply a Monte-Carlo approach that is constrained
with the minimum and maximum observed plume heights (see
Section 3.3). The parameter space used in the Monte-Carlo modeling
can be found in Sup. Table 1. If the maximum plume height is unavail-
able, the average plume height is used as the upper constraint. To ac-
count for the effect of wind when modeling the volcanic plume, the
integral buoyant plume model is run first without wind and then with
wind. This is because in some cases the addition of the radius to the
top centerline height of a modelled plume that considers wind can go
higher than the same case where wind is not considered. As a result,
we take a similar approach to Mastin, 2014 and choose the minimum
top modelled plume height from the case with no wind and the case
with wind, where the top plume height is defined as the top centerline

https://search.earthdata.nasa.gov/search
https://search.earthdata.nasa.gov/search
https://earthexplorer.usgs.gov/


Table 2
Data products, post-processing, and characteristics.

Instrument Product Level of Post-processing Spatial
Resolution

Time
Resolution

Sensitive
to/Measures

Other info Reference(s)

ALOS-2 Level 1.1, Ultra fine coregistration, georeferencing, interferogram
generation, atmospheric, topographic, and flat earth
corrections, and phase unwrapping

3 m 14 day repeat
time

Radar reflectivity L band https://www.eorc.jaxa.
jp/ALOS/a/en/alos-2/a2_about_e.htm

ASTER⁎ Level 2 Surface Kinetic
Temperature

Back ground temperature correction, thermal feature
identification

90 m 16 day repeat
time

Land surface
temperature

bands 10
through
13

Reath et al., 2019b

Himawari visible and IR satellite
images

conversion of band 13 IR values to degrees C 0.5 km for band 3; 2 km
for band 13

10 min
(2.5 min in
rapid scan
mode)

visible and IR bands 3
and 13

https://www.data.jma.go.
jp/mscweb/en/himawari89/space_segment/spsg_ahi.
html

MODIS Level 1B Calibrated
Radiances

Conversion of radiances to brightness temperature,
then selection of pixel of interest

1 km 4 per day IR https://ladsweb.modaps.eosdis.nasa.
gov/search/order/1

OMI Level 2 SO2 columns Mapping and conversion to SO2 mass 13 × 24 km at nadir 1 per day SO2, volcanic ash (Carn et al., 2017, 2013)
PlanetScope⁎ 4-band PlanetScope

scene
None 3 m (resampled) Variable; >2

per day
possible

visible, NIR Planet Team, 2017

RADARSAT-2⁎⁎ Wide ultra-fine Amplitude image 3 m 24 day repeat
time

Radar reflectivity C-band at
5.405 GHz

https://earth.esa.
int/web/eoportal/satellite-missions/r/radarsat-2

Sentinel-2 Falsa Color and NDVI None 10 m 10 day repeat
time

visible, vegetation https://www.sentinel-hub.com/explore/eobrowser/

TROPOMI Level 2 SO2 columns Mapping and conversion to SO2 mass 3.5 × 5.6 km at nadir 1 per day SO2, volcanic ash Theys et al., 2017
VIIRS IR satellite images None 750 m 2 per day IR (Cao et al., 2014, 2013)
IMS
infrasound
arrays

Waveforms, array
processing detection
lists

Array processing (possible real-time) 1902 km average
station spacing for
complete IMS network

20 samples/s. acoustic pressure
wave [Pa]

High or
Low
elements

(Christie and Campus, 2010)

GLD360 Lightning strokes:
location, polarity,
estimated peak current

None global coverage, sensor
locations not disclosed

100 k
Samples/s

VLF Time of Arrival
and Magnetic
Direction Finding

Said et al., 2010

⁎ Ulawun only;
⁎⁎ Raikoke only.
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plus the radius in the latter. For each run in theMonte-Carlo simulation
(2000 runs), if the top modelled height lies between the minimum and
maximum calculated observed plume heights, the initial modelledMER
is recorded. An average is taken of all that ‘matched’ initial modelled
MER. The minimum and maximum ‘matched’ MERs are also recorded.
This is repeated for each time that an observed plume height was calcu-
lated. Meteorological data from during the eruptions is sourced from
ERA-Interim.

4. Results and observations

4.1. Infrasound

Wedetect the Ulawun eruption with IMS arrays IS40 and IS39 (Sup-
plementary Figs. S1, S2). We observe two eruptive episodes with the
IS40 array and only the second of those episodes with the IS39 array.
In Fig. 2a, we show the best beamof the IS40 array data, and the colored
dots indicate detections from Ulawun. We detect about 13 h of near-
continuous emissions from Ulawun on 24 June 2019 from 10:39 to
23:18 UTC and another 11 h of continuous emissions from 25 June at
19:28 to 26 June at 6:44 UTC. The first episode is lower amplitude
than the second, the peak frequency increases slightly over the 13 h,
and there may be harmonics (Fig. 2a, b). In Fig. 2b, we highlight the
peak frequency through time over the full spectrogram using unfiltered
data. In the second episode, the peak frequency increases over several
hours from ~0.3 Hz to ~0.6 Hz and then it decreases over the remainder
of the eruption to ~0.09 Hz. We also observe this overall decrease in the
peak frequency in comparing the spectral curves of different eruptive
periods. Fig. 2c shows these spectral curves, where the color of the
Fig. 2. Ulawun Eruption Infrasound analysis. a) Beamformed waveform from IS40 array with
frequency through time highlighted by the black line, c) Spectral curves for specific windo
detections in a. The gray curve is the noise from 25 June 09:00–14:00. The dashed curves are
infrasound arrays (Brown et al., 2014). Photos 1–5 courtesy of Craig Powell. (For interpretatio
of this article.)
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curve matches the detections in Fig. 2a. The decrease in infrasound
peak frequency in the second episode coincides with the increase
in eruptive intensity documented by a local helicopter pilot (Fig. 2
panels 1–5).
4.2. Lightning

We determined the initial lightning stroke to be on 26 June at
01:21:56.408 UTC (Fig. 3). Lightning continued for over 6 h until the
final stroke at 08:04:12.408 UTC (Fig. 4a). We observed peak stroke
rates from 06:00 to 08:04 UTC reaching 25 strokes per five minutes
(Fig. 4a). The peak currentmeasured for a single stroke during this erup-
tionwas+130.5 kA (Fig. 4b). Themajority of the strokeswere in-cloud,
with a mix of positive and negative polarities. The first pulse has fewer
strokes and they are located to the east of Ulawun (Fig. 3), while the sec-
ond and third pulses have more strokes and are located over Ulawun.
Lightning stroke rates show a clear ramp up-peak-ramp down in each
pulse (Fig. 4a).
4.3. Satellite remote sensing

Several different sensors observing the VNIR, SWIR, and TIR wave-
lengths provided valuable information for the 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
most recent cloud-free observation was made on 21May 2019, approx-
imately two months before the eruption. Although a volcanic thermal
MdCCM detections plotted as black, red, and green dots, b) Spectrogram with the peak
w of the eruption. The color of the spectral curve corresponds to the color of MdCCM
the International Data Centre (IDC) infrasound global low and high noise models for IMS
n of the references to color in this figure legend, the reader is referred to the web version



Fig. 3.Ulawun eruption satellite observations overlainwith lightning locations. Visible light satellite images fromHimawari, Red is positive, blue is negative, the yellow triangle shows the
volcano location, and green outlines are the landmass. (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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feature was observed at this time, it was within background levels of
thermal output at Ulawun over the past decade.

We determined the eruption column height fromHimawari data for
the Ulawun eruption (Fig. 3). We first identified the developing plume
from the eruption at 02:00 as puffs from the vent (Fig. 4c). A stronger
Fig. 4. Comparison of lightning, plume height, mass eruption rate (MER) and infrasound at Ula
blue is negative), c) Plume height (10 min increment) in blue andMER in black estimated from
times of coherent detections plotted in blue. Infrasound data arefiltered from0.1 to 5Hz. (For in
version of this article.)
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pulse starts at 04:50UTC and peaks at 06:20 UTC,where a plume height
of 26.1 km asl is observed. The pixels located in the center of the um-
brella cloud are hotter than the pixels surrounding them. This is evi-
dence that the central plume reached the stratosphere and started to
heat to the ambient temperature.
wun. a) Lightning strokes per 5 min, b) Estimated peak current per stroke (red is positive;
plume height with vertical lines showing the error, d) Beamformed infrasound trace with
terpretation of the references to color in thisfigure legend, the reader is referred to theweb



Fig. 5. Post-Eruption Ulawun - Thermal observation of lava/lahar and ash fall from
Sentinel-2 VNIR images from a) January 1, 2018 and b) July 25, 2019.

K. McKee, C.M. Smith, K. Reath et al. Journal of Volcanology and Geothermal Research 420 (2021) 107381
ASTER TIR observationsmade on 29 June 2019 revealed the location
of still-cooling flows (Supplementary Fig. S6) and Sentinel-2 VNIR ob-
servations made on 25 July 2019 revealed the extent of terrestrial ash
coveragemade during the first eruptive pulse (Fig. 5). Further, we com-
pared Sentinel-2 acquisitions made before and after the eruption to re-
veal the syn-eruptive expansion of the crater (Supplementary Fig. S7);
these findings were confirmed by PlanetScope visible imagery (Fig. 6;
Planet Team, 2017).

As noted above, Ulawun has been a persistent source of SO2 emissions
since at least 2005, based on UV satellite observations (Carn et al., 2017).
Nevertheless, based on inspection of daily UV satellite SO2 data (https://
so2.gsfc.nasa.gov/), no significant SO2 emissions from Ulawun were
apparent for ~8 months prior to the June 2019 eruption; the last, clear
detection of SO2 by OMI was in mid-October 2018, consistent with GVP
reports of minimal activity at the volcano from late 2018 to June 2019.
TROPOMI detected a weak SO2 plume (~100 tons SO2) on June 24; this
emission was not anomalous relative to decadal average SO2 emissions
from Ulawun, but it was the first clear SO2 detection at the volcano for
several months. Much stronger SO2 emissions were observed on June
Fig. 6.Change in cratermorphology atUlawun fromPlanetScope imaging (Planet Team, 2017). I
26, 2019 at 23:37 UTC (June 27, 09:37 local time; crater partly obscured bydegassing); and (c) J
was ~35,000 m2; on July 17 the crater area was ~66,000 m2.
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25 at ~02:50 UTC (Fig. 7). Using wind data from the NASA Goddard
Earth Observing System, version 5 (GEOS-5) atmospheric model coupled
with the TROPOMI SO2 columns (Fig. 7), we estimate an SO2 flux of
~3100–3600 tons/day from Ulawun on June 25 using a ‘plume traverse’
method (Theys et al., 2017), which is significantly above the long-term
mean emission rate (~630 tons/day). Further strong SO2 degassing was
observed by TROPOMI on June 26 at ~04:10 UTC (total SO2 mass of
~5–7 kt depending on plume altitude; Fig. 7), ~2 h before the Plinian
phase of the eruption at ~06:00 UTC (based on lightning stroke rates).

Following the Plinian phase of the Ulawun eruption, from June 27
TROPOMI and other UV satellite instruments detected a stratospheric
cloud containing ~0.15 Tg SO2 that persisted in the atmosphere for at
least 2 weeks (Fig. 8). In terms of SO2 release, this was the largest
eruption of Ulawun measured since October 1980 (~0.2 Tg SO2; Carn
et al., 2016). However, another major eruption occurred at Ulawun
just over a month later on August 3, 2019 and the combined total SO2

emission for the June and August 2019 eruptions (~0.34 Tg) is the
largest on record for this volcano.

4.4. Plume modeling

We used buoyant plume modeling to estimate the MER for the
Ulawun eruption. Fig. 4c shows the MER results for the Ulawun erup-
tion. From the maximum height, we calculated a MER that ranged be-
tween 3.29 × 107 and 1.82 × 108 kg/s and has an average value of
8.27 × 107 kg/s. Based on these time series, we have also estimated a
total erupted mass (TEM) of 3.34 × 1011 kg (maximum estimate of
5.87 × 1011 kg and minimum estimate of 2.01 × 1011 kg).

4.5. Local observations

Rabaul Volcano Observatory (RVO) reported occasional good visibility
of the summit until dusk on 24 June local time (23 June 14:00 to 24 June
14:00 UTC). They observed a weak and thin white vapor plume with no
visible glow or audible noise. On 25 June local time (24 June 14:00 to 25
June 14:00 UTC) they also reported occasional good visibility of the sum-
mit until dusk. They observed small to moderate volumes of thick gray
ash clouds that rose about 100 m above the summit crater and drifted to
the southeast until mid-morning. At around 8:00 pm local time (25 June
10:00 UTC) they observed a weak glow on the eastern side of the volcano
and heard two weak rumbling noises originating from the eastern side.

5. Discussion

5.1. Timeline and characterization of the 2019 Ulawun eruption

Our observations indicate that theUlawun eruption comprised three
distinct phases: Phase I, Phase II, and a Plinian phase (Fig. 4). Phase I
mages showUlawunon (a)May25, 2019 at 23:52UTC (May 26, 09:52 local time); (b) June
uly 17, 2019 at 23:54UTC (July 18, 09:54 local time). Crater areameasured onMay 25, 2019

https://so2.gsfc.nasa.gov/
https://so2.gsfc.nasa.gov/


Fig. 7. Sentinel-5P/TROPOMI SO2 data for Ulawun on June 25–26, 2019.Wind barbs show coincidentNASA GEOS-5model wind direction and speed at the altitude of Ulawun (small tick=
5 knots; large tick= 10 knots). June 25: first significant increase of SO2 degassing (estimated SO2 flux is ~3100–3600 tons/day, significantly above the long-term average at Ulawun); June
26 (~04:00 UT, just prior to Plinian phase): continued elevated SO2 degassing, plume dispersal decoupled from wind direction at vent altitude, indicating stronger emissions.
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began after nightfall on 24 June at 10:39 to 23:18 UTC and was mainly
observed with infrasound, but is shortly followed by an SO2

observation on 25 June at 2:51 UTC with an estimated SO2 flux of
~3100–3600 tons/day, well above the decade-long average for Ulawun
of 630 tons/day (Carn et al., 2017). We do not observe an ash plume
during this period, however observations were limited due to time of
day (i.e. after nightfall). This suggests that Phase I involved pure gas jet-
ting. Phase II started on 25 June at 19:28 UTC when infrasound detec-
tions began again with several hours of gas jetting. RVO's observations
suggest activity started sooner, but was not detected remotely. The
Fig. 8. Sentinel-5P/TROPOMI SO2 data for Papua New Guinea on June 27 showing the upper tro
(~0.14 Tg SO2).
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infrasound signal continued and the first ash plume detection followed
at 00:30 UTC. Lightning was first detected on 26 June at 01:21:56.408
UTC. In Phase II therewere two pulses of lightning and ash plume detec-
tions with a pause in between themwhile the infrasound remains con-
tinuous. SO2 emissions were above background during this phase as
observed during a TROPOMI overpass on 26 June at 4:12 UTC. The
pilot photos show an increase in the presence of ash over the course
of Phase II (Figs. 1–3), which coincides with the onset of lightning and
ash plume detections. The Plinian phase began on 26 June at ~06:00
UTC. At approximately this time, the plume height and lightning stroke
pospheric and stratospheric SO2 cloud produced by the June 26 Plinian eruption of Ulawun
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rate increased, the infrasound frequency dropped and the pilot photos
document a lava fountain. The Plinian eruption column produced a
strong umbrella cloud that reached the stratosphere, with the lightning
strokes centered in this cloud (Fig. 3b), suggesting little to no wind
shearing. The lightning and ash plume detections temporally align,
showing three pulses, while the infrasound was continuous through
Phase II and the Plinian phase. The infrasound detections end on 26
June at ~06:44 UTC followed by the last lightning stroke at 08:04 UTC
and ash plume detection at 10:00 UTC. SO2 was measurable in the
atmosphere for at least two weeks. The ash plume drifted to the SW
andwas observable for approximately 6 h after the eruption in band 13.

5.1.1. Unrest
Ulawun volcano showed no signs of unrest that were detectable

with remote observations.Wedid not detect deformation, but Ulawun's
highly vegetated edifice limits the utility of InSAR (Ebmeier et al., 2013).
We detect increased outgassing (an SO2 anomaly) during Phase I of the
eruptive sequence and discuss this further in Section 5.1.2. Ulawun is an
open system with regularly observed thermal anomalies (Supplemen-
tary Fig. S5) (Wright et al., 2004), and none of the thermal anomalies
detected in our study were above background for Ulawun (Supplemen-
tary Fig. S5). We do not detect unrest prior to eruption for a number of
possible reasons: low InSAR coherence, satellite repeat times, thermal
anomalies within background, no unrest above detection limits, and/
or no precursory unrest occurred.

5.1.2. Eruption onset
Using the solidmaterial definition, the latest possible eruption onset

time for Ulawun is during Phase II on 26 June between 01:30 and 02:00
UTC as indicated by lightning, Himawari ash plumedetections, and pilot
photos. However, infrasound detections started in Phase I about 38 h
prior to ash detections. Phase I of the eruption sequence has approxi-
mately 13 h of infrasound detections characterized as jet noise followed
by an SO2 detection with about five times the average flux for the
previous decade of observations (Carn et al., 2017). Sound is produced
by “any change of stress or pressure producing a local change in
density or a local displacement from equilibrium in an elastic
medium” (Acoustics, 2002). Therefore a volcanic process generates
infrasound by accelerating the volume of air above the crater. Thirteen
hours of accelerating air above the crater detected at about 120 km
and followed by an almost 2 kt SO2 detection is an highly energetic/
explosive process. We note the infrasound observations at IS40
provide vastly more information than IS39 because it is closer to the
source and likely more sensitive to lower level activity. Most of this
phase occurred at night and was obscured from view. There may have
been ash that was below our detection limits. We suggest that the
infrasound detection may represent the beginning of the eruption.
Alternatively, the Ulawun eruption may have been preceded by an
explosive, likely pure gas emission phase. The latter possibility
prompts the questions: what changed in the system? Are there other
open-system Plinian eruptions that started with an explosive gas
phase? What does this tell us about what happened in the subsurface?
How do open systems produce Plinian eruptions?

5.1.3. Syn-eruption
We combined infrasound, lightning, satellite remote sensing and

photographs to characterize the changes during the eruptive sequence.
The high temporal resolution of theHimawari TIR dataset facilitated the
comparison between ash plume heights and the lightning and
infrasound detections. This was especially critical as ASTER missed the
eruption due to the 16-day satellite repeat time. The infrasound obser-
vations well-document the eruption evolution, with an infrasonic fre-
quency decrease capturing a change in eruption character. We have
robust detections of SO2, however the flux estimates are minimums as
ash limits TROPOMI detections. The timing of the Sentinel-5P overpass
10
was fortuitous relative to the infrasound detections as it confirmed the
first phase of the Ulawun eruptive sequence.

There is a clear increase and decrease in the stroke rate as the erup-
tion starts, strengthens, and then stops (as indicated by infrasound,
plume height, and MER), which we also observed at Raikoke. The clear
increase-peak-decease of lightning stroke rates for each plume may be
indicative of ice-graupel charging. Initial lightning would be from ash
interactions, but as each of the plumes reached 7.5 km and cooled to at-
mospheric temperature, (−20 °C in the ERA-Interim temperature pro-
file for both of these volcanoes) ice-graupel charging may result in an
increase in lightning strokes. This is especially likely for the longer dura-
tion Plinian phases, as we can see that again the peak lightning stroke
rate coincides with the maximum eruption cloud heights (which are
above the −20 °C isotherm). The lightning stays centered above the
vent and, because the umbrella cloud maintains its circular shape, we
donot see the same extension of lightning downwindduring the Plinian
phase as at Raikoke. This makes it more difficult to ascertain howmuch
of an effect ice vs. ash charging is having on the lightning generation be-
cause we cannot assume themajority of ash has fallen out of the plume
that close to the vent. Overall, it can be determined that the rates of vol-
canic lightning correlate with increases in plume height and MER as
seen previously at eruptions such as Anak Krakatau (Prata et al., 2020)
and Kelud (Hargie et al., 2019).

5.1.4. Eruption cessation
At present, the volcanology community has not reached a consensus

definition for what constitutes the end of an eruption (Phillipson et al.,
2013), but this is an active area of research. Manley et al. (2020) note
that definitions generally fall into two categories: 1) generic rules or
2) volcano specific. For this discussion, we use a volcano-specific defini-
tion and define the end of eruption as a return to background activity,
where background activity is relative to what can be detected using
infrasound, lightning, and satellite remote sensing. The eruption fell
below detection limits for infrasound, lightning, and ash plume detec-
tions on 26 June at about 07:10 UTC. This is the earliest eruption cessa-
tion time as there may have been continuing activity below detection
limits. From a remote observational stance, background activity at
Ulawun is no infrasound, lightning, deformation, but regular outgassing
(Carn et al., 2017) and low-temperature thermal detections. Ulawun
had two subsequent eruptions in August and September 2019 and
returned to background activity in October 2019 (GVP, 2019).

5.1.5. Post-eruption
Analysis of post-eruption imagery is a powerful tool for understand-

ing eruption dynamics and impacts and for preparing for future erup-
tions. We document the change in crater area as well as the ashfall
deposit and cooling flow. Capturing the change in crater area required
favorable weather conditions (i.e., clear skies) during satellite over-
passes. In thefirst post-eruption image of Ulawun, the crater is obscured
by the gas plume (Fig. 6). Documenting these post-eruption features re-
quired multiple satellites/instruments (e.g., Sentinel-2, ASTER,
PlanetLabs), timely overpasses, and favorable weather conditions as
well as higher resolutions not previously available as of 5–20 years ago.

5.2. Assessing state-of-the-art in remote eruption characterization

In eruption characterization we aim to assemble a comprehensive
timeline of observations through the full eruption cycle and use it as a
basis for understanding processes in a volcanic system. In this study
(Part II) and the companion study (Part I, McKee et al., 2021), we char-
acterized two eruptions with a wide range of largely-independent re-
mote observations, as these provided the only available data, but also
as ameans to critically assess the state-of-the-art of remote observation
technologies in application to ongoing eruptions. Here we briefly sum-
marize the results of Part I and discuss what can and cannot be resolved
through remote observationwith respect to precursory unrest, eruption



Table 3
Comparison of Raikoke and Ulawun Eruption characteristics.

Raikoke Ulawun

Dates 21–22 June 2019 24–26 June 2019
Latitude⁎ 48.292°N 5.05°S
VEI⁎⁎ 4 4
System type closed open
Population within 30 km⁎ 0 10,577
First detected with Lightning & Himawari-8 Infrasound & SO2

Duration (time from first to
last detection)

Infrasound [hours] 12.24 44.08
Lightning [hours] 16.09 6.70
Himawari - visible eruption
cloud [hours]

15.83 7.33

Max plume height (km a.s.l) 11 26.1
Max MER (kg/s) 1.62E+06 8.27E+07
Total eruptive mass⁎⁎⁎ (kg) 4.39E+10 3.34E+11
Total SO2 mass (Tg) 1.4 0.15
Eruption Magnitude =
log10(TEM) - 7

3.6 4.5

Eruption Intensity =
log10(MER) + 3

9.2 10.9

⁎ As listed on the Global Volcanism Program website for Raikoke (https://volcano.si.-
edu/volcano.cfm?vn=2902500) and Ulawun (https://volcano.si.edu/volcano.cfm?
vn=252120).
⁎⁎ 2019 Raikoke eruption now listed as VEI 3 in GVP.
⁎⁎⁎ of the average values.
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onset, syn-eruptive activity, eruption cessation, and post-eruptive activ-
ity at Raikoke, a closed system prior to eruption, and Ulawun, an open
system.

5.2.1. Summary of 2019 Raikoke eruption observations and limitations
In Part I, we characterized the June 2019, VEI 4 eruption of Raikoke

volcano, Kuril Islands (McKee et al., 2021). Our analysis showed no
signs of precursory unrest above detection limits. The eruption started
with a waxing-pulsatory phase in which we observed six eruptive
pulses lasting 13 to 43 min with a similar range of interpulse times
(13–33 min). The main Plinian phase followed and lasted about 3.5 h
with maximum plume heights reaching 11.1 km asl. This was followed
by the waning phase with several more pulses with decreasing inten-
sity, plume heights, and lightning stroke rates. These three phases are
well captured by infrasound, lightning, and satellite remote sensing
data. We also documented a 14% increase in island area, an increase in
crater area, and an algal bloom in the waters around Raikoke likely
caused by the injection of erupted material into the water.

5.2.2. Comparison of Raikoke and Ulawun eruptions
The June 2019 eruptions of Raikoke and Ulawun both had Plinian

phases and are thus considered to represent VEI 4 eruptions. Table 3
shows a comparison of the eruptions. The Raikoke eruptionwasfirst de-
tected, albeit in hindsight, with lightning and Himawari-8, while for
Ulawun it was infrasound and SO2 from TROPOMI (Table 3). This high-
lights the need for diverse observational technologies as they each have
their strengths and weaknesses. Infrasound and SO2 detections were
critical for detecting the start of the gas-rich, ash-poor Ulawun eruption
onset. Whether or not an ash-poor onset is common for open systems
would require examining additional open system eruptions. The other
parameters show that while both eruptions meet the criteria for VEI 4
eruptions, they have different characteristics. Raikoke's eruption was
an order of magnitude smaller in estimated total eruptive mass (TEM),
but an order of magnitude larger in total SO2 mass. Ulawun's visible
eruption cloud phase lasted about half the duration of Raikoke's. An
eruption's VEI can be assigned using the volume of the eruption deposits
or the maximum plume altitude (Newhall and Self, 1982; Pyle, 1989;
Walker, 1973). The former is not feasible for remote observations, espe-
cially in cases such as Raikoke where much of the erupted material was
deposited in the ocean. Pyle (2015) summarizes the categories of VEI
11
with respect to various eruption characteristics. We have observations
for two of these characteristics: eruption column height and strato-
spheric injection. Columnheight and the occurrence of stratospheric in-
jection are both dependent on the atmospheric structure during the
eruption (Schneider and Hoblitt, 2013), which are notably different
for Raikoke (high latitude) and Ulawun (low latitude) (Table 3).
While eruption magnitude (log10(TEM) - 7) and intensity (log10
(MER) + 3) (Pyle, 1995; Tsuya, 1955; Hédervári, 1963; Newhall and
Self, 1982; Fedotov, 1985) are more independent measures than VEI,
they rely on quantitative estimates of TEM and MER, respectively,
which in our case are estimated through plumemodeling and again in-
fluenced by the atmospheric structure. Raikoke's total eruptive mass,
MER, andmaximum plume height suggest that its eruption was smaller
than Ulawun's. However, the total SO2 mass is comparable to higher
magnitude/intensity eruptions such as 1980 Mt. St. Helens and 2008
Kasatochi (Carn et al., 2003; Prata et al., 2010; Pyle, 2015).

5.2.3. State-of-the-art and limitations in remote sensing for rapid charac-
terization of volcanic activity

In examining these two eruptions, we pooled together expertise and
asmanyobservations aswe couldfind,which illuminatedmodern capa-
bilities and continued challenges in remote eruption characterization,
especially if time is of the essence. By combining the various remote ob-
servational tools, we were able to track changes in eruption intensity
from three perspectives (i.e. infrasound, lightning, and ash plume
height); observe differences in gas and ash emission timing; and track
geomorphological changes (i.e. ash fall deposits, lava/lahar/PDC de-
posits, and crater geometry). With a multidisciplinary approach, the
volcanology community can not only detect and characterize eruptions,
but start to explore fundamental science questions using remotely-
acquired data. For the open-system Ulawun eruption, a key question is
what caused the change from persistent gas emissions to vigorous gas
jetting, followed within 24 h by a Plinian eruption?

Through these eruption characterizations we encountered issues
with data latency, processing time, temporal and spatial resolution, de-
tection limits, noise and clutter (repetitive coherent infrasound signals
from other sources that are unwanted or not the target signal
(Ceranna et al., 2019; Matoza et al., 2013)) in the data, and weather.
Data access quickly presented a challenge and interpersonal relation-
ships were critical in acquiring lightning, infrasound, and some satellite
remote sensing data. Characterizing these eruptions with FAIR data
would have limited our data to those in bold in Table 1. We note that
if strictly using FAIR data, neither eruption is missed and broad charac-
terization is possible. The additional data provide higher spatial and
temporal details allowing us to constrain changes during the eruption
and individual phases. Satellite and infrasound data are both limited
by latency in that it requires time to transmit satellite data to earth
and for sound waves to travel from source (volcano) to receiver
(array). Processing data is time-intensive, especially for data types
that require manual review and processing. This was especially true
in determining signal from noise and clutter. For lightning, the
Himawari-8 images of the plumewere critical for determining the light-
ning strokes associated with the eruptions. Noise (e.g. wind, ocean) and
clutter remain challenges in infrasound analysis, especially as volcanic
eruptions often have similar frequency content to that of the ocean
microbarom, which limits our detection capabilities. Detecting the
eruptions with some satellite-based observations was limited by tem-
poral and spatial resolution. MODIS detected the Raikoke eruption, but
missed the Ulawun eruption because of satellite overpass times and
cloudy conditions, which limits tasked acquisitions like ASTER. MODIS
detections automatically task ASTER acquisitions, as such ASTER was
not automatically tasked for the Ulawun eruption. Lightning and satel-
lite observations are powerful tools for detecting and observing erup-
tions, but provide limited information about an eruption as they are
indirect measures of activity at the volcanic vent. Unfortunately,
weather (e.g., storms, cloud cover, wind) remains a limiting factor.

https://volcano.si.edu/volcano.cfm?vn=252120
https://volcano.si.edu/volcano.cfm?vn=252120
https://volcano.si.edu/volcano.cfm?vn=252120
https://volcano.si.edu/volcano.cfm?vn=252120
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We did not detect clear precursory unrest for either eruption. At
Raikoke, detections of thermal anomalies and gas detections were un-
likely as it was a closed system prior to June 2019 (Reath et al.,
2019a). However, being a closed system suggests therewould be defor-
mation potentially detected through InSAR techniques. We did not de-
tect deformation at Raikoke for a number of potential reasons. The
deformation source may have been deep thereby limiting detection
due to the island size. Deformation may have occurred between the
last SAR acquisition and the eruption (i.e. a short run up time) or before
the SAR acquisitions we examined (i.e. recharge long before the erup-
tion). AtUlawun,we did not detect precursory thermal or gas anomalies
prior to eruption Phase I, although there was a clear increase in SO2

emissions prior to Phase II (Fig. 7). Anomalies prior to Phase I were pos-
sibly obscured by cloudy conditions, or Ulawun may have been tempo-
rarily closed thereby not emitting gas or heat and limiting detection of
unrest. InSAR-based deformation detection was limited by poor coher-
ence due to vegetation. It is beyond the scope of this paper to determine
if these two eruptions are outliers or the norm, but they both tested our
capabilities in remote detection of unrest and highlighted some current
limitations.

Recent advancements in satellite data processing have shown how
the automation of this processing in real-timemay behelpful for remote
volcano monitoring. One such example is the VOLCAT system run by
NOAA/CIMSS (Pavolonis et al., 2018). For the Raikoke eruption, the
VOLCAT platform first recorded an ash alert derived from Himawari-8
data on 21 June 2019 at 18:10 UTC. This corresponds to the first pulse
of the eruption where lightning was first detected at 17:48 UTC.
Throughout the multi-pulsed eruption the VOLCAT system derived 4
ash alerts, 2 ice alerts, and 2 thermal ‘hot’ alerts. Although the first
alert corresponded with the first pulse of activity the next alert did
not occur until Pulse 7, themain Plinian phase. For theUlawun eruption,
the VOLCAT system recorded an initial thermal ‘hot’ alert derived from
Himawari-8 data during eruption Phase II (26 June, 01:10 UTC). This
was followed by 7 additional Himawari-8 and VIIRS ‘hot’ alerts and
with one ‘ash’ alert recorded the day after the eruption. Oddly, there
are no archived alerts triggered by the main plume event that occurred
between 06:00–08:00 UTC, which resulted in the expansive umbrella
cloud, infrasound detections, and 1300 lightning strokes mentioned in
this paper. These examples demonstrate how evenwith rapidly advanc-
ing automation of satellite techniques the combination of remote data
(i.e. satellite, infrasound, lightning) combinedwith an expert eye is nec-
essary to fully parse out an eruption sequence from the available data.

5.3. Recommendations

Near-real-time access to critical remote sensing data is essential for
rapid characterization of eruptions by observatory scientists and aca-
demic partners. It could also allow for broader automated-detection de-
velopment and implementation.With improved detection from passive
instruments, we could better rapid-task others. Each generation of sat-
ellites launched and the subsequent increase in temporal and spatial
resolution has proven valuable and motivates continued efforts to im-
prove spatio-temporal resolution (e.g., forthcoming Landsat 9). In the
Ulawun case, regional infrasound observations provided vastlymore in-
formation than the remote observations. Adding regional infrasound
stations has improved eruption detection capabilities in areas such as
Alaska (Cameron et al., 2018), Chile (Matoza et al., 2018), and Southeast
Asia (Taisne et al., 2019). Sharing and automating data processing codes
has and will continue to improve our ability to detect and characterize
eruptions. Part of our workflow made use of several open access soft-
ware codes. Lightning continues to show promise as an eruption detec-
tion tool as the emitted electromagnetic radiation travels at the speed of
light, but furtherwork is needed to determine exactlywhat lightning in-
dicates during an eruption. Combining lightning, infrasound, and satel-
lite data was critical for the characterization of both the Raikoke and
Ulawun eruptions, which suggests combining these tools for automated
12
detection confirmation or satellite tasking would be powerful. For ex-
ample, lightning detections followed by infrasound detections would
provide confirmation of an eruption and could be used to automatically
task an ASTER acquisition.

6. Conclusions

Fundamental and applied volcanological research are necessarily
deeply intertwined. Physical and chemical observations further our fun-
damental understanding and provide insight into ongoing volcanic pro-
cesses that inform monitoring and mitigation efforts. Conversely,
monitoring efforts provide new observations and technologies that
challenge and refine our understanding of how volcanoeswork. This in-
terplayhighlights the power of academia andobservatory collaboration,
motivates retrospective characterization of eruptions, and ultimately
advances both research and monitoring efforts. We retrospectively
characterized the June 2019 eruption of Ulawun volcano using remote
technologies: infrasound, lightning, and satellite remote sensing.
Through our analyses we determined the latest eruption onset and ear-
liest eruption cessation times, constrained syn-eruptive activity, and
showed that eruptions may start with an explosive gas phase. We
showed, as we did at Raikoke (McKee et al., 2021), that the strongest
lightning strokes occur closer to the vent and lightning locations track
plume development in that the strokes remain centralized with
Ulawun's more symmetrical umbrella cloud. Our analyses also demon-
strate that while remote observational tools are particularly good at
constraining syn-eruptive activity at two VEI 4 eruptions, current tech-
nologies are limited in detecting pre-eruptive unrest. Ultimately, we
further illustrated the power of combining remote observations to char-
acterize volcanic eruptions.

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 USGS
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). GLD360 data are
available from Vaisala Inc. through request. Data from the CTBT IMS
infrasound network are available through the CTBTO vDEC platform
(https://www. ctbto.org/specials/vdec/).
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