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Abstract

On 15 January 2022, the Hunga Tonga—Hunga Ha’apai (HTHH) volcano generated a large sulfur dioxide (SO,), water vapor (H,0),
and silicate (SiO,) ash plume that rapidly rose to a maximum height of ~58 km. The GOES-17 Advanced Baseline Imager (ABI)
acquired continuous, high-temporal-cadence, thermal infrared (TIR) data providing the ability to both examine precursory thermal
activity and track the eruption plume’s migration. The above background temperatures began to increase on 20 December 2021, with
a maximum of 7.2 K detected on 8 January, leading up to the larger eruption on 1415 January 2022. TIR spectral deconvolution
modeling of the initial plume was performed to map the ash composition, particle size distribution (PSD), and ice formation. Several
glass-rich andesite spectral endmembers provided the best match, with significant water vapor also detected, likely a result of vapor
expansion driving the eruption and the source of ice formation at higher altitudes. The initial chaotic PSD became organized over
time as the larger particles fell out of suspension leaving the fines plus water ice dominating as the plume drifted west. Over the next
1-3 days of the eruption, the diffuse plumes were dominated by SO, and fine ash, which allowed a different modeling approach
to retrieve SO, column density and sulfate speciation. The high-temporal-resolution ABI data provided an opportunity to couple
pre-, syn-, and post-eruption thermal dynamics to understand large, water-rich submarine explosive eruptions and plume evolution.

Key points:

e High-temporal-resolution thermal infrared data enabled a complete analysis of the eruption.
e Thermal anomalies are seen prior to the large eruption in January 2022.

e Ash was tracked during the initial ~ 17 h of the climactic explosive eruption followed by SO,.

Keywords Thermal Infrared - Emissivity - Geostationary - Hunga Tonga—Hunga Ha’apai - Volcanic Ash Mapping - SO2
Detection

Introduction volcanic ash and gas into the Mesosphere (maximum height

of 58 km above mean sea level) (Proud et al. 2022; Yuen

The Hunga Tonga—Hunga Ha’apai (HTHH) volcano expe-
rienced an explosive phreatoplinian eruption on 14-15
January 2022, which rapidly lofted significant quantities of
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et al. 2022) and created the greatest measured stratospheric
aerosol optical depth since the 1991 eruption of Pinatubo
(Taha et al. 2022). The 14-15 January eruption was preceded
by two Surtseyan eruptions, first recorded on 19 December
2021 (Carr et al. 2022). The 2022 activity was also defined
by the large quantities of water vapor that were injected into
the atmosphere, estimated at ~ 146 Tg (Millan et al. 2024),
which can affect aerosol conversion rates in the plume (Zhu
et al. 2022). Estimates for the amount of SO, released by the
2022 eruption range from 0.5 to 1.5 Tg (Carn et al. 2022;
Sellitto et al. 2024), and the combination of both sulfate
aerosols and water vapor was shown to have caused contrast-
ing effects on the Earth’s climate over the period between
the eruption and the end of 2023. Schoeberl et al. (2024)
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suggested that tropospheric warming by stratospheric water
vapor was offset by the cooling effect of sulfate aerosols.
Aerosol particle sizes measured by Boichu et al. (2023)
also suggest a net radiative cooling effect, which has been
observed causing changes to both the chemistry and circula-
tion of the stratosphere (Wilmouth et al. 2023).

Hunga Tonga and Hunga Ha’apai are the subaerial island
remnants of a large (~6 km diameter) andesitic submarine
caldera, located about 58 km north of Tongatapu (Bryan
et al. 1972). These islands are composed of gently dipping
alternating layers of andesite lavas, ash, scoria, and lapilli.
Previous submarine eruptions in the area were reported in
1912, 1937, 1988, 2009, and 2014-2015, with some produc-
ing subaerial deposits (Bryan et al. 1972; Cronin et al. 2017;
Brenna et al. 2022). For example, the December 2014—Jan-
uary 2015 eruption formed a land bridge between Hunga
Tonga and Hunga Ha’apai. The eruptions in late 2021 dra-
matically reshaped the morphology of the islands prior to the
major explosive eruption in January 2022. This sequence of
eruptions ejected large quantities of material into the atmos-
phere, leaving only small subaerial remnants of the islands
above sea level (Cronin et al. 2017; Brenna et al. 2022).

Analysis of any plume-forming eruption requires timely
collection of data to capture the highly dynamic processes
and inform predictive eruption and dispersion models as well
as thermal detection algorithms. High-temporal-resolution
thermal infrared (TIR) data from geostationary satellites can
provide such data but have not been routinely utilized in the
past for volcano/eruption monitoring. However, these data
are critical for the timely collection and long-term insights
into dynamic volcanic processes and eruptive mechanisms
(e.g., Thompson et al. 2022). For this study, we leverage
TIR observations acquired by the Advanced Baseline Imager
(ABI) to both document the increase in surface temperature
that preceded the climactic HTHH eruption together with
systematic analysis of the eruption plume/cloud composi-
tion and ash particle size in the ~ 17 h following that erup-
tion. The high-temporal-resolution (~ 10 min) data provide
a unique opportunity to develop more comprehensive long-
term thermal trends and observe the dynamic processes
within the plume. This cadence also minimizes the effect of
meteoric clouds on observations, with greater opportunity
for clear sky views of the sea and plume surface. Clouds
can have a larger impact on the data from polar orbiting
infrared datasets, such as the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), where repeat
observations are typically 5-16 days apart. Therefore, one
or two scenes with obscuring clouds results in no data for a
month, which is especially common in the tropics and later
in the day (Ramsey and Flynn 2020).

Currently, 24 active volcanoes are being monitored by a
NASA-funded program called the Geostationary Urgent
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Request Protocol (GEO-URP) over the spatial extent of the
GOES and Himawari TIR instruments (http://ivis.eps.pitt.edu/
GOES/). By linking data from polar and geostationary obser-
vations, the results improve the detection of high-frequency
thermal fluctuations and precursory trends. The GEO-URP
System for volcanic observations evolved from the ASTER
Urgent Request Protocol (URP) system (Ramsey 2016). That
system was originally conceived in 2004 and implemented as
a synergistic approach to leverage ongoing operational vol-
canic monitoring programs in order to improve the number of
ASTER acquisitions of every active volcano. The system relied
on high temporal/low spatial resolution satellites like AVHRR
and MODIS to trigger (and eventually automate) the ASTER
expedited data system, specifically for volcano monitoring and
science (Ramsey 2016; Ramsey and Flynn 2020). After the
ASTER Emergency Scheduling Interface and Control System
(AESICS) system, operated by the Land Processes Distributed
Active Archive Center (LP DAAC), receives an automated
volcanic thermal trigger, the GEO-URP automated system is
activated and retrieves the prior 18 months of ABI full disk
data from the Amazon Web Services (AWS) National Oceanic
and Atmospheric Administration (NOAA) data server. These
images are spatially trimmed to a smaller region around the
triggered volcano. The data are then automatically processed
to remove those scenes obscured by meteoric clouds as well as
those with any non-volcanic anomalies. A thermal baseline is
established and thermal fluctuations at the volcano are identi-
fied (Girona et al. 2021; Thompson et al. 2022). Time series
analyses are conducted to detect any precursory thermal activ-
ity over the 18 months leading up the date of the URP trigger.
Additionally, spatial analysis is conducted using thermal and
decorrelation stretches (Fig. 1) at given time periods. For the
detection of new thermal activity at a volcano, the entire histor-
ical analysis from the initial trigger to production of the com-
plete time series of images takes less than 5 days. However,
after a volcanic eruption has been initially integrated into the
system it is updated daily until the activity has subsided. This
enables near real-time monitoring, modeling, and forecasting
of lava and ash/SO, plumes at high temporal resolution (e.g.,
Thompson et al. 2022).

In this study, we analyzed the GEO-URP data related
to the HTHH eruption but then expanded outward to a
larger region of interest in order to analyze the thermal
and compositional trends of the drifting volcanic clouds.
Thermal analysis of the HTHH islands and surrounding
ocean revealed precursory activity and potential subma-
rine activity, as well as the development of new subae-
rial volcanic deposits. A more detailed analysis of the
opaque (proximal) region of the rising and drifting ash
plume allowed us to determine the composition and par-
ticle size using spectral linear deconvolution modeling,
first demonstrated on ASTER data (Williams and Ramsey
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Fig. 1 Derived thermal infrared properties of the rising and expand-
ing volcanic plume from HTHH on 15 January 2022 at 5:10 (top row)
and 5:30 (bottom row) UTC. Decorrelation stretches (left column) of
GOES ABI radiance bands 15, 14, and 11 (R, G, B) show the rapid
transition of water vapor (liquid) to ice on the outer portions of the

2019, 2022). These properties cannot be determined in
this part of the plume by any other modeling approach
such as transmission-based ash retrieval algorithms (e.g.,
Pavolonis et al. 2013). Notably though, these proximal
plume properties can serve as input into such transmis-
sion models (e.g., “Plume Tracker”; Realmuto and Berk
2016) used for SO, and ash detection in the more distal,
diffuse plume.

Methodology

As part of the GOES-URP program, several data products
are generated from the Advanced Baseline Imager mul-
tispectral TIR radiance data, which include surface tem-
perature and emissivity from all six TIR bands, surface
temperature and radiant heat flux time series, ash particle
size and composition maps, as well as SO, and ash index
images. The following sections describe these data products
in more detail.
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umbrella cloud during ascent into the atmosphere. Brightness tem-
peratures (right column) calculated using GOES ABI radiance band
14 show the rapid cooling of the rising plume, epically at the top and
center. However, the outer portions of the umbrella cloud remain
close to freezing temperatures

Advanced Baseline Imager processing

The Advanced Baseline Imager on GOES-17 acquires 16
radiance measurements between band centers of 0.47 and
13.3 pm at a spatial resolution of 0.5-2 km and temporal
resolution of 10 min (Schmit et al. 2017). This study uses six
TIR bands (8.4, 9.6, 10.3, 11.2, 12.3, and 13.3 um) with a
spatial resolution of 2 km at nadir. The spectral and temporal
resolution of the instrument allows the observation, analysis,
and interpretation of highly dynamic thermal and compo-
sitional volcanic processes, including those ongoing in the
2022 HTHH eruption plume. The L1 TIR radiance bands are
combined, georeferenced, and subsampled to a smaller geo-
graphical extent (approximately 550-km radius) around the
HTHH volcano. The L1 radiance data are then separated into
surface kinetic temperature and emissivity using the Temper-
ature-Emissivity Separation (TES) algorithm developed for
ASTER and modified to use the ABI spectral response func-
tions (Gillespie et al. 1998; Thompson et al. 2022). These
data are then used for the science analysis presented here.
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Thermal time series

The temperature and radiant heat flux time series pre-, syn-,
and post-eruption is produced for the entire sequence of
HTHH eruptions from 12 November 2021 until 1 February
2022. This time series is generated by first removing any
scenes with significant meteoric cloud and then applying
a 2-sigma percentile removal of the remaining data, based
on methodologies of previous similar studies to remove
any outliers (e.g., Lundgren et al. 2020; Girona et al. 2021;
Thompson et al. 2022). An additional 1-sigma percentile
lowpass filter is performed over a daily and sub-weekly
period to eliminate diurnal fluctuations (Thompson et al.
2022). The temperature time series is then created from any
detected anomalous pixels and their associated values above
the average background temperature are logged. The radiant
heat flux/power (watts) from the surface is calculated (Eq. 1)
from the measured spectral emissivity (¢,), surface tempera-
ture (T,), and ambient/background surface temperature (7,):

b= {[es-o(TE-T))]} - A 1)

where ¢ is the Stefan—Boltzmann constant and A is pixel area
(Harris 2013; Thompson and Ramsey 2020).

The analysis of volcanic ash clouds from geostationary
sensors has primarily focused on tracking their height and
location in the atmosphere, along with properties such as
mass and effective particle radius (Elrod et al. 2003; Pavo-
lonis et al. 2013; 2020). This has been performed using
methods that utilize the Mie Scattering properties of vol-
canic ash in two or more TIR spectral bands (e.g., Prata
1989; Pavolonis et al. 2015a, b). However, these methods
rely on a transmissive plume upwelling TIR radiation from
the Earth’s surface, and an assumed ash composition must
be used to understand the scattering properties of cloud. The
pitfalls of this kind of analysis have been well described
in the literature regarding both cloud detection in TIR data
(Simpson et al. 2000; Prata et al. 2001) and the calculation
of cloud properties, such as the mass, altitude, and plume
opacity (Mackie et al. 2014). Our analysis uses a two-stage
approach for modeling the proximal, opaque and the distal,
transmissive regions of the plume/cloud.

Opaque plume modeling (SiO, ash and H,0)

The opaque region is generally ignored by standard radia-
tive transfer (RT) algorithms due to the high optical depth
(OD) in this region that blocks all emission from the ground
below. Williams and Ramsey (2019, 2022) demonstrated
the use of coupled TIR emission spectroscopy of volcanic
ash and linear spectral deconvolution modeling of ASTER
TIR data to retrieve both the composition and particle sizes

@ Springer

present within opaque ash clouds. Here, we apply the same
methods to the GOES emissivity product, calculated using
the Temperature Emissivity Separation (TES) algorithm
(Gillespie et al. 1998).

Deconvolution modeling of TIR image data requires a
spectral library of endmembers as input, typically com-
piled from high-resolution laboratory data. Here, we use
the ASTER volcanic ash library (AVAL) developed by Wil-
liams and Ramsey (2019). This library of ash samples con-
tains different petrologic compositions divided into distinct
particle size fractions through a combination of sieving and
aerodynamic settling using a Microorifice Uniform Deposit
Impactor (MOUDI). Different size fractions are needed to
account for diffraction-induced spectral “transparency fea-
tures” that emerge in particles <63 um in diameter (Conel
1969; Ramsey and Christensen 1998). Emissivity spectra
are collected using a Nexus Nicolet 670 FTIR spectrometer
with the two-temperature approach to calibration (Ruff et al.
1997). Spectra in each volcanic suite are resampled to the
TIR wavelengths of the sensor of interest (e.g., ASTER or
here, GOES ABI) (Fig. 2). We also acquired the spectrum
of water ice from the ECOSTRESS spectral library to use in
our image analysis (Meerdink et al. 2019). Given the large
quantities of water vapor that was released during the HTHH
eruption (Vomel et al. 2022) and the height that this plume
reached in the atmosphere, it was assumed that ice crystalli-
zation could mask the spectrum of ash, leading to inaccurate
results from spectral modeling.

The ABI L1 radiance data are processed through the TES
algorithm (Gillespie et al. 1998), producing analogous data
products to those of ASTER—surface temperature and a
six-band emissivity file. The resampled ash spectra (Fig. 2)
are used as the end-member library for the spectral decon-
volution modeling (Ramsey and Christensen 1998). Each
TIR ABI mixed-pixel spectrum is modeled using a linear
combination proportional to the areal percentage of each
endmember. The linear model then calculates the best pos-
sible fit of each endmember spectrum to the pixel spectra
found in TIR ABI data resulting in a fractional percent of
each endmember for each pixel. Per-pixel root mean square
(RMS) error is also calculated to determine the “goodness
of fit” of the modeled spectrum.

The model used here is only applicable where the plume
is opaque to upwelling ground radiance behaving essentially
as an emitting ground surface. To determine the extent of
the opaque portion and where the model would no longer be
considered applicable, the optical depth (OD) of each pixel
is calculated using the methods of Garnier et al. (2013):

R,— R ]

OD= —ln[l -—=

R, —B, @
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Fig.2 Example spectra from the
ASTER Volcanic Ash Library
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where R, is~ 11 um surface radiance, R , is 11 um per-pixel
radiance, and B, is plume top Planck radiance. In this cal-
culation, we assume that the plume is opaque where the
temperature of the plume pixel is at or near equilibrium
with the temperature of the surrounding atmosphere. The
multi-layered structure of the HTHH plume does pose some
difficulties in this calculation, owing to the umbrella cloud
shape as well as central dome, over which there was a height
difference of ~ 30 km (Proud et al. 2022). This is also beyond
the measurement limit of radiosonde data that have been
used previously in this kind of analysis (e.g., Williams and
Ramsey 2022).

Therefore, a slightly different approach was taken com-
pared to previous studies of smaller ash plumes. Stereo-
scopic measurements have been previously used to calculate
the plume height using a combination of both GOES and
Himawari data (Carr et al. 2022; Proud et al. 2022). We
compared these heights to the temperature at each cloud
height using the Modern-Era Retrospective Analysis for
Research and Applications (MERRA-2) reanalysis of the
3-h vertical temperature product. This is generated from the
Goddard Earth Observing System Model, produced with
the Giovanni online data system, which is developed and

Wavelength (zm)

maintained by the NASA Goddard Earth Sciences Data and
Information Services Center (GES DISC; Acker and Lep-
toukh 2007). From this, OD was calculated for the different
height regions of the plume to determine opacity at each
height. We used the estimate of OD >4 as the threshold for
opaque plume pixels (Rose et al. 1995). Values below this
OD threshold are masked and not modeled using the linear
deconvolution approach. We further confirmed the opacity
by calculating the brightness temperature difference of the
plume between ABI channels 12 and 13. Where a plume is
optically opaque to ground upwelling radiance, the bright-
ness temperature difference should theoretically be ~0 K
(Prata and Grant 2001).

Diffuse plume modeling (SO, and aerosols)

The opaque plume modeling does not account for SO, or
other volcanic gases and aerosols, which are generally best
detected in diffuse plumes that transmit the radiance from
the ground or water surface below the plume. This modeling
is also sensitive to the presence of ash, but not the com-
position or particle size. The detection of SO, and ash in
diffuse volcanic clouds is based on three data products: the
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maximum brightness temperature (BT,,,,), the SO, index,
and the ash index, generated from the ABI multispectral
TIR radiance measurements in channels 11 (centered at 8.44
pm), 13 (10.33 um), 14 (11.19 um), and 15 (12.27 pm). The
BT, is the maximum brightness temperature of the four
ABI channels and, for a given line of sight (LOS), repre-
sents the channel least affected by atmospheric transmission
and surface emissivity. The SO, index (Krotkov et al. 2021)
is the scaled difference between the brightness tempera-
ture at 8.44 ym and the BT, and represents the strength
of SO, absorption. The ash index is the scaled difference
between the BT at 11.19 um and the BT, and represents
the strength of ash absorption. We note that absorption is
a function of the concentration of SO, or ash and the tem-
perature contrast between a plume and the underlying radi-
ating surface, and more computationally intensive radiative
transfer (RT) modeling is required to estimate the actual
concentrations.

The SO, index serves to target the RT modeling at the
LOS, which is most likely to pass through the SO, plumes.
Our quantitative estimates of SO, column density are based

on the spectral transmission of SO, in the 8—13 pm atmos-
pheric window. With respect to the ABI channels, SO,
absorption is restricted to channel 11 (8.44 um) and the SO,
clouds are transparent in channels 13, 14, and 15. We exploit
this transparency to estimate the temperature of the radiating
surface beneath the plumes and then use this temperature
to estimate the SO, concentration required to produce the
absorption observed in channel 11 (Ackerman et al. 2008;
Realmuto and Berk 2016, and references therein).

Results

High-temporal-resolution GOES ABI TIR data enabled
detailed thermal and compositional analyses retrospective to
and throughout the 2022 Hunga Tonga—Hunga Ha’apai erup-
tion. Temperatures at the target began to exceed the thermal
background in late November 2021, weeks before the larger
eruptions. A significant increase in thermal anomalies was
then observed on 20 December 2021, corresponding to the
Surtseyan eruptions at the time (Fig. 3), and the maximum
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temperature above background of 7.2 K was detected on
8 January, 6-7 days prior to the large explosive erup-
tions. High quantities of sulfur and water species were also
detected during and after the 14—15 January 2022 eruption
with minimal ash detected in the visually opaque portions
of the eruption column.

Thermal trends

The first detected deviation from the thermal background at
HTHH occurred on 28 and 30 November 2021. These were
characterized by temperatures > 2 K above background over
a sustained period (~ 6 h). During that initial time period,
the maximum temperature above background increased to
6.6 K and coincided with an increase in the rate of tem-
perature change to more than 2 K over 24 h (Fig. 3). This
was followed by a second sustained anomaly event (10-11
December 2021) prior to the Surtseyan explosive eruptions
on 20 December 2021. Again, an increase in the derivative
was observed; however, this was not as large as the previ-
ous perturbation. Thermal activity at HTHH continued until
5 January 2022, with notable temperature perturbations
observed on 27 and 31 December 2021 as well as on 1, 3,
and 8 January 2022 (Fig. 3).

On 14 January, a much larger explosive eruption
occurred (second vertical red line in Fig. 3) following a
period of decreasing thermal output. However, thermal
perturbations were detected in the hours leading up to the
event. Temperatures increased from 0.2 to 3.1 K and the
derivative increased by 0.8 in the 3 h prior to the explo-
sions. On 15 January 2022, the largest explosive phase
of the eruption occurred, with small thermal perturba-
tions (>4 K) prior to it. Maximum temperatures above
background increased from 0.1 to 2.2 K prior to the onset
of the explosion with temperatures reaching ~4 K above
background several hours after the eruption began. The
elevated thermal anomalies subsided within 6 h to back-
ground levels (~ 0.5 K).

Temperature and decorrelation stretch

The combined analysis of surface temperature and decor-
relation stretch images refined for volcanic emissions (e.g.,
sulfur dioxide, water, and ash) in the plume provides a
computationally quick approach to see the dynamic plume
processes. During the 15 January Phreatoplinian explosive
eruption, a~700-km-diameter plume of volcanic gases,
steam, and ash rose ~58 km in the atmosphere. The ABI
TIR data were sampled at 20-min intervals and detected
the rapid transition of ash to ice on timescales of min-
utes in the outer potions of the umbrella at mid-altitudes
(Fig. 4). These species remained close to the ambient
atmospheric temperature around the freezing point of

water (273 K). High concentrations of ice were identified
in the rapidly rising plume (Fig. 4), with darker portions
likely indicating ash that was less ice covered during the
initial ascent phase. The surface temperatures and compo-
sition of the HTHH islands and ocean around the islands
were obscured completely during the early hours of the
eruption.

Ash composition and particle size (opaque plume)

The ABI emissivity data were modeled, and the AVAL
library Sakurajima andesite spectral endmember was found
to be the best fit, with other andesitic ash samples (e.g., San-
tiaguito) providing relatively good fits (e.g., low RMS error)
to the opaque plume-bearing pixels. The spectral deconvolu-
tion model produces an areal percentage per pixel for each
particle size range of the compositional endmember chosen
plus that of ice. The modeling was conducted for the first 7 h
of the eruption, during the period when the ash was opaque
to upwelling ground radiance. By 1220 UTC, however, the
plume had become more transparent rendering the linear
deconvolutional model invalid (Fig. 5).

The results (Fig. 5) show the mixture of the two most
dominant ash particle sizes as well as water ice. The plume
did show a range of particle sizes present in varying quanti-
ties over the plume’s evolution where a retrieval was pos-
sible. Ice appears to coat the particles very quickly and is
one of the dominant components of the plume throughout
the analysis period. Additionally, the quantity of ice present
appears to increase over time, indicating the continued coat-
ing of the ash with ice. Coarser particles are present within
the plume particularly toward the beginning of the erup-
tion; however, as the eruption advances, smaller particles
become more prevalent. Areas around the eastern fringe of
the plume were shown to have coarser particles (> 63 pm)
almost exclusively; however, these areas are also associated
with higher RMS errors (> 0.2 to>1 in some areas) indicat-
ing model results that are less accurate.

Gas and ash detections (diffuse plume)

Modeling the diffuse (thermally transparent) part of
the plume or drifting cloud that is more distal from the
vent relies on the upwelling ground radiance transmit-
ted through the plume. Tracking the physical and chemi-
cal evolution of HTHH eruption cloud’s time series of
BT, SO, index, and ash index maps provides insights
into the slightly longer-term (12-24 h) physical and chemi-
cal evolution (Supplement S1, Fig. 6). In particular, we
found a 17-h delay between the TIR-based detections of
ash and SO,. At 05:30 UTC on 15 January 2022 (Fig. 6a),
approximately 90 min after the climactic explosive erup-
tion of HTHH, the eruption column was characterized by
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Fig.4 Decorrelation stretch images (top two panels) of GOES ABI
radiance bands 15, 14, and 11 (R, G, B) on 15 January 2022 (time
in UTC) showing the rapid transition of water vapor (liquid) to ice
(magenta to blue colors) in the outer portions of the umbrella cloud
during ascent into the atmosphere. The opaque portion of the plume

low BT, ,, and ash absorption. Because we screen the ash
(and SO,) index maps for the presence of ice-phase clouds
(Krotkov et al. 2021), we attribute the low BT,,,, and ash
index to the high optical depth of the eruption clouds. We
infer that ash obscured the presence of SO, during the first
90 min following the explosive eruption.

At 16:30 UTC (Fig. 6b), the dispersion of the eruption
column (red oval) further reduced the optical depth in the
margins of the plume, leading to rims of higher tempera-
tures and ash index values around the core of the eruption
column. This interpretation is consistent with the eruption
chronology of Gupta et al. (2022), who reported two dis-
tinct umbrella clouds, and the westward transit of the upper
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(brown to yellow) are concentrated with ash and ice-coated ash par-
ticles. Brightness temperature (bottom two panels) calculated using
GOES ABI radiance band 14 showing the rapid cooling of the cloud
by the first time step

umbrella (~30-km altitude) exposing the lower umbrella
(~17-km altitude) over time.

At 11:30 UTC on 16 January 2022 (Fig. 6d), the SO,
cloud reached the coast of Australia, approximately
1750 km from the previous position near New Caledo-
nia. We expect the strength of SO, absorption to increase
with view zenith angle (VZA), due to the correspond-
ing increase in the length of the optical path through the
eruption clouds. The observed increase in the strength of
the SO, absorption was more likely due to the increase
in VZA (82.5° vs. 67.5°) rather than any increase in the
concentrations of SO, during its transit from the volcano
across the Coral Sea.
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Fig.5 Results of the linear deconvolution analysis of the opaque
plume, along with accompanying RMS errors on 15 Jan 2022. Data
are shown here at 1-h intervals. Red, green, or a combination thereof

The preceding time series illustrated the changes in the
optical depth of the HTHH eruption clouds due to the
loss of ash. We obtain an additional constraint on the rate
of these changes through an analysis of the cloud optical
depth (COD), which is generated by the GOES-R Daytime
Cloud Optical and Microphysics Properties (DCOMP)
retrieval procedure (Walther and Heidinger 2012; Hei-
dinger et al. 2020). A sequence of five COD maps (Fig. 7)
documents the rapid (4-h) decrease in the area of HTHH
ash clouds that we attribute to the loss of ash. The COD
was not designed to map ash or sulfate aerosols explicitly,
but changes in the COD can track changes in the ash or
sulfate content of volcanic clouds.

The first COD map in our sequence (Fig. 7a) was gener-
ated from the ABI observation at 13:30 UTC, 15 January
2022, acquired approximately 9.5 h after the onset of the
climactic explosive eruption. The ash-rich eruption clouds
are characterized by COD > 8, and we used this contour line
to describe the area of the ash clouds. The 13:30 cloud was
the reference for estimating the relative reduction in the area
over time. The second COD map (Fig. 7b), corresponding
to the ABI observation at 14:30 UTC, indicates a relative

174"W

(yellow) all indicated pixels dominated by ash. Blue, magenta, and
cyan colors represent pixels dominated by ice or ice plus ash

reduction of 12% in the area of the ash cloud. The rela-
tive reduction was 33% by 15:30 UTC (Fig. 7¢), 49% by
16:30 UTC (Fig. 7d), and 66% by 17:30 UTC (Fig. 7e). The
relative reduction in area was approximately linear (Fig. 7f),
with a loss rate of 16.6% per hour. This suggests a rapid loss
of ash, but the loss in the area is only a constraint, or bound,
on the volumetric loss of ash.

Discussion
Thermal precursors

There are detected thermal fluctuations at HTHH weeks
before the first Surtseyan eruptions in December 2021, even
though the thermal fluctuations do not appear to correlate
with the magnitude nor onset of the eruptive activity (Fig. 3).
The statistically significant increase in maximum temperature
in late November and early December are seen as indicators
that the HTHH volcanic system was changing. The increased
thermal output raised the water/land average temperature by
5-7 K above the average (points 1 and 2 in Fig. 3A). Thermal
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«Fig.6 The SO, signal in the plume (right column) was obscured by
ash in the first 17 h following the climactic explosive eruption of
HTHH. Red oval: ash, white oval: SO,. a Approximately 90 min after
the onset of the explosion and the eruption column is identified by
low brightness temperatures and a weak signal (low absorption) in
the ash index map, with no expression in the SO, index map. b Dis-
persion of the eruption column has led to rims of higher temperatures
and ash index values around the opaque core of the eruption column.
¢ The ash cloud can still be discerned in the temperature map, but the
ash index was removed by the meteorological cloud screening, sug-
gesting that the remaining ash was coated with ice. The SO, index
indicates moderate absorption in the vicinity of New Caledonia.
d The SO, cloud has reached the coast of Australia. The increase in
the strength of the SO, absorption was more likely due to the increase
in satellite view angle (82.5° vs. 67.5°) rather than any increase in the
concentrations of SO,

activity returned to background levels for a period of time
and slowly started to increase again prior to the Surtseyan
eruptions (point 3 in Fig. 3A). Those eruptions were followed
by a period of rapid thermal fluctuations (points 4 and 5 in
Fig. 3A) as seen in the derivative plot in Fig. 3B. Although
fluctuating, the average temperature decreased over this
period returning to an increased maximum temperature in
several scenes just prior to the large explosive eruption on
14 January 2022 (points 6 and 7 in Fig. 3A).

The HTHH volcano is predominantly submarine, with
only two small subaerial islands available to analyze for
thermal fluctuations, resulting in a high proportion of the
pixel containing the ocean surface. This makes it difficult
to develop a reliable baseline trend in thermal activity as
the surrounding ocean can dampen any thermal anomalies
detected on the land surface; however, a maximum aver-
age temperature is used to minimize the influence of the
background. Once the eruptions began, the large volcanic
plumes rose and expanded into the atmosphere blocking
any observations of the surface temperature. Furthermore,
these plumes rapidly cooled in the upper atmosphere, which
further obscures the thermal signatures of the ejected ash
and volatiles within minutes. The highest thermal anoma-
lies and radiant heat flux detected at HTHH were observed
in early January 2022 during the building of the combined
HTHH island and prior to its subsequent destruction in
14-15 January 2022. Ultimately, high-temporal-resolution
TIR data used for thermal trend analyses on submarine-
subaerial island volcanoes present a challenge to current
detection capabilities; however, some insights into activity
can be assessed based on the derivative of the thermal trend
to highlight significant divergencies from the background.

Ash evolution
The development of the ash cloud structure has been well doc-

umented, with the plume reaching altitudes not observed in the
satellite era (i.e., the mesosphere; Carr et al. 2022; Proud et al.

2022). Our analysis allows us to observe the distribution of ash
and ice along the opaque plume top. Based on comparison with
these height measurements, the region of the plume with high-
est optical depth for the spectral deconvolution analysis was in
the upper umbrella cloud that rose to a height of ~34 km before
spreading laterally. The plume was a mixture of ash and water
vapor initially, which has been documented in previous studies
(e.g., Khaykin et. al., 2022; Millan, et al. 2022). Our results
show that ash was a significant component at the onset of the
15 January paroxysmal eruption (Fig. 5, 0420 to 0520 UTC).
As one would expect, the proximal plume is initially a com-
plex mixture of various particle sizes from the initial explosion
combined with water vapor. This ash served as nucleation sites
for the water vapor to precipitate, cool, and form ice coatings at
higher altitudes. This leads to a gradual damping of the silicate
detection replaced by that of ice, which we observe in the TIR
spectra. The amount of water vapor/ice injected into the strato-
sphere was estimated to be 70-150 Tg (Khaykin et. al. 2022).
This nucleation processes happened rapidly, with ice becoming
the dominant spectral endmember at the opaque plume top
within the first 2 h of the eruption (Fig. 5, 0620 UTC). The
areal percentage of ice continued to increase over the eruptive
sequence and spreading of the plume. As the ash cloud drifted
further west, a change from coarser ash (> 63 pm) particles to
the dominance of very fine (<45 pm) particles at the plume
top is seen between 0720 and 0920 UTC, as the larger particles
fell out of suspension. Furthermore, we assume a greater quan-
tity of fine versus coarse particles because of the eruption’s
high explosivity and greater degree of magma fragmentation.
Ice remained the dominant endmember; however, as the erup-
tion continued, it almost fully dominates the plume top after
0920 UTC. Beyond ~ 1220 UTC, no part of the plume has a
high enough particle density to be optically opaque, and the
spectral deconvolution modeling approach becomes invalid.
At this point, radiative transfer (RT) modeling becomes the
appropriate model from which SO, and ash indices as well as
quantitative SO, concentrations can be retrieved.

SO, evolution

Assuming that the conversion of SO, gas to sulfate aero-
sol results in an increase in optical depth, our interpreta-
tion that the optical depth of the eruption clouds decreased
on the scale of hours appears to contradict reports of the
rapid conversion of SO, to sulfate aerosols (e.g., Baron
et al. 2023; Bourassa et al. 2023; Carn et al. 2022; Sellitto
et al. 2022, 2024; and Zhu et al. 2022). However, the loss
of SO, operates at much slower rates than the loss of ash
recorded by the COD time series (Fig. 7), as these investiga-
tors estimated e-folding times (i.e., time required to reduce
SO, mass by a factor of 2.72) between 6 and 15 days.
Figure 6¢ and d show the sequence of BT, ,, and SO,
index maps of the diffuse plume and highlight that SO, was
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Fig. 7 Rapid (4-h) decrease in
the area of HTHH ash cloud, as
documented by GOES-R Day-
time Cloud Optical and Micro-
physics Properties (DCOMP)
retrieval. The decrease in area
represents the decrease in the
cloud optical depth (COD) as
ash fell out of the drifting cloud.
(a) ABI observation at 13:30
UTC, 15 Jan 2022, approxi-
mately 9.5 h after the onset of
the climactic explosive erup-
tion. We used this cloud as the
reference for our estimates of
the reduction in the cloud area.
(b) Observation at 14:30 UTC.
(¢) Observation at 15:30 UTC.
(d) Observation at 16:30 UTC.
(e) Observation at 17:30 UTC.
(f) The reduction in cloud area
was approximately linear

not detected until ~22:30 UTC on 15 January 2022—11 h
after the last time frame in Fig. 5. The quantitative retrieval
of SO, requires an estimate of plume height to define the
temperature contrast between the plume and underlying radi-
ating surface (cf., Realmuto and Berk 2016). We estimated
the height of the SO, clouds based on the dispersion and
transport of the clouds. The clouds traveled 1750 km to the
west (heading of 263.4 deg) in the 12 h between 23:30 on 15
January 2022 and 11:30 UTC on 16 January 2022 (Supple-
ment S1), corresponding to a transport rate of 40.5 m/s. We
note that this estimate is a lower limit on the rate of plume
transport as the map projection applied to the ABI data does
not incorporate the height of the plumes.

We compared this rate of transport to E-W wind
speed profiles from the MERRA-2 (Rienecker et al.
2011) archive (Fig. 8) interpolated to the midpoint of
the westward transit of the HTHH SO, clouds. The
windspeed profiles for 22:30 UTC on 15 January 2022
(Fig. 8a), 04:30 UTC (Fig. 8b), and 10:30 UTC on 16
January 2022 (Fig. 8c) indicated speeds of 40.5 m/s at
altitudes between 35 and 40 km. This height estimate
agrees with estimates of cloud heights based on ste-
reo imaging (Carr et al. 2022; Proud et al. 2022) and
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cloud-top temperature (Gupta et al. 2022). Therefore, we
used a cloud height of 40 km in our RT-based mapping
of SO, column density.

Our quantitative estimates of SO, column density (Fig. 9)
were retrieved from the Plume Tracker model (Realmuto and
Berk 2016) and made use of new capabilities for assessing the
optical depth along individual LOS. These assessments are
based on comparisons of surface temperature estimates with
the air temperature at the surface elevation. If the estimate
of surface temperature is lower than the air temperature, we
assume that the LOS passed through features, such as ash and
meteorological clouds, with significant optical depth.

We analyzed the ABI data acquired at 07:30 UTC on 16
January 2022 to derive the SO, column density. The analysis
was challenging due to the combination of cloudy viewing
conditions, a humid tropical atmosphere, and the very large
VZA of the data containing the drifting cloud. Observing
at large VZA increases the optical path through the atmos-
phere, leading to increases in the absorption of radiance
along the optical paths. Specifically, the SO, clouds were
viewed at VZA between 70 and 80° (Fig. 9a). The SO, index
map (Fig. 9b) shows enhanced SO, and water vapor absorp-
tion due to the long optical paths. The prominent gaps or
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Fig.8 Estimation of height of
HTHH SO,, based on dis-
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persion and transport of the
volcanic clouds. The clouds
traveled 1750 km to the west
(heading of 263.4 deg) in the 12
h between 23:30 on 15 Jan 2022
and 11:30 UTC on 16 Jan 2022,
corresponding to a transport
rate of 40.5 m/s. Comparing this
rate to MERRA-2 wind speed
profiles at (a) 22:30 UTC on 15
Jan 2022, and (b) 04:30 UTC
and (¢) 10:30 UTC on 16 Jan
2022 (dashed lines) indicates
cloud heights between 35 and
40 km. We used a cloud height
of 40 km in our RT-based map-
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holes in the map of SO, column density (Fig. 9c) map are
the combined results of ice-phase cloud screening by the
SO, index and optical depth screening by Plume Tracker. We
“repair” the map (Fig. 9d) by interpolating values over the
gaps through the triangulation of SO, retrievals surrounding
those gaps.

We estimated a total SO, mass of 0.45 Tg released on
15 January, in agreement with UV-based estimates from
Carn et al. (2022) and Duchamp et al. (2023), as well as
the TIR-based estimates from Sellitto et al. (2024). This
mass of SO, is low relative to eruptions of similar magni-
tude at other volcanoes, which is attributed to scrubbing of
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the submarine SO, emissions (Carn et al. 2022) and rapid
conversion to sulfate aerosols due to the injection of water
vapor into the upper atmosphere (Baron et al. 2023; Bou-
rassa et al. 2023; Carn et al. 2022; Legras et al. 2022; Sell-
itto et al. 2024; and Zhu et al. 2022). Our analysis of the
ABI time-series data suggests a third mechanism: the high
optical depth of ash-rich eruption clouds limited the detec-
tion and mapping of SO, in the ~ 17 h following the climac-
tic explosive eruption. This phenomenon of ash obscuring
the presence of SO, would affect both UV and TIR-based
mapping of SO,.

Conclusions

High-temporal-resolution TIR data from geostationary sen-
sors made possible using integrated sensor web detection of
the large HTHH volcanic eruption enabled a complete time-
series study of that eruption, a first at a submarine volcano.
Notably, we show the applicability of the data analysis for
the pre-, syn-, and post-eruption sequence. Temperature and
heat flux trends were captured prior to the eruption showing
measurable deviation from the background 2 weeks prior to
the first Surtseyan eruption and more than 6 weeks prior to
the larger explosive eruption. Although not directly attrib-
uted to a precursor of a particular eruption, our results do
definitely show that lower spatial, higher temporal resolution
geostationary TIR data are useful to detect thermal changes.
This is particularly useful for remote volcanoes (including
submarine centers) where several weeks of warning time
could be critically important.

Following the eruption onset, TIR spectral deconvolution
modeling of the opaque plume retrieved the ash composition
and particle size together with the fraction of water ice. As
the plume spread and became increasingly transparent, the
deconvolution modeling became invalid in favor of the RT-
based SO, retrieval analysis to track and estimate the SO,
concentration as the cloud drifted to the coast of Australia.
The temperature and composition of the gas and ash plume
evolved over time. During the explosive phase, the initial
release of water vapor was followed by the increased detec-
tion of volcanic ash. Ice then began to coat the ash particles
as the plume drifted. The later detection and lower amount
of SO, retrieved was found to be most likely due to obscura-
tion by the ash-rich plume in the first 12 h of the eruption
rather than another mechanism involving water. The oppor-
tunity exists to use this method operationally at other sub-
marine/remote volcanoes that fall within the observational
footprint of each geostationary TIR sensor.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00445-025-01901-5.
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