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a b s t r a c t
High temporal resolution, geostationary, thermal infrared data from the Advanced Baseline Imager
combined with seismic data of La Soufrière Volcano, St. Vincent provide empirical insights into the
volcanic processes and mechanisms that occurred from November 2020 until the explosive phase in
April 2021. An overall increase in intensity of thermal output and seismicity are observed during the
effusive phase; however, the intensity of the thermal data increased ∼20 days earlier than the seismicity.
During the effusive phase, the daily radiant heat ﬂux increased from 0.01 to >100 MW and the seismicity
increased from 1 to 647 events. The climax of both records occurred during the explosive eruptions
on April 9-14, 2021. Strong correlations are observed between these datasets in the weeks leading to
the explosive eruptions. A signiﬁcant (∼5 day) decrease in thermal and seismic activity is observed
∼12 days prior to the explosive phase, which could reveal a hiatus in magma migration prior to
the eruption. Periods of decoupling between these datasets are also observed and are attributed to
different mechanisms during the volcanic unrest. Occurrences with high seismicity and low heat ﬂux may
indicate deeper magmatic migration where no signiﬁcant surface thermal response could be detected, for
example. Recognizing correlations, or lack thereof, between high-temporal resolution thermal infrared
and seismic data expands potential insights to subsurface volcanic processes by providing a second,
complementary vantage. Such seismic-thermal analysis can improve our community’s capability to
monitor and evaluate new volcanic eruptions. Indeed, extensive seismic networks (local and regional)
and multiple geostationary weather satellites now provide near global coverage. A similar analysis to
our work at La Soufrière Volcano, St. Vincent is feasible, and should become routine, at other volcanoes
worldwide using combined high-temporal, ground and orbital data where available. The 2022 eruption
at Hunga-Tonga-Hunga-Ha’apai volcano, Tonga, illustrates the important potential for these high cadence
data and subsequent analysis even at extremely remote volcanoes.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction
Eruption monitoring and response to activity are essential responsibilities of volcano observatories and their government agencies. Volcano monitoring is commonly performed using combinations of ground- and satellite-based data (e.g., Furtney et al.,
2018; Reath et al., 2019). Ground-based monitoring can be hindered, however, because of resource limitations and the hazards
associated with proximity to volcanoes. Accordingly, satellite-based
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instruments are used to augment ground-based observations, but
commonly present less than ideal temporal resolution (Reath et
al., 2019; Ramsey et al., 2022). In an ideal scenario ground- and
satellite-based techniques are used synergistically to provide a
complementary, robust record of volcanic activity particularly during times of unrest (e.g., Furtney et al., 2018; Ramsey and Harris,
2013; Ramsey et al., 2022).
Seismic and thermal (between ∼8-15 μm) infrared (TIR) data
are two of the most signiﬁcant records used for monitoring volcanic activity (e.g., Scarpa and Gasparini, 1996; Sparks et al., 2012;
Pallister and McNutt, 2015; Poland and Anderson, 2020). These
records are routinely used in conjunction with ground deformation
and gas emissions records to assess volcanic unrest (e.g., Phillipson
et al., 2013; Ebmeier et al., 2018; Reath et al., 2019). Furthermore,
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combined high-temporal resolution seismic and ground-based TIR
time-series data have provided insights into eruptive behavior and
improved forecasting of active volcanoes (e.g., Ripepe et al., 2002,
2004; Sparks, 2003; Sahetapy-Engel et al., 2008; Poland and Anderson, 2020). Correlations between TIR and seismic data can also be
used to rapidly estimate the depth of the magma in the subsurface
prior to a potential eruption (Donne et al., 2010; Harris and Ripepe,
2007). For example, Tronin et al. (2004) proposed that deep earthquakes in Kamchatka produced no surface thermal anomalies, thus,
an eruption may not be imminent. Alternatively, even associated
increases in seismic and thermal activity can not result in new
eruptions (e.g., Moran et al., 2011; DeGrandpre et al., 2019; Moretti
et al., 2020). However, high temporal resolution ground-based TIR
data are not as easily available at many volcanoes and even where
these data are available, acquiring them can be hazardous. This
study builds on those investigations through the novel application
of satellite-based high-temporal (∼10 minutes) geostationary TIR
data with near global and real-time coverage. This combined application enables more insightful monitoring at many volcanoes,
including at remote volcanoes or for observatories with limited
monitoring resources.
The correlation of high temporal TIR and seismic data improves
the ability to forecast new eruptions and/or changes in ongoing
eruptions because of their sensitivity to different subsurface processes and depths. There have been numerous post-eruption studies that have successfully combined regional and local seismic data
with low Earth orbit satellite-based TIR data, at moderate spatial
resolutions ranging from ∼60 m to 1 km, to evaluate volcanic activity (e.g., Lyons et al., 2010; Coppola et al., 2020). In contrast,
high-Earth-orbit geostationary satellite data are only commonly
used in meteorologic, oceanographic, and climate science (Schmit
et al., 2018). Such high-orbit geostationary satellite use in volcanology is relatively rare because of the lower spatial resolution of
older geostationary data compared to low-Earth orbiting sensors
(Calder et al., 2004; Harris, 2013). However, more recent TIR data
acquired by geostationary satellites have improved spatial resolution and can be used to observe the thermal properties of volcanoes (Schmit et al., 2017). Applications could include detection of
large-scale warming of the ediﬁce prior to an eruption or the assessment of spatially-extensive eruption products (e.g., lava ﬂow,
ash clouds) (Ramsey and Harris, 2013; Blackett, 2017).
We highlight three prime advantages offered by geostationary
data. First, they provide high-temporal resolution (∼10 min) data,
which minimizes the effect of meteoric cloud cover. These data are
acquired almost continuously during the day/night, as opposed to
just one set time of the day/night data like all sun-synchronized
satellites. Secondly, the high temporal resolution provides a unique
opportunity to observe dynamic processes (e.g., pulsing in plumes
and movement of lava ﬂows) and develops comprehensive longterm thermal trends and forecast the impact of the eruption. The
third advantage is the far-reaching spatial coverage, which was
highlighted by data that captivated scientists and observers during the recent eruption of the remote Hunga-Tonga-Hunga-Ha’apai
volcano, Tonga. The high ﬁdelity and temporal resolution data required for weather forecasting, across both populated and remote
regions, can be harnessed by volcanologists and hazard response
agencies to quickly assess the magnitude of a new eruption, and
more importantly, to assess any precursory trends prior to that
eruption. This is especially important for more remote volcanoes
where there is no continuous ground-based monitoring to determine the scale of an eruption and the risks to local communities.
Additionally, in the case of the eruption at Hunga-Tonga-HungaHa’apai volcano, the effects of the eruption were Paciﬁc Ocean
wide and beyond, because of the resulting tsunami. The large ﬁeld
of view of geostationary-based sensors increases the detection po-

Fig. 1. Level-1 Landsat-8 image of the island of St. Vincent acquired on January 3,
2021 with channels 5 (0.865 μm), 3 (0.56 μm), 2 (0.48 μm) in red, green, blue, respectively (Data courtesy of the U.S. Geological Survey). The inset map shows the
location of St. Vincent within the Lesser Antilles (courtesy of ESRI). The regions of
interests (ROIs) deﬁne the subsets used in the thermal data processing and analysis.
The circles show the location of the seismic stations used in the analysis. (For interpretation of the colors in the ﬁgure(s), the reader is referred to the web version
of this article.)

tential of new eruptions in remote regions and the capability to
continually track the eruptive products over great distances.
This work evaluates the potential and merit to the community
of geostationary TIR data during the 2021 La Soufrière Volcano
eruption (Fig. 1). Our study concentrates on the use of geostationary satellite derived TIR data because the combination of three
meteorological geostationary satellite systems provide over 97%
coverage of volcanoes active during the Holocene period (GOES
(Schmit et al., 2017), Himawari (Bessho et al., 2016), and Meteosat (Schmetz et al., 2002)) (GVP, 2013). Additionally, these systems allow for long-term observations to be conducted over ∼5
years, which extends up to 20 years if older satellite/instrument
conﬁgurations are used. Although low-Earth orbiting TIR satellite
instrument like the Advanced Spaceborne Thermal Emission and
Reﬂection radiometer (ASTER) and Landsat Thermal Infrared Sensor (TIRS) provide other monitoring beneﬁts (higher spatial and
spectral resolution) they have temporal limitations. These can become pronounced in areas prone to cloud cover. For example,
ASTER only acquired a total of ten scenes of the summit during the entire eruption period as part of its nominal background
data collection. Of those, six were partially obscured by clouds and
only one had a clear view of the summit (Supplemental 5). There2

J.O. Thompson, R. Contreras-Arratia, K.S. Befus et al.

Earth and Planetary Science Letters 592 (2022) 117621

Fig. 2. Representative thermal anomalies detected at La Soufrière Volcano (St. Vincent, Lesser Antilles) by the ABI instrument on GOES-16 during the three main phases of
the 2020-2021 eruption (base map courtesy of ESRI). The colder temperatures on April 9, 2021 are caused by the rising ash plume.

fore, we investigate the capabilities of using geostationary TIR data
with newly-developed automated statistical algorithms to detect
volcanic thermal anomalies at high-temporal resolutions during all
phases of this eruption, hence, reducing the impact of clouds.
We explore a volcanic application of geostationary satellite TIR
data using a record of one month leading up to the effusive phase,
followed by four months leading up to the explosive eruptions of
La Soufrière Volcano in April 2021 (Fig. 1). We correlated continuous local seismic data of Saint Vincent, Lesser Antilles, with TIR
data collected by the Advanced Baseline Imager (ABI). La Soufrière
is a basaltic andesite volcano with recent prior effusive and explosive eruptions occurring in 1971-72 and 1979, respectively (Heath
et al., 1998; Cole et al., 2019). On December 27, 2020 a new eruption began with the effusion of a lava dome in the moat between
the 1979 dome and the southwest crater wall (GVP, 2021). Dome
growth continued and seismicity increased until April 9 when a series of explosive eruptions ejected ash plumes into the atmosphere
up to 16 km a.s.l. (GVP, 2021). This work investigates the variation
in surface temperature above background levels detected using ABI
data, with the goal of highlighting the increase in thermal anomalies leading up to the explosive phase. Additionally, any sporadic
or instantaneous ﬂuctuations in anomalies were analyzed. The TIR
data were compared with ground-based seismic data (mainly local
seismic event counting and Real-time Seismic-Amplitude Measurement (RSAM)) to investigate both correlation between the two data
types and validate the geostationary TIR data results. By comparing the seismic catalog, RSAM, and TIR datasets we can determine
the statistically-signiﬁcant correlations that could improve future
eruption forecasts and reduce the risk to local populations.

The radiance data are separated into surface kinetic temperature and emissivity using the Temperature-Emissivity Separation
(TES) algorithm newly modiﬁed for the ABI spectral response functions (Gillespie et al., 1998; Thompson et al., 2019). The data were
then processed to remove scenes obscured by meteoric clouds and
any non-volcanic thermal anomalies on the La Soufrière ediﬁce. To
accomplish this, we removed the 2-sigma percentile background
temperature values (ROI 1 in Fig. 1) from the ediﬁce values (ROI
2 in Fig. 1). The 2-sigma value was chosen is based on the median percentile value of erroneous scenes determined in previous
studies (Lundgren et al., 2020; Girona et al., 2021). The 1-sigma
percentile of a low pass ﬁlter of the daily above background ediﬁce data was then removed to reduce noise. The low pass ﬁlter
was also similar to prior studies using Moderate Resolution Imaging Spectroradiometer (MODIS) data (Girona et al., 2021) but uses
an asymmetric least squares approach:

Filter =



w i ( y i − zi )2 + λ

i



2 z i

2

i

where y i is the above background temperature, 2 zi is the difference operator, w i is the weighting, and λ is the time period of
calculation (24 hours in this study).
If there were no values above background, then these data
points were removed from the above background temperature
time-series. The background thermal trend in ABI data over a 10month period established a detection threshold of 0.88 K (99.97th
percentile) with a measurement uncertainty of 0.28 K at a 4-sigma
conﬁdence (Suppl. 1). The radiant heat ﬂux (φrad in W – from
Harris (2013), but can also be deﬁned as radiant power) at the
La Soufrière summit was derived from all the above background
data at each time step. It was calculated from the measured spectral emissivity (ελ ) and surface above background temperature
(T s4 − T a4 ):

2. Methods
TIR data acquired by the ABI instrument on GOES-16 were used
to develop a thermal time-series of La Soufrière Volcano (Fig. 2).
ABI acquires sixteen radiance measurements between 0.47 and
13.3 μm at 2 km spatial resolution (at the latitude of St. Vincent)
every 10 minutes (Schmit et al., 2017). We used the six TIR bands
(8.4, 9.6, 10.3, 11.2, 12.3, and 13.3 μm) that are best positioned
for ground-based data detections. The temporal resolution of ABI
enables a high-deﬁnition time series (pre-, syn-, post-eruption) of
the volcano to be established. The high-temporal resolution of ABI
is not achievable by other satellite-based TIR instruments and the
spatial extent of the instrument can allow similar analysis to be
done at nearly all volcanoes in the Western Hemisphere (Schmit et
al., 2017).

φrad =





ελ · σ T s4 − T a4



·A

(1)

where σ is the Stefan-Boltzmann constant and A is pixel area
(4 km2 ) (Harris, 2013; Thompson and Ramsey, 2020).
The seismic catalogue of local events was collected by the Seismic Research Centre at The University of the West Indies using
up to seven seismic stations on St. Vincent during the activity, recorded at sampling rates of 100 and 200 Hz. RSAM was
calculated with 10-minute windows and no overlap, at stations
3
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Fig. 3. The full temporal resolution (A) temperature anomalies, (B) radiant ﬂux, and (C) Real-time Seismic-Amplitude Measurement (RSAM) recorded for La Soufrière from
November 2020 to June 2021. TIR data were acquired from the GOES-16 ABI instrument at 10-minute intervals (width of the bars in the plots). Data were acquired continuously during this time period. The RSAM data were recorded from station SVV (Fig. 1) from January 18, 2021. The eruption phase indicator is based on reports from
UWI-SRC published by the Smithsonian Institution (GVP, 2021). The solid orange line represents the reported start of the effusive phase on December 27, 2020. The solid red
line represents the reported start of the explosive phase on April 9, 2021. Note, the lower-case letter markers indicate the data represented in Fig. 2.

SVB, SVV, and SSVA (Fig. 1). This time-series was used to correlate signals not associated with discrete seismic events (e.g., volcanic tremor). The seismic catalogue contained volcano-tectonic
(VT) swarms, long-period (LP) seismicity, and periods of quiescence (GVP, 2021). Although VT seismic swarms were recorded
by the majority of the stations, most superﬁcial and LP seismicity could only be observed in the 1-2 closest stations because of
small amplitudes; therefore, event counts are considered the most
reliable data with respect to completeness. Additionally, the number of seismic events per day provides the best correlations and
validation of the TIR data. The use of seismic counts as a quantitative dataset are routinely used for activity assessments at volcano

observatories, especially in underfunded institutions (Sparks et al.,
2012; Syahbana et al., 2019).
3. Results
3.1. Thermal
The ABI data from November 15, 2020 until June 7, 2021 were
processed to evaluate the temperature and radiant heat ﬂux at
La Soufrière (Fig. 3). The ﬁrst signiﬁcant thermal anomaly (>0.9 K
above background) occurred on December 13, 2020, with a second
on December 22, 2020. These appeared 14 and 5 days, respectively, prior to the ﬁrst visual observation of a lava dome in the
4

J.O. Thompson, R. Contreras-Arratia, K.S. Befus et al.

Earth and Planetary Science Letters 592 (2022) 117621

Fig. 4. The total daily (A) temperature anomalies, (B) radiant ﬂux, and (C) seismic events recorded for La Soufrière from November 2020 to June 2021. The seismic events
were determined from the seven local ground stations (Fig. 1). The solid orange line represents the reported start of the effusive phase on December 27, 2020. The solid red
line represents the reported start of the explosive phase on April 9, 2021. Note, the lower-case letter markers are referenced in the main text.

crater (GVP, 2021). The ﬁrst thermal anomalies detected by the
Fire Information for Resource Management System (FIRMS) that
uses satellite data from the low-Earth orbiting MODIS and the Visible Infrared Imaging Radiometer Suite (VIIRS) sensors, were on
December 27, 2020 (e.g., Davies et al., 2009) (Suppl. 2-4). Thermal anomalies were likely not observed prior to this because of
cloudiness at the summit. In fact, MODIS data reveal cloudiness on
the summit from November 15, 2020, with partial cloudiness on
December 1, 6, 15, and 16 (from Google Earth Engine). Interestingly, ASTER observed a ﬁrst thermal anomaly during an overpass
on December 10, 2020 (Suppl. 5). The instantaneous radiant ﬂux
from the ABI data rose to 60 MW during the precursory activity
period from November 15, 2020 until December 27, 2020, with
the highest ﬂux on December 13, 2020. Additionally, Interferomet-

ric Synthetic Aperture Radar (InSAR) data estimated 60 mm line of
sight shortening between December 19 and 31, 2020 (GVP, 2021).
Larger thermal anomalies associated with the dome growth
were detected on January 3 and 8, 2021, with maximum temperatures above background of ∼3.0 K and ∼6.5 K, respectively
(Fig. 3). The total radiant ﬂux associated with these anomalies
were ∼70 MW and ∼110 MW. The lack of large thermal anomalies
immediately after December 27, 2020, is likely a result of intermittent cloud cover and were veriﬁed through MODIS data (from
Google Earth Engine). However, there are small thermal anomalies during this period, which are validated by FIRMS (Davies et al.,
2009) and ASTER data (Suppl. 2-5). During the next four months,
the weekly average of total daily above background temperature
anomalies remained at least 2 K higher than the mean observed in
5
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Fig. 5. Pearson correlation between the daily total temperature above background and seismic events over a 4-, 7-, and 14-day period. Values closer to -1 and 1 indicate
stronger correlation. The percent of poor correlation remains consistent during all three phases (∼35%) in the 7-day correlation. The percentage of strong correlation increases
during the phases of the activity from 10% (precursory), 15% (effusive), to 28% (explosive) in the 7-day correlation window.

December (Fig. 4). The four-week average increased from 5.3±2.9
to 13.6±10.0 K (2-σ ), prior to the explosive phase. Additionally,
transient radiant heat ﬂux events above ∼60 MW and lasting ∼2
to 18 h were recognized sporadically after mid-January (Fig. 3).
During this time, the dome growth rate varied from 0.95 to 2.67
m3 s−1 (GVP, 2021). Notable thermal anomalies occurred on January 29, February 14, March 13, March 14, April 2, and April 5
(Fig. 3 and 4; markers ‘b’ – ‘f’).
Twenty-ﬁve days prior to the start of the explosive phase on
April 9, 2021, the total daily temperature anomalies reached >30
K (Fig. 4; marker ‘d’), with weekly averages reaching 30.6±14.9 K
(2-σ ) four days prior to the explosive phase. These temperatures
had not been observed since the initial lava dome growth in early
January (Figs. 3 and 4; marker ‘a’). From March 13, the total daily
radiant heat ﬂux also increased (∼300 MW), similar to the rise observed during the initial dome growth period (Fig. 4). The weekly
average increased dramatically from 8.7±5.5 to 192±16 MW (2-σ )
in the three weeks leading up to the explosive phase. The three
highest total daily radiant heat ﬂux periods prior to the explosive
phase occurred on March 14 (∼350 MW), April 2 (∼210 MW), and
April 5 (∼200 MW) (Fig. 4b; markers ‘d’, ‘e’, ‘f’, respectively).
The explosive phase initially obscured surface TIR data, as a result of the spreading, ash-rich eruptive plume (Fig. 3). ABI image
data shows that these obfuscations lasted for minutes to hours
and occurred sporadically during the explosive phase, for example, transient eruptive plumes on April 9 at 13:00, 14:40-21:30,
and 23:00 UTC and on April 10 at 01:00 and 11:00-21:20 UTC.
When unobscured, instantaneous thermal anomalies peaked at >8
K above the background with an associated total radiant heat ﬂux
of >140 MW (Fig. 3). Large anomalies (daily totals >30±12 K (2-σ )
and >100 MW) persisted for ∼9 days after the initial explosive
eruption (Fig. 4). During the next month, the thermal anomalies
remained high, peaking at weekly averages of ∼33±7 K (2-σ ) and
∼280±170 MW (2-σ ) in late April. From the middle of May, the
weekly average of total daily above background temperatures decreased to similar values observed during effusive phase (∼15 K),
whereas the heat ﬂux values ﬂuctuated dramatically (50-300 MW)
(Fig. 4).

in seismicity occurred on January 29, February 8, February 20,
March 15, March 23, and April 5 (Fig. 4c). These increases persisted
for 1 to 3 days. During the initial explosive phase seismicity decreased (∼100 events), but that reduction was likely caused by the
intense tremor masking the signal of individual earthquakes. This
is conﬁrmed in the RSAM data (Fig. 3c), which show the greatest
amplitude (0.1 mm s−1 ) on April 10-11, 2021. The maximum number of daily seismic events were observed on April 14, 2021 (647
events). Activity remained high (>200 events) for the next nine
days before decreasing to <50 events at the end of April. Seismicity continued to decrease through May and June, with a range of
5 to 15 events per day. This activity remained elevated compared
to the period prior to the start of the effusive phase in December
2020.
4. Discussion
The correlations between the TIR and seismic data during
the La Soufrière eruption provide an opportunity to infer magmatic and volcanic processes. Both datasets are sensitive to the
presence of magma, although they record separate aspects of
that magma’s behavior (e.g., cooling versus movement). Positivelyand negatively-correlated data should be expected during many
episodes of the eruption. For example, we observe signiﬁcant thermal events that lack associated seismicity during the eruption and
vice versa (Fig. 5). The lack of correlation is particularly informative because it indicates volcanic processes that result in dissimilar
feedback, although we acknowledge that it could be attributed to
cloudy scenes not completely removed from the database prior to
the analysis.
To quantify the magnitude and relationship of this correlation
(positive or negative), Pearson correlation coeﬃcients were calculated between total daily temperature above background and
total daily seismic events (Fig. 4). The Pearson correlations were
computed at 4-, 7-, and 14-day intervals to both determine the
signiﬁcance of the correlation at each date and evaluate how the
relationship changes over time. For example, there may be a time
delay between a seismic event and increase in thermal output that
is not seen in a 4-day correlation, but is over 14-days. A correlation close to 1 or -1 indicates a strong correlation that is either
positive or negative, respectively. A value close to 0 indicates a
poor correlation, with larger time-period windows typically having
poorer correlations.
Prior to the start of the effusive phase on December 27, 2020,
the TIR data revealed a small increase during December, whereas
the seismic data had limited changes (Figs. 4 and 6). Minor seismicity (<8 events) did occur in mid-to-late December, but ultimately resulted in poor correlation with the thermal data (Fig. 5).
The lack of seismicity during the pre-eruption phase suggests very
little fracturing of the country rock or magmatic self-brecciation
during dike propagation. Increased thermal output during this

3.2. Seismicity
There was minor seismic activity in December (<2 events day−1
on average) and minimal activity (<0.6 events day−1 ) detected during the initial (∼20 days) effusive phase of the eruption. The ﬁrst
notable increase in seismic activity was detected on January 17,
2021 with 60 events recorded (Fig. 4c). After that, seismicity generally increased steadily, at a rate of approximately 4 events per
day, until the initiation of the explosive phase of the eruption.
However, at the end of March, seismicity decreased prior to increasing signiﬁcantly again (at a rate of ∼30 events day−1 ) during
the buildup to the start of the explosive phase. Transient increases
6
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tion at depth where thermal anomalies do not propagate to the
surface quickly and/or with suﬃcient intensity to be detected using
the ABI data. This is supported by FIRMS data that reveals a lack of
thermal anomalies detected by MODIS between January and April
and by VIIRS in the middle of January and beginning of February
(Suppl. 2-4).
Seismicity then increased from January 17 until mid-March. The
increase in both the TIR and seismic data could indicate that a
signiﬁcant volume of magma was migrating within the subsurface and lava dome building processes (e.g., crystallization and
outgassing) were occurring during that interval (Fig. 4). However,
dome surveys indicate the growth was mostly constant during this
period (GVP, 2021). Over these few months, the correlation steadily
increased from -0.2±0.1 to 0.8±0.1 in all of the correlation timeperiod windows (Fig. 5). High-frequency variability in correlation
was observed, particularly in the most sensitive four-day window.
High-frequency variability is likely related to meteoric inﬂuences
(e.g., intermittent cloud cover obscuring the thermal measurements) or non-related feedbacks between seismicity and thermal
output during an interval (e.g., deep seismic events).
By the end of March (24th to 31st ) there was a marked reduction in both seismicity and heat ﬂux between two VT seismic
swarms: with the ﬁrst consisting of 212 events between March 22
and 24 and the second consisting of 465 events between April 4
and 6 (Figs. 3 and 4). This reduction reached the minimum of 15
events on March 29 (Fig. 4c), which coincided with a RSAM peak
of ∼0.02 mm s−1 (Fig. 3c). Both datasets preserve a similar trend
(correlation >0.5), demonstrating a probable decrease in magmatic
activity that induced thermal and seismic feedbacks (Fig. 5). This
decreasing trend is in contrast to the increasing trends observed
from January until the end of March and could indicate a reduction of magma migrating within the ediﬁce. This hiatus may also
be explained by the sealing-pressurization-explosion model, where
a magma plug seals the conduit, followed by a buildup in pressure before an explosive phase (Roman et al., 2016). However, this
model is usually linked to immediate explosions after the quiescence, which was not observed here (∼2 weeks after).
During the latter effusive phase, VT seismic swarms and thermal anomalies correlate strongly (<-0.8), especially on March 23,
April 5, and April 7 (Figs. 5 and 7). The increases in April were associated with an increase in observed extrusion rates on April 6
(GVP, 2021). Both TIR and seismic data detected and corroborated
observations of precursory activity prior to the initiation of explosive eruptions at La Soufrière. The correlation was poor immediately leading up to the explosive phase over the 14-day window
and moderately strong in the 4- and 7-day windows (Fig. 5). This
result ﬁnds that the long-term correlation between the thermal
and seismic activity was inconsistent (for processes taking around
14 days), with some disconnect between feedbacks. This implies
that TIR and seismic data can record processes that occur over
short time spans (hours). Therefore, correlations over large time
periods (weeks) will decrease if erratic/dynamic processes are occurring within a volcanic system. There is a decrease in anomalies
in the hours leading up to the explosive eruptions (Fig. 7), which
is similar to the trend observed prior to the effusive phase (Fig. 6).
The start of explosive phase was marked by an increase in seismicity, RSAM, and TIR emission (Fig. 7). These increased intensities
persisted over the next nine days as multiple explosive eruptions
occurred. Lower than expected TIR anomalies were detected during the ﬁrst few hours of the ﬁrst explosive phase because the
cold rapidly expanding eruption column was obscuring the high
thermal anomalies on the surface of the summit. Correlation improved during the subsequent nine days, especially in the four- and
seven-day windows (>0.8). Episodes of poor correlation again can
be attributed to transient cloud cover and volcanic plumes obscuring the surface detection in the TIR data (Fig. 5). ABI image data

Fig. 6. The 10-minute interval (A) temperature anomalies and (B) radiant ﬂux data,
along with the total daily (C) seismic events recorded for La Soufrière from December 12, 2020 to January 13, 2021. The solid orange line represents the reported start
of the effusive phase on December 27, 2020.

phase likely reﬂects elevated surface and groundwater temperatures in the top tens of meters of the subsurface (Benz et al.,
2017; Girona et al., 2021). ASTER data, for example, show a lowertemperature thermal anomaly (∼294 K) at the summit as early
as December 10, 2020, which is likely because of increasing fumarole temperatures (Suppl. 5). The increase in thermal anomalies
detected in the ABI data on December 13-14 and 21-23 with minor seismicity (Fig. 3, 4, and 6) and surface shortening (InSAR;
GVP, 2021), could also suggest the migration of magma close to
the surface or increased fumarole activity during these periods,
prior to the ﬁrst eruption conﬁrmation on December 27, 2020. Unfortunately, MODIS data (from Google Earth Engine) are unable to
conﬁrm the size and temperature of these thermal anomalies due
to cloudiness during overpasses.
The effusive dome-building phase was seismically quiet for the
ﬁrst three weeks (Fig. 6), whereas there was signiﬁcant TIR activity during that time. The dome growth rate was estimated between 0.95 and 1.9 m3 s−1 , during this time. On January 17 the
LP seismicity, typically associated with magma ascent, increased
dramatically as the dome growth rate increased to 2.67 m3 s−1
(GVP, 2021) (Fig. 3 and 4). LP rupture occurs when the strain rate
exceeded a threshold value in the conduit (Neuberg et al., 2006)
or a magma plug was acting as a fault surface against the conduit walls (Iverson et al., 2006); thus, theoretically, a close link
between LP seismicity and thermal variations is expected. Thermal
output also increased during this period, resulting in very strong
(>0.7) correlation in early and later January over the four-, seven-,
and fourteen-day windows (Fig. 5). The poor negative correlation
observed in the middle of January was likely a result of the thermal output decreases after the initial effusion and cooling of the
summit lava dome (Fig. 5) (GVP, 2021). Additionally, the elevated
seismicity without thermal increases could indicate magma migra7
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ters where no thermal feedback is observed on the surface quickly
(Girona et al., 2021). If volcanic seismicity increases with no corresponding change in thermal measurements over a few hours to
a few days’ time-period window, then it is likely the seismicity is
related to a deep process and magma is more than tens of meters
below the surface (Girona et al., 2021). Such observations would
be of particular value for monitoring at remote volcanoes or for
observatories with limited monitoring resources. We acknowledge
the occurrences of no thermal signal with elevated seismicity can
also be attributed to cloudiness obscuring the thermal anomalies
if those scenes are not completely screened and removed from the
dataset. However, with the high cadence of the ABI data, transient
clouds become far less of a problem. If the signal is not modiﬁed by clouds, then the thermal and seismic record could be used
to infer the depth of seismic events where data from even a single seismic station is available. The ability to rapidly estimate the
depth of seismic events can be critical for eruption prediction assessments.
The combined thermal and seismic analysis developed and discussed here could provide useful insights into eruptive behavior at
other volcanoes around the world, especially where there is limited
monitoring infrastructure. At a minimum, the method requires a
single seismometer that can resolve frequencies in the range 0.5 –
10 Hz, because of the frequency content of LP and VT events, with
satellite-based high-temporal resolution thermal infrared data. Ideally the seismic station should be proximal (<2 km) to the volcano but even non-volcano focused stations <20 km away could
still provide useful data from seismic networks with other objectives (Wassermann, 2012). Currently, ∼200 volcanoes are seismically monitored (Sigurdsson et al., 2015). This represents only
about one-third of the historically active volcanoes, however there
are likely many more volcanoes with a broadband seismic station
within 20 km. Geostationary weather satellite systems with TIR instruments, including GOES (Schmit et al., 2017), Himawari (Bessho
et al., 2016), and Meteosat (Schmetz et al., 2002) together provide
near-worldwide high-temporal resolution thermal data (∼10 minutes). Over 97% of volcanoes with eruptions during the Holocene
period fall within the spatial coverage of geostationary satellites
(GVP, 2013). These satellite systems have also been active since the
2000s with recent instrument upgrades over the latter half of the
2010s. Therefore, these infrared datasets could be used to establish the long-term volcanic thermal trends at almost all volcanoes
worldwide, which could be further improved with less frequent infrared datasets from other instruments.
Despite such promises, some limitations should be considered
before this method is applied elsewhere. First, the low spatial resolution of geostationary data will cause smaller, lower intensity,
and/or highly transient thermal anomalies to go undetected. This
means some smaller eruptions or fumarolic activity may not be
identiﬁed. Second, the nature of geostationary satellite data produces non-uniform spatial resolution across the scene, with even
lower spatial resolution at the edge of the ﬁeld of view. Additionally, the lower angle of incidence at the edge of the ﬁeld of
view will also reduce the radiant transmission of energy to the
instrument detector (Ball and Pinkerton, 2006), resulting in artiﬁcially lower thermal anomalies being recorded. Finally, the speciﬁcation/conﬁguration of the seismic stations is inconsistent globally,
which could result in different processing requirements (Wassermann, 2012). Nevertheless, we see the method outlined here as a
meaningful advance in volcano monitoring and analysis that is viable at many volcanoes worldwide. The requirement of only one
nearby seismic station and freely available geostationary data enables this analysis for volcanoes that have underdeveloped monitoring networks and/or are located proximally to dense populations, where risks are high.

Fig. 7. The 10-minute interval (A) temperature anomalies and (B) radiant ﬂux data,
along with the total daily (C) seismic events recorded for La Soufrière from March
30, 2021 to April 20, 2021. The solid red line represents the reported start of the
explosive phase on April 9, 2021.

conﬁrmed cloud cover and volcanic plumes on April 9 at 13:00,
14:40-21:30, and 23:00 UTC and on April 10 at 01:00 and 11:0021:20 UTC. The poor correlation in the 14-day window is a consequence of the rapidly ﬂuctuating thermal measurements, with high
values when the summit is observed and very low values when
the explosive eruptions produce high plumes that rapidly cool in
the higher atmosphere. Multiple transient explosive eruptions occurred over the ﬁrst 2-3 days of the explosive phase; thus, these
were also poorly represented in the 14-day correlation window.
The 14-day window is more adept at representing the long-term
increase in seismicity and thermal output in the months leading
up to the explosive eruptions.
After the eruptions ceased, both the seismicity and thermal output decreased gradually but did not return to background levels
until the middle of June. Seismic and thermal intensities decayed
at different rates (10 and 28 days, respectively). The differences in
decays are quantiﬁed in the correlations using all the time-period
windows but the 14-day window shows this with most clarity
(Fig. 5). The Pearson correlation slowly increases from -0.3 at the
start of May to 0.1 in late May. From late May the correlation increases more rapidly to >0.8 by the middle of June. This initial poor
correlation with higher thermal anomalies is suggested to be the
result of slow cooling of magma in the shallow subsurface, as well
as cooling of the remnants of the lava dome and new pyroclastic
deposits. As these materials cooled, the thermal anomalies subsided, resulting in an increase in correlation with seismicity again.
During the pre-eruptive and effusive phase of La Soufrière, the
periods of elevated seismicity without changes to thermal output likely indicate magmatic and volcanic processes occurring at
depth. In these intervals with Pearson values near -1 (Fig. 5), the
causal processes were occurring at depths greater than tens of me8
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5. Conclusions

the seismic data. We are grateful for the constructive and insightful comments from the Editor Dr. Chiara Maria Petrone and two
anonymous reviewers.

Data acquired from a geostationary orbit is able to detect highfrequency, large thermal ﬂuctuations far better than low Earth orbiting instruments. These data have a cadence more comparable
to that of ground-based data such as seismic. The simultaneous
use high temporal resolution geostationary TIR and seismic data
provide an important record of the eruption at La Soufrière Volcano from November 2020 until June 2021. Both datasets show an
increase in activity culminating with the explosive eruptions on
April 9, 2021. The thermal data increase several weeks prior to
any seismic detections. Differences between datasets are used to
infer different volcanic or magmatic processes, these differences
are a strength of the integration of these datasets. For example, difference in seismic and thermal feedbacks could indicate
the depth of magma migration and process of dike propagation.
Even with single-station seismic data, the correlation with TIR
data enables us to quickly estimate an approximate value for the
depth of the hypocenters and magma location (Girona et al., 2021).
These interpretations and precursory indicators could possibly be
improved further through the incorporation of other datasets, including ground deformation and gas emission data (e.g., Phillipson
et al., 2013). However, this work focuses on the merit of hightemporal (10 minute) thermal analysis using a newly developed
automated process to detect and interpret anomalies during all
phases of an eruption and correlate these with seismic data. The
radiant heat ﬂux acquired from geostationary TIR data peaked at
∼167 MW, which correlated with seismic activity at 647 events
per day. The correlation between the TIR and seismic data indicates
some volcanic processes can be recognized during both pre- and
syn-eruption (e.g., magma migration). Compiling a more extensive
temporal thermophysical record of volcanoes will allow the rapid
detection of statistically signiﬁcant divergences from those records.
The recent eruption of Hunga-Tonga-Hunga-Ha’apai volcano, is an
additional example of where this analysis is being applied, to aid in
syn-eruption understanding and hazard assessments for even the
most remote and inaccessible volcanoes.
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