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SO, emissions during the 2021 eruption of La Soufriere,
St Vincent, revealed with back-trajectory analysis of
TROPOMI imagery
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Abstract: Determining SO, emission time-series from explosive eruptions can provide important insights into
the driving magmatic processes, however accurate measurements are difficult to collect. Satellite-based plat-
forms provide SO, imagery, however translating this to the altitude- and time-resolved emission history
required to unravel volcanic processes is a major challenge. This means SO, emission time-series are rarely
quantified for major eruptions, producing a gap in our understanding of explosive volcanism.

Here, we combine SO, imagery collected by the TROPOspheric Monitoring Instrument (TROPOMI) with
PlumeTraj, a back-trajectory analysis toolkit, to reconstruct the SO, emission prior to, and during, the explosive
eruption of La Soufriere volcano, St Vincent, in April 2021. Precursory SO, emissions were quantified the day
before the eruption, with emission rates in agreement with ground-based measurements. We estimate initial
magma sulfur contents by comparing the measured SO, emissions with erupted magma volumes, finding
that the initial explosion was sulfur poor (730 ppm S) compared to the main eruption phase (up to 3400 ppm
S). This suggests that the initial explosion cleared old, previously degassed magma resident in the shallow
plumbing system, followed by the eruption of the main, mostly un-degassed magma source.

Supplementary material: A supplementary figure showing the standard TROPOMI outputs for the days ana-
lysed is available at https://doi.org/10.6084 /m9.figshare.c.6474314
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Explosive volcanic eruptions are driven by the exso-
lution and expansion of volatile species during
magma ascent, leading to fragmentation into volca-
nic ash and the formation of large eruption columns
(Sparks and Wilson 1982). Explosive eruptions can
be extremely dangerous, with pyroclastic density
currents, ash fall and volcanic ballistics amongst
the possible hazards. These pose a threat to life and
can damage or destroy local critical infrastructure,
including housing, transportation, electricity, and
agriculture (Wilson et al. 2012). The energy
imparted to the buoyant eruption column can allow
explosive eruptions to inject reactive gases, aerosols

and aerosol precursors into the upper troposphere
and lower stratosphere. This greatly lengthens their
residence time in the atmosphere from the order of
a week to the order of a year (Karagulian er al.
2010) and increases their climate-altering potential
(Robock 2000; Stothers 2009; von Glasow et al.
2009).

For these reasons, it is vitally important to cor-
rectly identify precursory signals and understand the
driving processes for explosive volcanism to provide
the best information to policy-makers and emergency
organizations in the event of a major eruption (Sparks
and Aspinall 2004). Volcanic gas measurements are a

From: Robertson, R. E. A., Joseph, E. P, Barclay, J. and Sparks, R. S. J. (eds) The 2020-21 Eruption of La Soufriére
Volcano, St Vincent. Geological Society, London, Special Publications, 539,

https://doi.org/10.1144 /SP539-2022-77

© 2023 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0/). Published by The Geological Society of London.

Publishing disclaimer: www.geolsoc.org.uk/pub_ethics


http://crossmark.crossref.org/dialog/?doi=10.1144/SP539-2022-77&domain=pdf
http://orcid.org/0000-0003-0069-0251
http://orcid.org/0000-0003-3779-4812
http://orcid.org/0000-0001-5734-0549
http://orcid.org/0000-0003-2713-5397
http://orcid.org/0000-0002-5968-5070
http://orcid.org/0000-0002-4836-8715
http://orcid.org/0000-0002-3794-5302
http://orcid.org/0000-0003-2192-3616
mailto:benjamin.esse@manchester.ac.uk
https://doi.org/10.6084/m9.figshare.c.6474314
https://doi.org/10.6084/m9.figshare.c.6474314
https://doi.org/10.1144/SP539-2022-77?ref=pdf&rel=cite-as&jav=VoR
https://doi.org/10.1144/SP539-2022-77?ref=pdf&rel=cite-as&jav=VoR
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.geolsoc.org.uk/pub_ethics

Downloaded from https://www.lyellcollection.org by University of Manchester Library on Oct 04, 2023

B. Esse et al.

key element in volcano monitoring strategies, as
changes in the emission rate and composition of the
emitted gases reflects the magma eruption rate and
magma dynamics (Fischer ez al. 1994; Dutffell et al.
2003; Sparks 2003; Burton et al. 2007; Oppenheimer
et al. 2011). Sulfur dioxide (SO,) is the usual target
species for gas emission rate quantification as it is typ-
ically the third most abundant gas in volcanic emis-
sions (after CO, and H,O) but has a negligible
background atmospheric concentration (Symonds
et al. 1994). Combined with absorption features at
UV and IR wavelengths, this means that SO, is rela-
tively easy to detect and quantify, making it a useful
tracer for volcanic activity (Fischer et al. 1994; Bur-
ton et al. 2009; Platt et al. 2018; Salerno et al.
2018). Satellite remote sensing is particularly useful
for volcano monitoring due to the wide (often global)
spatial coverage of satellite instruments (Carn et al.
2016, 2017). This allows measurements of volcanoes
without a dedicated ground-based gas-monitoring
network, which is especially useful for remote or
hard to access volcanoes.

Knowledge of the SO, emission rate time-series
is critical in understanding the volcanic processes
at play during an explosive eruption, but it is notori-
ously difficult to measure (Krotkov er al. 1997).
Ground-based monitoring networks or traverse mea-
surements are designed for passive degassing where
the plume is preferably ash-free, at a relatively low
altitude and advected into the ambient wind field.
However, during explosive eruptions the plume is
usually ash-rich and at a much higher altitude (some-
times reaching the stratosphere), often making accu-
rate emission rate quantification from the ground
impossible. Additionally, the hazards posed by an
explosive eruption, for example from pyroclastic
density currents, heavy ash fall or ejected volcanic
ballistics, mean that monitoring networks can be
damaged or destroyed, while manual ground-based
measurements of gas emission rates can be too
risky to conduct. Finally, most SO, monitoring net-
works utilize sunlight to quantify the emission rate,
so measurements are restricted to daylight hours.

Because of the difficulties in quantifying gas
emission rates from the ground during explosive
activity, it is more common to use satellite imagery
for major eruptions. Satellite-based instruments
have a much lower spatial resolution than ground-
based observations (typical pixel sizes of a few to
tens of kilometres) and, depending on the orbit-type,
have a lower temporal resolution (sub-hour to daily
images). However, the coverage of such instruments
is much greater, meaning it is easier to capture the
entire eruptive plume. This means that the gas-
loading from explosive eruptions is easier to quantify
from satellite imagery than from the ground. Satellite
observations of volcanic SO, have been available for
several decades, with the Nimbus 7 Total Ozone

Mapping Spectrometer (TOMS) detecting passive
sulfur emissions from Ambrym volcano, Vanuatu
in 1978 (Bani ez al. 2009) and explosive SO, plumes
from the 1982 eruption of El Chichén, Mexico
(Krueger 1983). Several satellite instruments have
been used to detect and quantify volcanic emissions
(Carn et al. 2016), with the most recent advance
delivered by the European Space Agency’s (ESA)
TROPOspheric Monitoring Instrument (TROPOMI)
(Veetkind et al. 2012). This instrument provided an
order of magnitude increase in the spatial resolution
over the previous state-of-the-art one, the Ozone
Monitoring Instrument (OMI) (Levelt er al. 2006),
opening new frontiers in monitoring volcanic degas-
sing from space (Theys et al. 2019). Although satel-
lite SO, imagery provides useful information on the
distribution of SO, in the atmosphere, it does not
directly quantify the emission history of the volcano.
This is especially the case for longer-duration erup-
tions, where a single satellite image may encompass
multiple days’ worth of emissions. For this reason,
additional analysis is required to determine this
essential information (Theys er al. 2013).

La Soufriere volcano (13.33° N, 34.18° W, sum-
mit elevation 1220 m a.s.l.) on the island of St Vin-
cent has a long history of explosive volcanism
(Cole et al. 2019). The most recent explosive erup-
tion began on 9 April 2021 after just over three
months of effusive lava dome growth, leading to a
sequence of explosive eruptions that lasted until 22
April (Global Volcanism Project 2021). The erup-
tion displaced over 16 000 people and caused wide-
spread damage to houses and other infrastructure in
the NW of the island, though a timely evacuation
prevented casualties. Ash produced by the explo-
sions fell on numerous islands in the region, includ-
ing the Grenadines, Barbados, and Saint Lucia,
leading to closures at the Argyle International Air-
port in St Vincent and the Grantley Adams Interna-
tional Airport in Barbados. The resulting eruption
plumes mostly dispersed to the east over the Atlantic
Ocean, where the emissions could be tracked for sev-
eral days around the globe.

Here, we combine SO, imagery from TROPOMI
with PlumeTraj, a back-trajectory analysis toolkit
(Pardini et al. 2017, 2018; Queiler et al. 2019; Bur-
ton et al. 2021), to infer the SO, emission time-series
of La Soufriere during the onset of the explosive
activity (8-11 April 2021) and compare with erup-
tion timings from Real-time Seismic Amplitude
Measurement (RSAM) data available throughout
the eruption. Although activity continued after this
date, measurements of the SO, emissions were com-
plicated as previously emitted SO, recirculated
above the volcano and overprinted fresh emissions,
making identification of newly erupted gas impossi-
ble with our method. We also combine erupted
magma volumes from Sparks et al. (2023) with the
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calculated SO, emission rates to determine the evo-
lution of the initial magma sulfur content during
this phase.

This paper demonstrates the ability of TROPOMI
for near-real-time monitoring of ongoing eruptive
processes as, although the analysis presented here
has been applied after the event, the data required
are available in near-real time and the analysis can
be applied rapidly given sufficient computational
power (the exact requirement varies with the extent
and altitude of emissions). Therefore, the steps out-
lined here could be applied to a future volcanic erup-
tion to provide timely, 24-hour SO, emission-rate
measurements, supporting other real-time or
near-real-time data streams, such as geophysical
data or rapid geochemical analysis (e.g. Gansecki
et al. 2019). We highlight that high temporal (sub
daily) resolution gas emission time-series for
strongly explosive eruptions have been reported
only rarely (e.g. Moxnes et al. 2014; Pardini et al.
2018).

Data and methods
TROPOMI

TROPOMI is a hyperspectral imaging instrument
and the sole payload of the ESA’s Sentinel-5P satel-
lite. Sentinel-5P is in a Sun-synchronous polar-orbit
with a local (ascending) equatorial overpass time of
13:30. It launched on 13 October 2017, with scien-
tific data available from May 2018. TROPOMI has
a swath width of 2600 km, providing near-global
daily coverage. The sensor is composed of four
hyperspectral detectors covering wavelengths from
the ultraviolet (UV; 270 nm) to the short-wave infra-
red (2385 nm) in eight bands (Veetkind ez al. 2012).
Retrievals of SO, are achieved using the UV and
UV-visible spectrometers (specifically bands 2 and
3, covering 300-320 nm and 320-405 nm, respec-
tively), which have a spatial resolution of up to 5.5
x 3.5km at nadir (along-track x across-track,
upgraded from 7.0 x 3.5 km from 6 August 2019)
and a spectral resolution of 0.50-0.55 nm (Full
Width Half Maximum) (Theys et al. 2019). The
high spatial resolution of TROPOMI is a significant
improvement over OMI, which had a spatial resolu-
tion of ¢. 24 x 13 km at nadir (de Graaf er al. 2016).

This study utilizes the offline Level 2 SO, data
product (processor version 02.01.04), which is freely
available through the ESA-Copernicus Sentinel-5P
Pre-Operation Data-Hub (https://s5phub.coperni
cus.eu). SO, slant column densities (SCDs) are
retrieved using Differential Optical Absorption
Spectroscopy (DOAS) using ground-reflected solar
UV light as the light source (Platt and Stutz 2008;
Theys et al. 2017). The SCD is then converted to a
vertical column density (VCD) by dividing the

SCD by a computed air mass factor (AMF) which
combines geometrical and radiative transfer correc-
tions (Palmer ez al. 2001). However, knowledge of
the SO, vertical profile is required to calculate the
AMEF, which is not known at the time of measure-
ment. For this reason, four VCD values are calcu-
lated and reported, one for a polluted scene within
the planetary boundary layer and three 1 km thick
box profiles covering: 0—1 km above ground level,
6.5-7.5km above sea-level and 14.5-15.5km
above sea-level. The box profiles are referred to as
1,7 and 15 km VCDs in the TROPOMI documenta-
tion, which we will adopt from here onwards

One important factor for measurements of volca-
nic SO, plumes is the role of volcanic ash. The pres-
ence of volcanic ash in the plume can significantly
degrade the retrieval process as it makes the plume
optically thick; however, this process is not well
understood. Andres and Schmid (2001) report that
volcanic ash typically leads to an underestimation
of SO, for UV correlation spectrometer (COSPEC)
measurements, while Prata and Kerkmann (2007)
raise the possibility of ash initially trapping SO,,
blocking it from view. Therefore, SO, retrievals in
the presence of significant volcanic ash concentra-
tions should be treated with caution.

PlumeTraj toolkit

The Level 2 SO, data product from TROPOMI cap-
tures the horizontal distribution of SO, in the atmo-
sphere at the time of overpass. Reconstruction of an
emission rate time-series from these data requires
knowledge of the plume altitude at the time and loca-
tion of measurement by the satellite, needed to accu-
rately calculate the VCD, as well as the injection time
and altitude from the volcano. There are several
methods available to achieve this (Theys er al
2013). Here we use a back-trajectory approach,
known as PlumeTraj, to retrieve this vital informa-
tion (Pardini et al. 2017, 2018; Queiler et al. 2019;
Burton et al. 2021). The steps in this approach are
outlined here and are displayed in Figure 1.

The raw SO, data from TROPOMI are first fil-
tered for pixels with a VCD value above three
times the reported random noise. These pixels are
then filtered again, taking only those with at least
two neighbouring pixels that also pass the noise
threshold. This is done to select plume pixels while
ignoring lone pixels that happen to be above the
noise threshold.

The filtered pixels are then taken forward for the
back-trajectory analysis. All trajectories are calcu-
lated with the Hybrid Single-Particle Lagrangian
Integrated Trajectory (HYSPLIT) dispersal model
(Stein er al. 2015) using the National Oceanic and
Atmospheric Administration (NOAA) Global Fore-
cast System (GFS) 0.25° global meteorological
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Fig. 1. Overview of the PlumeTraj methodology,
outlining the main steps in the back-trajectory analysis.

data from the National Centers for Environmental
Prediction (NCEP, available from https://www.
ready.noaa.gov/archives.php). The GFS data used
have a temporal resolution of 1 hour and have 55 ver-
tical pressure layers (https://www.ready.noaa.gov/
data/archives/gfsOp25 /readme_gfsOp25_info.txt,
accessed 12 June 2022). HYSPLIT has a model out-
put timestep of 10 minutes and interpolates the GFS
meteorological data down to the requested time
and position for each trajectory step. For each
pixel, back-trajectories are launched at multiple alti-
tudes from the TROPOMI pixel centre position. The
exact altitude grid used depends on the application;
in this case altitudes from 0.5-20 km a.s.l. were
used at a spacing of 0.1 km. The trajectories are cal-
culated 24 hours back in time under most
circumstances

Due to wind shear in the atmosphere, the wind
direction at a given location will vary with altitude.
This means that trajectories initialized from the
pixel location will follow different paths depending
on the altitude at which they start. If the trajectories
for a pixel return to the target volcano, the closest
approach distance of each trajectory to the vent
will vary as a function of altitude due to the different
paths they take. For a given pixel, a ‘signed’ closest
approach distance is calculated as a function of tra-
jectory initialization altitude, where the sign is nega-
tive to the left of the volcano and positive to the right.
Here, left and right are defined with respect to the

pixel-volcano vector. The correct plume altitude
can then be found by calculating the trajectory ini-
tialization altitude at which a trajectory would pass
directly over the volcano. A level of uncertainty is
introduced into this as the pixels have a finite size,
therefore an uncertainty range in altitude is calcu-
lated by considering the range of altitudes around
the retrieved pixel altitude that have trajectories
that pass within a pixel’s width of the volcano. The
plume altitude and uncertainty bounds are calculated
by a linear interpolation between the calculated
trajectories.

Once the plume altitude has been computed, three
final trajectories are calculated for each pixel, initial-
ized at the retrieved altitude and the upper and lower
limits calculated from the pixel size. These trajecto-
ries provide the final injection altitude and time of
each pixel, as well as an associated uncertainty
from the pixel size. Note that the trajectories are
re-calculated rather than using the interpolated val-
ues from the initial run to ensure no artefacts were
introduced by the interpolation. The calculated
plume altitude (at the point of measurement) is
used to determine the true VCD by linearly interpo-
lating between the pre-calculated box VCDs, which
is then converted to a mass by multiplying by the
pixel area. The uncertainty in plume altitude is com-
bined with the precision and trueness values pro-
vided in the TROPOMI L2 SO, data, representing
the random and systematic uncertainties on the
VCD respectively, to produce an overall uncertainty
on the corrected pixel VCD and mass. Note that this
method requires that a single injection time and alti-
tude are valid for a single pixel. This assumption is
no longer valid if earlier emissions are recirculated
back to the volcano by local weather patterns. For
the results presented in this paper, it is not possible
to separate the old and fresh emissions contained
within a single pixel after 12 April and so PlumeTraj
cannot be applied from this date.

The individual pixel data are then combined to
produce the emission history up to the time of over-
pass. Firstly, a two-dimensional grid is generated,
with injection time on the x-axis and injection alti-
tude on the y-axis. The mass contributions (using
the plume altitude corrected VCDs) from each
pixel are summed on this grid, with the mass from
each pixel distributed in an asymmetrical two-
dimensional Gaussian function (in time and altitude).
The distribution is centred on the calculated injection
time and altitude, with sigma values computed from
the upper- and lower-plume altitude trajectories.
This provides an SO, emission rate distribution,
which can be integrated over all altitudes to provide
the emission rate time-series. In this way, the emis-
sion history of an eruption can be reconstructed
from the two-dimensional static SO, imagery mea-
sured by TROPOMI.
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In practice, there are often multiple altitudes at
which a back-trajectory intersects the vent due to
inversions in wind direction in the atmosphere,
each corresponding to a different injection altitude
and time. This is particularly true for larger erup-
tions where the plume could be injected over a
wide range of altitudes throughout the troposphere
and lower stratosphere. It is not possible to distin-
guish between the different solutions without addi-
tional information, such as the timing of a
particular event (from seismic data or visual obser-
vations for example) or from an independent mea-
sure of the injection altitude (such as from radar
or visual estimates). In this case, solutions were
selected using timings and plume altitude estima-
tions taken from seismic data and reports from the
Global Volcanism Program (GVP), which incorpo-
rates reports from the National Emergency Manage-
ment Organisation (NEMO) of the Government of
Saint Vincent and the Grenadines and the Univer-
sity of the West Indies Seismic Research Centre
(UWI-SRC) (Global Volcanism Project 2021). We
note that such observations likely report the altitude
of the visible ash plume and not specifically the
SO,. This may lead to the incorrect altitude if
these are not collocated and so care should be
taken when using these observations.

It is also possible to use a combined forward/
backward trajectory technique to constrain the cor-
rect altitude, as outlined by Pardini ez al. (2018). In
this method, forward trajectories are launched from
the point of measurement at multiple altitudes and
the resulting position compared to observations of
the plume position the next day. This method was
not applied in this case as, although the plumes
were visible the next day, the emissions were
roughly continuous and so it was not possible to dis-
tinguish which section of the plume corresponded to
the observations from the previous day.

Magma sulfur contents

By combining the emission rates calculated by Plu-
meTraj with estimates of eruption volumes, it is pos-
sible to make inferences of the original magma sulfur
content.

Mso,0.5
— X

magma

Scomem =

10° 1)

where Scontent 15 the sulfur content (ppm), Mso, is the
measured SO, mass (kg), 0.5 is the mass ratio of sul-
fur in SO, and Myagma is the measured mass of
magma erupted (kg). We use individual explosion
volumes calculated from the seismic signals detected
during the eruption from Sparks et al. (2023) to cal-
culate the erupted magma masses.
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Fig. 2. Map showing the location of La Soufriere and
St Vincent. Top right inset map shows the location of
the Lesser Antilles Arc in the world and the bottom left
inset map shows a zoomed view of St Vincent,
coloured by elevation. Source: elevation data are from
the Shuttle Radar Topography Mission (SRTM)
Elevation Dataset (NASA 2002).

Overview of La Soufriére volcano
Geological setting and past activity

La Soufriere is situated in the north of the island of St
Vincent, the largest island of the St Vincent and the
Grenadines archipelago, in the southern part of the
Lesser Antilles Island Arc, a roughly 800 km long
chain of islands bounding the Caribbean Sea
(Fig. 2). Volcanism along the arc stems from the
westward subduction of the North American plate
under the Caribbean plate (Fedele er al. 2021). Sev-
eral of the islands in the Lesser Antilles Arc have
active volcanoes that have had historical eruptions,
including Soufriere Hills Volcano on Montserrat,
La Soufriere on Guadeloupe, and Mount Pelée on
Martinique. Before the explosive 2021 eruption of
La Soufriere, St Vincent, the most recent subaerial
eruption in the region was that of Soufriere Hills Vol-
cano, Montserrat, which last erupted in 2010, with
ongoing activity to the present.

The island of St Vincent is built from the remains
of previous volcanic centres, with the ages of previ-
ous centres increasing towards the south (Briden
et al. 1979). La Soufriere is the current active centre
and is one of the most active volcanoes in the Lesser
Antilles Arc. It has had at least six explosive erup-
tions in the last 1000 years, including two undocu-
mented prehistoric eruptions and four that occurred
in historical times, dated to 1440 CE, 1580 CE,
1718 CE, 1812 CE, 1902 CE and 1979 CE (Cole
et al. 2019). Deposits from these eruptions can be
found on St Vincent and the surrounding islands.
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Some of these eruptions resulted in casualties, with
the 1902 eruption claiming over 1500 lives (Pyle
et al. 2018). Several effusive eruptions have also
occurred, including in 1971-72 (Aspinall et al.
1973) and the growth of a lava dome after the explo-
sive phase of the 1979 eruption, while the undocu-
mented eruptions before 1718 may have included
dome-building activity. The dome from the 1979
eruption was present until the onset of explosive
activity in April 2021.

2021 eruption timeline

The timeline of activity on St Vincent is summarized
here from a bulletin report from the Global Volca-
nism Program, Smithsonian Institute (Global Volca-
nism Project 2021). This report collated information
from bulletins, press releases and reports from
UWI-SRC, NEMO and other observations on the
eruption. An overview of the eruption response is
also available in Joseph et al. (2022).

The activity at La Soufriére began with an effu-
sive, dome-building eruption, first identified on 27
December 2020, with visual confirmation on 29
December from personnel from NEMO. This led to
the deployment of UWI-SRC scientists and techni-
cians from Trinidad on 31 December to monitor
the ongoing activity. Over the next few months,
the volcano was carefully observed, and the monitor-
ing network strengthened. Gas and steam emissions
were observed from the dome, with SO, first
detected on 1 February 2021 by MultiGAS measure-
ments. During this time the lava dome grew steadily
at a rate of roughly 1.8 m* s™' (Dualeh er al. 2023),
with a final measured size on 19 March of 105 m tall,
921 m long and 243 m wide, and a total estimated
volume of 13.13 x 10° m®. Earthquake swarms
were detected during 23-24 March and on 5-6
April, attributed to magma movement under the
lava dome.

Episodes of tremor began on 8 April 2021 at
07:00 (all times given in UTC, AST+ 4 hours),
slowly increasing through the day. Gas and steam
emissions from the dome were visible, with SO,
detectable by DOAS during an offshore traverse
off the west coast for the first time. The first detec-
tions of SO, from space (by TROPOMI) were also
recorded that day. This escalation in activity
prompted a raise in the Alert Level to Red (the high-
est level) and evacuations were ordered for the north-
ern area of the island. The rate of lava extrusion of
the new lava dome was also observed to dramatically
increase to roughly 17.5m’s™! in the two days
before the transition to explosive activity (Dualeh
et al. 2023).

The explosive eruption of La Soufriere began on
9 April 2021. Scientists monitoring the activity from
the Belmont Observatory in the southern region of St

Vincent reported an explosion at 12:40, which pro-
duced an ash plume that drifted ENE. This was fol-
lowed by another period of ash-venting beginning
at roughly 18:00, initially rising to 4 km but building
to 16 km and lasting several hours. A third venting
period began at 22:35, continuing overnight and
into the next day with a phase of continuous explo-
sions. Into 11 April, the style of activity shifted to
more discrete explosions with the spacing between
explosions increasing. Over the following days, the
explosive activity continued to decrease in intensity
and the period between explosive episodes
increased, with the final explosions taking place on
22 April at around 15:08.

After the onset of the explosive activity, SO,
emission rate measurements were performed by
boat from the west coast, reporting SO, emission
rates of 2.7-12.0 kg s~' between 14 April and 3
May. TROPOMI continued to measure substantial
SO, VCDs above and around La Soufriere, as
shown in Figure 3; however, much of this appears
to be previously emitted gas returned to the volcano.
This means that identifying newly erupted SO, after
11 April is very difficult. Since the last explosive epi-
sode on 22 April, there has been no detectable SO,
from La Soufriere by TROPOMI and activity at the
volcano remains low.

Results
Back-trajectory analysis

PlumeTraj was applied to TROPOMI SO, imagery
on four days, covering 8-11 April 2021. Figure 4
shows the corrected SO, VCD, plume age at the
time of overpass and plume altitude for the success-
ful pixels for each day, as well as the raw UV aerosol
index (UVAI) for each day reported by TROPOMIL.
The UVAI is used to determine the presence of
UV-absorbing aerosols in the atmosphere, including
volcanic ash, which present themselves as a positive
value (Carn and Krotkov 2016). This is a useful,
semi-qualitative flag for the presence of volcanic
ash (or other UV-absorbing aerosol). In this case
the 340/380 nm UVALI is used. Note that 24-hour
back-trajectories were used for 8-9 April, 36-hour
back-trajectories for 10 April and 48-hour back-
trajectories for 11 April. The longer length trajecto-
ries were primarily used to exclude emissions from
the previous day in the results, as shown by the
extensive region of the plume that is older than 24
hours on 11 April (Fig. 4n).

The pixel results were then used to reconstruct the
emission history up to the time of overpass for each
day. This is shown in Figure 5, alongside the RSAM
time-series, collected by UWI-SRC, for comparison.
An overview of the average and peak SO, emissions
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Fig. 3. Overview of the SO, distributions measured by TROPOMI 8-23 April 2021 around La Soufriere (light blue
triangle). The product displayed is the raw 7 km VCD (log scale) reported in the Level 2 operational output data from
TROPOMI. Note that the SO, plume was transported much further than shown here, with emissions detected around
the globe. Multiple orbits are shown for each day, each separated in time by approximately 1 hour and 40 minutes

per orbit.

and injection altitudes for each day are shown in
Table 1.

The precursory degassing detected on 8 April can
be seen heading towards the NW, with no evidence
of ash emission (Fig. 4a—d). The total mass of SO,
measured is 31 (£21) x 10° kg. A general increase
in the observed emission rate can be seen throughout
the day up to 12:00, before dropping in the 6 hours
prior to the overpass (Fig. 5b).

The emission rates are small, reaching a maxi-
mum of only 1.4 (+1.0) kg s™", likely on the edge
of the detection limit for TROPOMI. DOAS traverse
measurements on this day also detected SO, for the
first time, measuring an emission rate of 0.93
(+0.07) kg s~! (Joseph et al. 2022), in good agree-
ment with the results from TROPOMI. The injection
altitude (2.5—4 km) is significantly higher than the
volcano summit (1.22 km). Comparing with the
RSAM time-series shows a roughly coincident
onset, with the RSAM rising sharply then dying
away as the SO, emission rate increases (Fig. 5¢).

The overpass on 9 April captured the initial explo-
sion nicely as it drifted eastward (Fig. 4e—h). A small,
early and low altitude emission is visible towards the
NW, likely a continuation of the precursory degas-
sing detected on 8 April. The main explosive plume
was emitted in a short time frame (2-3 hours) at
roughly 13-15 km altitude (Fig. 5d). There is evi-
dence of some ash in the main core of the plume as
shown by the positive UVAI values (Fig. 4h), though

the maximum UVALI values are not spatially aligned
with the maxima in the observed SO,.

The total calculated mass of SO, for the orbit on 9
April is 1.9 (+0.6) x 10° kg, with a peak emission
rate of 330 (+100) kg s~!. The peak in SO, emis-
sion correlates well with the spike in RSAM
(Fig. 5%), though the duration of SO, emissions is
longer. The RSAM can be seen to increase into the
evening with the onset of the phase of continuous
explosions, however this occurred after the overpass
time and so was not captured on this day.

The next overpass on 10 April captured the emis-
sions from the phase of continuous sub-Plinian activ-
ity overnight on 9/10 April (Fig. 4i-1). Much higher
concentrations of SO, were observed in this overpass
than the previous days and there is a strong ash signal
in the UVAI (although this diminishes rapidly with
distance from the vent).

The reconstructed emission time-series shows
continuous emission of SO, throughout the day, pri-
marily at an altitude of roughly 14 km (Fig. 5g). The
emission rate is not steady with time, building to a
maximum of 6500 (+2000)kgs™' at roughly
21:45 on 9 April during the continuous phase, before
dropping (Fig. 5h). A second peak is seen at roughly
13:00 on 10 April after the transition to discrete
explosions (Fig. 5i). There is a sharp decrease in
emission rate roughly four hours prior to the time of
overpass, most likely due to the higher concentration
of ash in the younger plume near the vent impacting
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the SO, retrieval (Fig. 41). The total mass of SO, mea-
sured for this orbit is 310 (+90) x 10° kg.

The explosive activity continued into 11 April, as
seen in the next day’s overpasses (Fig. 4m—p). Note
that here the plume is stretched across three separate
orbits, each measured roughly 1 hour and 40 minutes
apart, though the bulk of the plume is in the central
orbit. There should be no problem of double count-
ing emissions in separate orbits as the plume is mov-
ing eastwards while TROPOMI moves westwards
with increasing orbit number.

Much of the SO, was again emitted at roughly
15 km, although with a wider spread of altitudes
(Fig. 5j). The timings of the discrete explosions
can be seen in the RSAM time-series (Fig. 51),
with an increase in SO, emission rate seen after sev-
eral (Fig. 5k), though the correlation is not perfect.
As on 10 April, a drop in the measured emission
rate is seen prior to the overpass times.

As already highlighted, much of the SO, in the
frame was emitted over 24 hours prior to the over-
pass time, so simply summing the visible SO,
mass would lead to a significant overestimation

due to double counting of older emissions. Using
the plume ages calculated by PlumeTraj, the mass
emitted in the 24 hours before the first of the three
overpasses was isolated and calculated to be 140
(+£40) x 10%kg, roughly half that of the
previous day.

TROPOMI continued to observe significant con-
centrations of SO, around La Soufriere for several
days. Much of this was previously emitted SO,
that was returned to the volcano; however, emissions
from explosions on the 14 and 22 April are visible.
While other explosions did occur during this time,
either the timings of the events were not viable for
TROPOMI, or the emissions were not visible
under the signal of recirculated SO,.

It is worth highlighting the importance of know-
ing the plume altitude for determining the mass of
SO, in each pixel. The difference between the
1km and 15km VCDs can be greater than an
order of magnitude, demonstrating that knowing
the correct plume altitude is key in determining the
correct SO, mass and emission rates. Supplementary
Figure S1 shows the standard 1, 7 and 15 km box
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Fig. 5. Reconstructed SO, emissions for 8 (a, b, ¢), 9 (d, e, f), 10 (g, h, i) and 11 (j, k, 1) April 2021. The top row
shows the SO, emission intensity, a measure of the emission of SO, as a function of time and altitude. The resolution
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SO, emission rate time-series, with the shaded region giving the uncertainty estimate. The bottom row shows the
RSAM time-series. Dashed vertical lines give the overpass times for each day, with three orbits and associated

overpass times on 11 April. Note different scales are used each day.

VCDs available from the TROPOMI L2 SO, prod-
uct, as well as the corrected VCDs from the Plume-
Traj analysis for each day analysed here.

Magma sulfur content

Original magma sulfur contents were calculated for
9, 10 and 11 April using the average SO, emission
rates in given time windows (Table 2). Note that
this was not applied on 8 April as these were effusive
emissions. Magma masses were calculated by sum-
ming the volume estimates from Sparks et al.
(2023) for the individual events taking place within

these time windows and multiplying by a Dense
Rock Equivalent (DRE) density of 2750 kg m ™.
Seismic records indicate that the duration of the
initial explosion on 9 April was 14.6 minutes (Sparks
et al. 2023), which is much shorter than the duration
of SO, emissions seen by PlumeTraj. This likely
reflects uncertainties in the back-trajectories, as
well as smoothing effects introduced by the plume
ascent process and umbrella cloud (Woodhouse
et al. 2016). This means that our measured SO, emis-
sion rates are likely underestimates, therefore for this
event we use the total SO, measured in the plume to
calculate the S content with equation (1). For the 10
and 11 April, it is not possible to resolve individual

Table 1. Daily measured mean and peak measured SO, emission rates and injection altitudes

Overpass time (UTC) Injection Mean emission Peak emission
altitude (km) rate (kg sfl) rate (kg sh

8 April 2021 17:25 35(+1.0) 0.7 (+£0.5) 1.4 (£1.0)

9 April 2021 17:06 14.7 (£1.0) 220 (+70) 330 (£ 100)

10 April 2021 16:48 13.7 (£1.0) 3800 (+1200) 6500 (£2000)

11 April 2021 14:50, 16:30 and 18:10 14.8 (£2.3) 1700 (+500) 2700 (+800)

Average emission rates were calculated using the following windows: 2021/04/08 06:00-2021/04/08 340 17.20, 2021/04/09 12:30—
2021/04/09 14:20,2021/04/09 17:00-2021/04/10 13:10, 2021/04 /10 18:00-2021/04/11 08:30 for 8, 9, 10 and 11 April, respectively.
Uncertainty on injection altitude was 342 estimated from spread in total injected mass around the modal altitude (see supporting datasets).
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Table 2. Calculation of original magma sulfur content for explosive activity

Period start ~ Period end Number  Magma
of volume

explosions (km?)

Magma
mass (Mt)

SO, Emission Total SO,
rate (kg s_l) mass (kt)

S content
(ppm)

9 April 12:30 9 April 14:20 1

9 April 17:00 10 April 17 15 (+6)
13:10

10 April 11 April 7 11 (+4)
18:00 08:30

0.5 (+£0.2) 1.3(+0.5)
41 (£16)

29 (£11)

220 (£70) 1.9 (£0.6) 730 (4230)
3800 (41200) 290 (490) 3400 (4 1100)

1700 (£500) 90 (+30) 1500 (£ 500)

The number of explosions and erupted magma volumes for each period are taken from Sparks et al. (2023, table 3) and converted to masses
assuming a density of 2750 kg m~>. SO, masses are calculated by multiplying the mean emission rate by the duration of the period, except

for the 9 April where the total SO, in the plume is used.

explosions, so the mean SO, emission rate in the
given time windows is used to generate a total SO,
mass for that window, which is then combined
with the magma mass to calculate the S content.
The windows for the averaging periods were manu-
ally selected from 24 hours before the latest overpass
and to avoid the impact of ash on 10 and 11 April.

These results show that the initial explosion was
significantly poorer in sulfur than the following
activity. The sulfur content measured on the 11
April is lower than on 10 April, although this could
be due to the more extensive ash plume visible on
this day (Fig. 4p) leading to an underestimate in
SO, mass due to either uptake on ash particles or
attenuation of the light passing through the plume
resulting in greater than usual light dilution impacts
(Varnam et al. 2020).

Discussion

During the effusive degassing phase of the eruption,
SO, was not measurable from the operational SO,
product of TROPOMI except on 8 April, the day
before the onset of explosive activity. This precur-
sory emission on 8 April was injected at 3—4 km alti-
tude, several kilometres above the 1220 m summit.
The emission rates were low, peaking at only 1.4
(+0.8) kg s™', within uncertainty of the value of
0.93 (+0.07) kg s~! from a DOAS traverse mea-
surement taken that day.

SO, emission time-series were also reconstructed
for the first three days of explosive activity (9-11
April). The initial explosion on 9 April had a peak
SO, emission rate of 330 (+ 100) kg s~ ! and a total
emitted mass of SO, of 1.9 (+0.6) x 10° kg.
Although some evidence of ash was detected in the
plume, the UV Al values are relatively low (compared
to the following activity) and so it is assumed to not
impact the SO, retrieval significantly. This initial
explosion was followed that evening by a phase of
continuous explosions that were richer in sulfur.

The peak emission rate during this phase was 6500
(+2000) kg s~ in the evening of 9 April, approxi-
mately 20 times that of the initial explosion. The
injection altitude of the SO, was roughly 13—15 km
throughout. Over the next days, the frequency of
explosions dropped but the emission rate remained
high, between 1000 and 2700 kg s~ on 11 April.
Data from both 10 and 11 April show a strong
decrease in the measured emission rate in the hours
before the satellite overpass, suggesting that the pres-
ence of ash in the proximal plume is strongly impact-
ing the retrieved emission rate before it settles out
down wind. After 11 April the SO, emissions were
not as clear due to recirculated SO, from previous
activity overprinting the fresh emissions, so emission
rates could no longer be determined as individual pix-
els would have multiple injection times associated to
different portions of the total SO, column.

One of the major benefits of using PlumeTraj is
the ability to discriminate between fresh and older
emissions, as demonstrated by the measurements
on 11 April. Here, much of the visible plume was
older than 24 hours and so had been measured
already the previous day. If the total pixel masses
in the orbit are simply summed, this will lead to sig-
nificant double counting of emissions from the previ-
ous day. However, with PlumeTraj it is possible to
isolate the emissions from the 24-hour time window
prior to the overpass. In this case we determine that
140 (£40) x 10° kg had been emitted in the 24
hours prior to the overpass on 11 April (calculated
by summing the masses of all pixels that were emit-
ted in this time frame). This is approximately a third
of the 410 (+130) x 10° kg of total visible SO,
emissions in the region analysed, which itself does
not include the entirety of the SO, plume on this day.

Pre-eruptive magma sulfur contents were calcu-
lated for 9, 10 and 11 April using the reconstructed
SO, emission rates and injection altitudes
(Table 2). These results show that the initial explo-
sion on 9 April was significantly poorer in sulfur
compared to the following activity.
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From these results, we propose the following
eruption mechanism. The main magma body driving
the eruption first caused the extrusion of a new lava
dome around the 1979 dome already present. This
new dome consisted of old, already degassed
magma left by the previous activity, hence why neg-
ligible SO, was detected during this phase. The SO,
degassing from the fresh magma source was trapped
within the plumbing system, causing the pressure
within to build with time. Eventually this reached a
critical level, forcing its way out as the degassing vis-
ible the day before the explosive activity and eventu-
ally driving the initial explosion. This ejected the
previously degassed magma within the system and
cleared the way for the eruption of the fresh, SO,-
-rich magma in the main phase of the eruption five
hours later.

It is worth noting that the emission calculations
assume that the measured SO, represents the total
emitted sulfur from the magma. This could be incor-
rect as, firstly, SO, can be converted to H,SO, after
emission and, secondly, SO, is not the only sulfur
species emitted by volcanic eruptions. The former
is not likely to be significant here as typical e-folding
times for conversion of SO, in stratospheric plumes
is several days (Karagulian ez al. 2010) and the mea-
surements presented here only consider emissions
less than 24 hours old. The latter is more difficult
to address.

Volcanic sulfur emissions are dominated by SO,
and H,S (Oppenheimer et al. 2011) and, though SO,
is readily measured by both UV and IR satellite
instruments, reports of H,S are few and limited to
IR instruments (Clarisse et al. 2011; Sigmarsson
et al. 2013). The sulfur speciation of volcanic plumes
depends on the temperature, pressure and oxidation
state of the magma (Aiuppa et al. 2005) as well as
post-eruptive chemical processes, especially within
the hot core of volcanic plumes (Hoshyaripour
et al. 2012). These studies suggest that, although
H,S is likely a significant portion of the sulfur budget
for divergent plate and hot spot volcanoes, SO, is
generally dominant for convergent plate volcanism,
as with La Soufriere. Nonetheless, the sulfur specia-
tion is a key source of uncertainty in estimating sul-
fur emissions, highlighting the further work needed
on constraining H,S abundances within volcanic
plumes.

Finally, it is interesting to compare the gas emis-
sions of La Soufriere with SO, emission rates mea-
sured during another major eruption quantified
with PlumeTraj: the 2015 eruption of Calbuco in
Chile. Pardini er al. (2018) reported two average
emission rates for the two impulsive explosive
phases of this eruption. Phase 1 lasted roughly 2
hours and produced an average SO, emission rate
of 25000 kg s~', while phase 2 lasted roughly 6
hours with an average emission rate of 7200 kg s ™.

The much higher emission rate in phase 1 of this
eruption compared with St Vincent in 2021 reflect
both a higher mass eruption rate and injection alti-
tude (17 km for Calbuco v. 14 km for St Vincent)
but also the presence of pre-existing accumulated
gas in the magmatic system of Calbuco, which was
preferentially erupted in the first phase. This high-
lights the dramatically different eruption dynamics
of the two eruptions, with Calbuco having a gas-rich
initial explosive phase produced by the long-term
evolution of the magma in a crustal reservoir,
whereas St Vincent shows an initial clearing phase
followed by what appears to be a syn-eruptive gas
exsolution process with no indication of pre-existing
gas.

Conclusions

The eruption of La Soufriere, St Vincent, from 9-22
April was the largest explosive emission of SO, from
the Caribbean in the satellite era and one of the larg-
est eruptions globally in recent years. Daily measure-
ments of atmospheric SO, from TROPOMI were
analysed during the explosive eruption, as well as
for the effusive activity in the months before.
Although SO, was reported from MultiGAS mea-
surements on 1st February, it remained below the
detection limit for both ground- and satellite-based
remote sensing methods during the effusive phase
of the eruption until the day before the onset of
explosive activity. The explosive phase began with
an SO,-poor, vulcanian explosion at 12:40 on 9
April, followed by a phase of continuous sub-Plinian
explosions approximately 5 hours later. This contin-
ued overnight, transitioning into discrete explosions
that decreased in intensity and frequency over the
following days. The final explosion took place on
22 April and there has been no significant activity
since.

By combining daily TROPOMI SO, imagery
with PlumeTraj we were able to reconstruct the
time- and altitude-resolved SO, emissions over the
first three days of the eruption. We also calculated
pre-eruptive magma sulfur contents by combining
the emitted SO, mass with calculated erupted
magma volumes. These results indicate that the
lava dome extruded during the effusive phase of
the eruption consisted of previously degassed
magma from the prior activity in 1979. SO, exsolved
from the fresh magma was trapped within the plumb-
ing system until the pressure was sufficient to drive
the initial explosion. This explosion ejected this
older magma from the conduit, clearing the way
for the eruption of the fresh, SO,-rich magma in
the main phase of the eruption.

Although PlumeTraj is a powerful tool for unrav-
elling the emission history of volcanic eruptions,
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there are several current limitations to this method.
Firstly, as already discussed, there can be several
altitudes that successfully return to the volcano, so
we must rely on additional observations of the erup-
tion to determine the correct solution, which are not
always available. This could be mitigated by incor-
porating spectral plume altitude estimations as the
pixel-by-pixel a priori estimate (Hedelt er al. 2019;
Theys et al. 2022). Secondly, the trajectories used
do not consider any plume spreading caused by the
umbrella cloud of the eruption, which is likely the
cause of the artefacts at the edges of the plume on
10 and 11 April. Addressing this issue requires incor-
porating an additional spreading factor and is ongo-
ing work. Thirdly, PlumeTraj is not able to determine
SO, emission rates when the SO, recirculates back to
the volcano and overprints fresh emissions, as was
seen after 11 April. There is no way to determine
how much of the SO, seen in the pixel is fresh or
old, so the emission rate cannot be determined.
Finally, for volcanic cases the presence of significant
loadings of volcanic ash in the plume can be seen to
degrade the SO, retrieval, leading to an underesti-
mate in the emission rate. Resolving this issue is
not currently possible and would require knowledge
of the atmospheric ash loading and the ash particle
optical properties, so the best option currently is to
avoid very ash-rich regions of the plume.

This paper demonstrates how satellite imagery
combined with back-trajectory analysis can provide
insights into eruptive processes, filling a current
gap in our understanding of explosive volcanism.
Although in this case the analysis was applied after
the event, the required TROPOMI and wind field
data are publicly available in near-real time and,
while the required computational processing power
is not trivial, it is possible to perform on a timescale
of hours given sufficient computational resources.
This opens the possibility of producing 24-hour
SO, emission rate measurements in near-real time
during volcanic eruptions, providing crisis managers
with vital information on the eruptive processes dur-
ing an ongoing crisis. This information could be used
to better understand the ongoing volcanic activity
and help mitigate the risks posed by future eruptions.
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