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In March 2021 an effusive eruption began at the Fagradalsfjall volcanic system in Iceland, ending nearly
800 years of dormancy on the Reykjanes peninsula. The eruption produced lava flows and moderate
gas emissions and, although it did not cause significant disruption, highlighted the need for near real-
time monitoring of volcanic activity on the peninsula for future eruptions. The activity passed through
several phases, each characterised by a different eruption style, providing a rich testbed for monitoring
methodologies.
We present measurements of the volcanic sulphur dioxide (SO,) emission rate and injection altitude
throughout the eruption, generated by combining satellite SO, imagery from TROPOMI with PlumeTraj,
a back-trajectory analysis toolkit. We compare the results with ground-based measurements of the
emission rate and plume altitude, finding excellent agreement in the plume altitude. Reasonable
agreement was also found between the measured emission rates, with the best match for stronger and
more continuous emissions. This demonstrates the ability for PlumeTraj to monitor SO, emissions from
future effusive eruptions, while highlighting the need for care when analysing results from low altitude
plumes or during periods of high cloud cover.
© 2023 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

lower risk than explosive ones, however there is still a strong
requirement to monitor them closely. Lava flows can damage or

On 19 March 2021 an effusive eruption began at Fagradalsf-
jall on the Reykjanes Peninsula in Iceland (Global Volcanism Pro-
gram, 2021; Oladéttir, 2022). The eruption marked the end of 781
years of dormancy on the peninsula and lasted six months, end-
ing on 18M September (Barsotti et al., 2023). Assessment of the
post-glacial lavas on the peninsula show three periods of episodic
volcanic activity in the last 4000 years, each separated by approxi-
mately 800 years and lasting roughly 200-400 years (Seemundsson
et al,, 2020). The eruption produced lava and gas emissions, and
led to the creation of a lava field filling the nearby valleys (Ped-
ersen et al., 2022a). Effusive eruptions such as this are typically
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destroy houses and infrastructure depending on the location of
the eruption, and gas emissions can significantly impact local air
quality (Thordarson and Self, 2003). The Reykjanes Peninsula is
home to 70% of Iceland’s population (including Iceland’s capital
city, Reykjavik) and is the location of the Svartsengi and Reykjanes
geothermal power plants and Keflavik international airport (Tar-
quini et al.,, 2020). Fortunately, this eruption did not damage any
infrastructure, however it did highlight the potential disruption fu-
ture activity in the Peninsula could cause (Pedersen et al., 2022b).

For these reasons, monitoring of volcanic activity in the Reyk-
janes Peninsula is of critical importance, both before and during
eruptions. Eruption precursors can help to identify the time and
location of the onset of an eruption, while monitoring activity in
near real-time can help to inform any disaster response to mitigate
risks from volcanic hazards, as well as help to forecast changes
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Fig. 1. Map of Iceland (inset map) with a zoomed map of the Reykjanes Peninsula (main map). Populated areas are marked in orange and the location of the vents is given
by the green triangle. Background topography is taken from islandsDEM, v1.0 (https://atlas.Imi.is/mapview/?application=DEM, visited 08/09/2022) which was acquired prior

to the unrest and eruption.

in future activity (Lowenstern et al., 2022; Pallister et al., 2019;
Sparks, 2003).

Here we will focus on monitoring volcanic gas emissions,
specifically sulphur dioxide (SO;), using satellite remote sensing.
Monitoring gas emissions is important as variations in their mag-
nitude and composition reflect changes in the state of the magma
supplying the volcano (Aiuppa et al, 2007; Oppenheimer et al.,
2011; Salerno et al., 2018). Gas emissions can also pose a direct
hazard by degrading air quality (Carlsen et al., 2021; Ilyinskaya et
al,, 2017; Tam et al,, 2016; Whitty et al., 2020) and impacting lo-
cal or even global climate (Robock, 2000; von Glasow et al., 2009),
while knowing the rate and altitude of emissions is key to accu-
rately forecast the dispersal of volcanic gas plumes (Barsotti, 2020;
Barsotti et al., 2023; Kristiansen et al., 2010; Pfeffer et al., 2018).

Historically, it has been less common to use satellite sensors
to monitor gas emissions from smaller effusive eruptions as the
(typically) low altitude, low gas concentration, and small spatial
extent of the plumes makes such measurements difficult (Hayer
et al,, 2016). However, recent advances in the satellite instruments
and analysis routines are opening the door to global monitoring
of weaker effusive gas emissions (Carn et al., 2017; QueifSer et al.,
2019; Theys et al., 2019, 2021). Satellites also provide continuous
daily (or more frequent) measurements, making them useful for
monitoring ongoing activity and capturing any changes in activity
without the need for a dedicated ground-based monitoring net-
work or continuous manual observations. This makes them ideal
for monitoring difficult to access, remote or dangerous volcanoes,
as well as for complementing ground-based measurements at al-
ready monitored volcanoes.

We present measurements of the SO, emissions from Fagradals-
fjall throughout the 2021 eruption, using SO, imagery from the
Tropospheric Monitoring Instrument (TROPOMI) onboard the Eu-
ropean Space Agency’s (ESA) Sentinel-5P satellite (Veefkind et al.,
2012), generated using the Covariance-Based Retrieval Algorithm
(COBRA) (Theys et al., 2021), an updated retrieval method that is
more sensitive than the operational product. By combining this

SO, imagery with the PlumeTraj back-trajectory analysis toolkit,
we calculate time series of the emission rate and plume injection
altitude, comparing with ground-based mobile Differential Optical
Absorption Spectroscopy (mobileDOAS) and calibrated visible cam-
era measurements, respectively. The PlumeTraj method has been
applied to several eruptions previously, including Calbuco in Chile
(Pardini et al., 2017), Whakaari in New Zealand (Burton et al.,
2021), Piton de la Fournaise in La Réunion (Hayer et al., 2023),
and La Soufriére in St. Vincent (Esse et al., 2023), as well as to
passive degassing from Etna in Italy (Queifer et al., 2019). The ap-
plication of PlumeTraj has so far been restricted to SO, emissions,
however it could in theory be applied to any species emitted from
a point source, including volcanic ash or other gases.

2. Eruption setting and overview

The Reykjanes Peninsula has a history of episodic volcanic erup-
tions, with the most recent before 2021 ending just under 800
years ago. The 2021 eruption was preceded by a period of intrusive
activity on the Peninsula from December 2020 to February 2021,
with increased seismicity and deformation (Barsotti et al., 2023;
Flévenz et al., 2022; Sigmundsson et al., 2022). Seismicity jumped
again on 24" February 2021, increasing through March until the
onset of the eruption within the Geldingadalir valley (63.905°N,
22.273°W), 4.7 km north of the coast, at 20:45 (local time) on 19t
March (Fig. 1). The eruption was effusive, with lava flows creating
a lava field around the vents and filling the nearby valleys. The
eruption lasted until 18™ September, progressing through distinct
phases and sub-phases in activity (Barsotti et al., 2023; Pedersen et
al.,, 2022a). A second eruption of the Fagradalsfjall volcanic system
occurred from 3™ - 215t August 2022 in the Meradalir valley, ad-
jacent to the Geldingadalir valley. A third began on 10™ July 2023
just northwest of Litli Hratur hill.

The eruption phases outlined by Barsotti et al. (2023) are sum-
marised here for reference. The 2021 eruption started with low
intensity activity (Phase 1, 19™ March - 5™ April) with stable lava
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Fig. 2. PlumeTraj results for the plume measured on 2" May 2021 (orbit number 18403), showing (a) the measured SO, VCD assuming a 1 km thick uniformly distributed
plume, centred on 0.5 km above ground level, (b) the corrected VCD, (c) the plume altitude and (d) the plume age. The location of the vent is given by the green triangle.

emission and weak but detectable gas emissions. This continued
through Phases 2a (5% - 14™ April) and 2b (14 - 27t April)
as additional eruptive fissures opened. In Phase 3a (27™ April -
27d May) the activity transitioned to stable lava fountaining, soon
changing again to pulsating lava fountains (Phase 3b, 2" - 11th
May), with pulses in fountaining separated by a few minutes. Into
Phase 3c (11t - 28™ June) the fountaining was accompanied by
sustained outpouring of lava. From 28" June the activity style
changed again, with pauses in activity separating intense periods
of activity (Phase 4a, 28 June - 2" September). The pauses lasted
several hours, to a maximum of roughly 35 hours. Phase 4b (24 -
18™ September) began with a 9 day pause in activity followed by
a final week of eruption until the cessation of surface activity on
18t™ September.

Note that these are the same main phases outlined by Pedersen
et al. (2022a), though there the authors identify subphase 4b as a
separate Phase 5.

From visible observations the emitted gas plume was typically
optically thin throughout the eruption (mostly faint and transpar-
ent). This was less so during Phase 3b when it was noted that the
plumes were typically more condensed. The plume also tended to
be more opaque in the presence of cold fronts, clouds and precip-
itation as it condensed more easily under these conditions.

Lavas from the eruption were also sampled throughout, provid-
ing a time-series in lava geochemistry through the phases of the
eruption (Bindeman et al.,, 2022; Halldérsson et al., 2022). These
revealed a rapid shift in the geochemistry of the erupted lava in
the early phases of the eruption, reflecting a shift in the source
from shallow (< 8 km) to deeper depths (~19 km) throughout
March and April, before plateauing from May onwards (Halldérs-
son et al., 2022). The same study also reports the gas chemistry
of the plume measured by Open-Path Fourier Transform Infrared
Spectroscopy (OP-FTIR) and using a MultiGas instrument between
20" March - 6™ April, with values for the SO, content of the
plume of 4.7 (£ 3.1) and 11 (% 3) mol%, respectively. Both instru-
ments also show the plume is dominated by H,O and CO,, with
OP-FTIR also quantifying HCl and HF at 0.09 (£ 0.05) and 0.04 (+
0.02) mol%, respectively (Halldérsson et al., 2022, supporting ma-
terial).

3. Data and methods
3.1. Satellite SO, emission measurements

The satellite SO, imagery used in this study was taken by
the TROPOMI instrument onboard ESA’s Sentinel-5P satellite (S5P),
which was launched in October 2017 (with scientific data available
since May 2018). TROPOMI has a swath width of 2600 km and a
spatial resolution of 5.5 x 3.5 km at nadir (along x across track, up-
dated from 7.0 x 3.5 km in August 2019). For this study we chose
to use the Covariance-Based Retrieval Algorithm (COBRA) product

developed by Theys et al. (2021) as this retrieval offers a signifi-
cant reduction in noise compared to the operational product. This
is particularly useful when looking at weaker emissions low in the
atmosphere, as with this eruption, however the plumes were still
detectable with the operational product.

TROPOMI provides daily SO, imagery but does not contain key
information on the altitude of the plume (required to calculate the
mass of SOy in each pixel), nor the time or altitude of emission
from the source, all of which are needed to reconstruct the SO;
emission history. There are several ways to infer emission rates
from satellite imagery (Theys et al., 2013), but here we use the
PlumeTraj back-trajectory toolkit. PlumeTraj takes the SO, imagery
from TROPOMI and tracks the plume back to the volcano to calcu-
late the sub-daily SO, emission as a function of time and altitude.
More details on PlumeTraj can be found in the supplementary ma-
terial.

3.2. Ground-based measurements

We also present data taken by the Icelandic Meteorological Of-
fice (IMO) during the eruption as a comparison to the satellite re-
sults. MobileDOAS traverse measurements were taken to calculate
an instantaneous SO, emission rate taken by performing car-based
traverses of the plume downwind of the vent whenever possible
throughout the eruption. More details on the traverse measure-
ments can be found in the supplementary material and will be
presented in detail in future publications. Plume altitude measure-
ments were also made using visible cameras installed around the
eruption site, calibrated to calculate the plume altitude when visi-
ble, providing plume bottom and top altitude estimates (Barnie et
al.,, 2023; Barsotti et al.,, 2023). Finally, we include measurements
of the time averaged lava discharge rate (TADR) calculated from
photogrammetric surveys of the emitted lava flows and field (Ped-
ersen et al., 2022a) in order to compare variations in lava effusion
rate with measured SO, emissions.

4. Results
4.1. PlumeTraj results

TROPOMI was able to detect SO, plumes from Fagradalsfjall
throughout the eruption. Analysis was attempted on each day from
19t March - 19" September (185 days). No emissions were de-
tected on 27 days, including on the first day of the eruption (the
overpass time on this day was before the onset of the eruption),
during the pause in activity at the start of Phase 4b, and on the
day after the eruption ended. No analysis was possible on 1% July
due to there being no COBRA data available for this day. Fig. 2
shows an example of PlumeTraj results for a plume measured on
2" May 2021 (chosen as an example for the overlap of PlumeTraj
results with available traverse and plume altitude data).
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Fig. 3. Calculated SO, emissions for 2"¢ May 2021. Data comes from two orbits (numbers 18403 and 18417), with the overpass time of orbit 18403 on 2" May marked
by the grey dashed line. Subplots show (a) the time varying SO, emission rate from PlumeTraj (red line, shaded region gives uncertainty) with traverse measurements for
comparison (grey points, bars give uncertainty), (b) the total mass of SO, injected as a function of altitude, and (c) the emission intensity as a function of both time and
altitude, with plume top and bottom measurements from ground-based cameras (white and grey triangles).

With the plume altitude known, the SO, mass within each pixel
is calculated and the full SO, emission history is generated using
the injection time and altitudes. Fig. 3 shows the emissions mea-
sured on 2" May, which includes the data shown in Fig. 2 as well
as from the orbit measured on 3" May (orbit number 18417). Also
shown are the emission rates measured by mobileDOAS and plume
heights from visible cameras (Barnie et al., 2023; Barsotti et al.,
2023).

The SO, emission rate measured by PlumeTraj is variable but
tends to decrease with plume age, reflecting the SO, dropping in
concentration due to dispersal and chemical processing. This can
be seen when comparing to the traverse emission rates. The emis-
sions calculated just before the overpass time are from sections of
the plume that are relatively young, and the emission rates are
of the same magnitude as the traverses measured a few hours
later. After the overpass, however, the plume pixels contributing to
these emission rates are almost 24 hours old (measured at roughly
13:30 on 3™ May), and we see that the emission rates are much
lower for the PlumeTraj results than for the traverses. Note that
the smearing of the plume across a wide range of altitudes near
to the overpass time is because trajectories from plume pixels so
close to the vent do not have enough time to diverge sufficiently
to provide an accurate altitude, resulting in a large uncertainty.

The PlumeTraj injection altitudes match very well with those
measured on the ground. PlumeTraj does seem to track the plume
bottom altitude more closely, though the cause of this is not cer-
tain. This could reflect some bias introduced by the coarse reso-
lution digital elevation model used within GFS not reflecting the
finer details of the true topography, the plume lowering in alti-
tude slightly downwind after emission, or that the SO, is simply
concentrated in the lower portion of the visible plume.

Fig. 4 shows the PlumeTraj results for the whole eruption, along
with the mobileDOAS traverses, visible camera plume altitudes
(Barnie et al., 2023; Barsotti et al., 2023) and lava TDAR (Peder-
sen et al., 2022a). Uncertainties on the peak emission rates from
TROPOMI are taken from the uncertainty at the point in time at
which the peak value was measured.

We highlight that the emission rates measured from Fagradals-
fjall are relatively high compared to many degassing volcanoes.
Carn et al. (2017) report effusive emissions from 0.4 — 85 kg-s~!,
though this is achieved by stacking multiple satellite images to re-
duce the noise, not on daily SO, images as used here. However, the
measured emission rates are still much lower than for many erup-
tions, including, for example, 200 kg-s~! during the 2020 eruption
of Piton de la Fournaise, Réunion, (Hayer et al., 2023), 1000 kg-s~!
during the 2014 - 2015 eruption of Holuhraun, Iceland, (Pfeffer
et al, 2018), and ~5000 kg-s~! during the 2021 eruption of La
Soufriére, St. Vincent, (Esse et al., 2023). Due to this, as well as
the relatively low plume altitude and high cloud cover during this
eruption, the PlumeTraj emission rates are likely to be underesti-
mates, especially for parts of the plume that are older. We there-
fore took the peak SO, emission rate for each day to compare with
the traverses as this is assumed to be the closest to the true emis-
sion rate. The time of the peak emission rate tended to be nearer
to the overpass time (when the plume is young), though a range of
plume age of peak emission was seen throughout, especially dur-
ing the episodic behaviour (Fig. S1).

The PlumeTraj results are variable throughout the eruption,
with low emission rates (10 - 20 kg-s~!) and low injections al-
titudes (< 1 km) during Phases 1 and 2. Both the emission rate
and injection altitude increase through Phase 3a and into Phases
3b and 3c, with emission rates of 50 - 150 kg-s~! and injection
altitudes up to ~4.5 km measured. Emission rates throughout June
and through Phase 4a became roughly bimodal, with days of low
emission (10 - 20 kg-s~!) and days of high emission (70 - 100
kg-s~1), reflecting the switch to more episodic activity. There are
three distinct pulses in higher SO, emission seen, both in terms
of emission rate and injection altitude, in May, June and mid-July
to mid-August. These are separated by periods of weaker (or even
undetectable) emission and lower plume altitudes.

No emissions are seen during the pause in activity at the begin-
ning of Phase 4b, with weak emissions seen after activity recom-
menced until the end of the eruption. No further SO, emissions
were detected after the end of the eruption.
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Fig. 4. PlumeTraj derived daily SO, emissions from Fagradalsfjall showing (a) the daily total stratified SO, emission, (b) daily PlumeTraj peak emission rate (red circles, bars
give uncertainty) and mean traverse emission rates (grey squares, bars give range of values), (c) the daily PlumeTraj injection altitudes with the most mass injected (red
circles, sized by total emitted SO, each day) and camera plume bottom and top heights (grey and white triangles), and (d) lava TDAR (orange line, shaded region gives
uncertainty) and the mean cloud fraction of plume pixels (blue circles). Grey shaded regions give the eruption phases from Barsotti et al. (2023).

4.2. Comparison with ground-based measurements

There is good agreement between the PlumeTraj injection al-
titudes and those from the ground-based cameras throughout
(Fig. 4a and 4c). There are some outlying points with very high
injection altitudes, however these are very low mass and due to
PlumeTraj picking up some noise in the region on days without a

substantial plume from the volcano. Throughout the second half
of Phase 3c and through Phase 4a there are some emissions as-
signed to high altitude, typically around 4 km (Fig. 4a). This is not
reflected in the camera data and inspection of these days reveals
that these higher emissions are due to trajectories taking unrealis-
tic paths back to the volcano. Attempts to correct these were not
successful without applying arbitrary altitude limits on the anal-
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Emission rates from traverse and PlumeTraj for the different eruption stages.

Traverse Emission Rate
(kg-s™")

Eruption Phase

PlumeTraj Emission Rate
(kgs™1)

Mean (+ err)

Standard Deviation

Mean (= err) Standard Deviation

1 48 (& 6) 31
2a 40 (£ 5) 17
2b 50 (£ 13) 30
3a 57 (& 14) 35
3b 54 (& 13) 13
3c 125 (£ 19) 101
4a 96 (& 21) 79
4b 71 (£ 8) 55

10 (& 5) 8
9 (£ 4) 7
13 (£ 6) 10
32 (& 16) 15
68 (& 37) 17
52 (& 27) 41
37 (& 15) 37
19 (& 8) 16

ysis, which were not seen as a practical solution. As most of the
plume mass is returning to the correct altitude (Fig. 4c) this is seen
as a minor issue in the overall analysis, but it does show that care
must be taken when assessing the results.

The comparison between the PlumeTraj and traverse emission
rates is more complicated (Fig. 4b). Table 1 gives an overview
of the traverse and PlumeTraj measurements for each phase. In
Phases 1 and 2, the traverse emission rates are typically higher
than from PlumeTraj, but the agreement improves greatly in Phase
3 where the emission rates and injection altitudes increase. In
Phase 4a, both PlumeTraj and the traverses show both very high
and very low emission rates, depending on whether they capture
an “on” or “off” phase that day, but with comparable magnitudes.
Finally, in Phase 4b the PlumeTraj emission rates once again are
lower than the traverses.

Assuming the maximum measured emission rate measured
each day is representative of that day, then the total emitted SO,
for the eruption is 520 (£ 250) kt. This is at the lower bound
of the estimate from the ground-based measurements of 967 (£
538) kt (Barsotti et al., 2023). The uncertainty on the PlumeTraj
emission rate is calculated using the minimum and maximum un-
certainty limits for each day. This highlights that, although the two
values are just within uncertainty of one another, PlumeTraj is sys-
tematically underestimating the emission rate with respect to the
traverse measurements, apart from the heightened activity in May.

The lava TADR also varies throughout the eruption (Fig. 4d). It
is low (~5 m3.s~1) in Phases 1 and 2, increases significantly in
Phase 3 to ~12 m3-s~!, gradually decreases throughout Phase 4
and shows a final burst near the end of the eruption, at which
point it ceases. The uptick in TADR in Phase 3 is coincident with
the observed increase in SO, emission rate from PlumeTraj, while a
slight decrease is seen into Phase 4 as the activity shifted to more
pulsatory, however the drop in SO, emission rate is larger than the
relative decrease in TADR.

The cloud fraction also varies throughout the eruption with-
out any clear seasonal trend, typically remaining between 30% and
80%. There is no clear correlation between cloud fraction and mea-
sured emission rate, suggesting that variations in observed emis-
sions are real and not driven by meteorological conditions.

Finally, at high latitudes there is a seasonal variation in the
available solar UV light used for the SO, retrieval, leading to an in-
crease in noise during the local winter months. To test if this could
be responsible for the variation in emission rate seen, a region at
the same latitude but offset to avoid the SO, emission through-
out the eruption was investigated (60°N < latitude < 60°N, 60°W
< longitude < 55°W). No significant variation in the variability in
VCDs was seen across the eruption timeline, though a significant
increase in noise is seen prior to and after the activity (Fig. S2).
This highlights that the timing of this eruption was fortunate to
allow for robust satellite and ground-based UV observations.

The cause for the discrepancy between the traverse and Plume-
Traj emission rates was investigated by assessing links between the

emission rates on days where both traverses and TROPOMI mea-
surements are available. The results of this are shown in Fig. 5,
with the points coloured by the mean cloud fraction, mass-modal
injection altitude (the altitude at which the most mass was in-
jected on that day) and the eruption phase. Note that the two
lowest traverse points are not visible on the bottom plots as these
have differences of 570% and 7100%, so they are not shown for
clarity. Ignoring these two points, the mean percentage difference
between traverses and PlumeTraj is —49%, with a mean uncer-
tainty of + 61%. The y-uncertainties on plots d, e and f are cal-
culated by combining the uncertainties in both PlumeTraj and tra-
verse emission rates.

Two rough populations in the emission rates can be seen, with
one roughly following the y = x line (within uncertainty range)
and the other with TROPOMI emission rates underestimating those
from traverses. There is no single clear control on the disparity
between emission rates, though typically TROPOMI is underesti-
mating the emission rate with higher cloud fraction and lower
altitude plumes. There is also some variation between phases, with
TROPOMI emission rates in Phases 1, 2 and 4b systematically un-
derestimated. In Phase 3 there is generally good agreement be-
tween the measurements, but into Phases 4 there is a large scatter
in points, with both over- and underestimation for each method
compared to the other. There is one day on which PlumeTraj
greatly exceeds the traverse-based emission rate (271 July). On
this day, the PlumeTraj emission rates drop suddenly after 09:00
to zero, capturing the “turning off” of the activity from the vent.
The traverse measurement for this day was taken at 12:40, after
the shut off, and so measures a much lower emission rate.

The interaction between the plume and cloud depends on their
relative altitudes. There is a measure of the cloud height for each
pixel available within the operational TROPOMI product, however
the precision of this is a function of the cloud cover within that
pixel (it is more accurate when there is more cloud present). We
compute an effective cloud height as:

szloudz(] _CF)'Hsurf+CF'Hcloud (1)

where Hf , is the effective cloud height, CF is the cloud fraction
(0-1), Hgyry is the ground surface height, and Hcjouq is the cloud
altitude. All height values are in km above sea level. Using this, we
can compute the height difference between the plume and meteo-
rological cloud, AH, as:

AH = leume - H:loud (2)

This value was calculated for all plume pixels throughout the erup-
tion. Fig. 6 displays the results, showing the distribution of AH
values each day in 0.1 km bins. These results show that there was
not a significant change in AH throughout the eruption, either
from seasonal changes or eruption phases. The peak value for the
total pixel count (Fig. 6b) is 0.95 km and there is a jump in total
pixel count at 0 km.
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These results show that the plume is being detected favourably
above the cloud, either due to a lack of sensitivity to plume pixels
below the cloud, the fact that the plume is naturally more buoyant
than meteorological cloud (due to the thermal energy imparted by
the eruption), or a mixture of the two.

5. Discussion
5.1. Comparison with ground-based measurements

There are distinct changes in the emission rates and injec-
tion altitudes calculated with PlumeTraj that correlate with the
observed phases in the eruption determined from the observa-
tions on the ground. Periods of low and high activity can be eas-
ily distinguished from the PlumeTraj results, while the change to
episodic activity into Phase 4 results in a clear change in the emis-
sion signal.

Overall, the agreement between the ground-based observations
and PlumeTraj is good, though PlumeTraj does underestimate the
emission rates compared to the mobileDOAS measurements during
periods of less intense activity. This is not surprising, as we would
expect such emissions to be on the edge of detectability due to
the relatively low concentration of SO,, low altitude of emission
and high cloud cover in the region. Another point to consider when
comparing traverse- and satellite-derived emission rates is that tra-
verses measure the minutes-scale instantaneous emission rate at
the time of measurement (the length of time required to complete
the traverse), whereas the satellite measurement is an average over
a given time window (depending on the model time step and pixel
sizes). This means that short-term variation in emission rate may
result in very low or high emission rates from a traverse, whereas
these will be smoothed to a mean value in satellite measurements.
This is why traverses were repeated multiple times on each mea-
surement day. This is also reflected in the discrepancy between
traverses and PlumeTraj during the episodic activity, where either
the PlumeTraj or traverse measurement can be higher than the
other depending on whether they capture an “on” or “off” phase
in the emissions at the time of measurement.

The uncertainty in the emission rate introduced by the GFS
data is difficult to assess quantitatively. Traverses require a mea-
surement of wind speed to calculate the emission rate from the
measured plume cross-section, in this case taken from the HAR-
MONIE model (Bengtsson et al., 2017; Icelandic Met Office, 2015).
The uncertainties on this wind speed are transferred directly to
the measured emission rate. With PlumeTraj, however, the emis-
sion rate is calculated by summing the mass returning to the vent
within a given time frame and dividing by the length of that time
frame, so the uncertainties in the wind speed are not directly cor-
related to the emission rate. As the total mass is conserved, when
using the peak emission rate, the uncertainties in the wind speed
should not have a dramatic impact on the emission rate value,
but rather the exact time at which it is measured. Care should be
taken when inspecting time-variations in emission rate from older
plumes, as there is more time for inaccuracies in the meteorologi-
cal data to contribute to the arrival time.

Analysing the relationship between the TROPOMI and traverse
emission rates, the best agreement is found when the emissions
are steady, with a higher injection altitude and with minimal cloud
cover. During the episodic activity (Phase 4a) the emission rate
measured by either method depends strongly on whether an on-
or off-phase in the activity is captured. There are also significant
sources of uncertainty for ground-based measurements, including
the wind speed used, radiative transfer issues (including light di-
lution and multiple scattering within the plume) and geometrical
corrections that must be applied to calculate the emission rate. It
is worth noting that no corrections for scattering below the plume
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were made for the traverse measurements, an effect which tends
to lead to a systematic underestimation of the emission rate. The
plume was typically low altitude, low concentration and optically
thin, which will minimise this impact. The sampling frequency will
also impose uncertainties when the emission rate is highly vari-
able, as making traverse measurements is very labour intensive
and cannot be practically applied continuously. As with Plume-
Traj, the best results will be found for steady emission under clear
skies, though traverses are more sensitive to lower altitude plumes
instead of higher ones.

The relationship between the plume and cloud altitudes shows
that the plume is being detected favourably above the cloud. There
is a small jump in values at AH =0, suggesting that some pixels
lower than the cloud level are not being detected due to being ob-
scured, however it seems that most of the plume is being injected
above the cloud level and is staying there. It is worth noting that,
although the precision on the cloud altitude is high (typically <
0.1 km here), there are large systematic errors that can affect these
measurements (Compernolle et al., 2021). Since the cloud fraction
and altitude are key parameters in the calculation of the air mass
factor (AMF) to convert the measured slant column density (SCD)
to the VCD, this means that the true uncertainty on the corrected
VCD due to clouds is likely to be much larger than currently re-
ported. This is an area that requires future work.

The agreement between the injection altitudes measured by
PlumeTraj and the visible cameras is better, with the range of al-
titudes measured during a day from the visible cameras generally
covering the observed altitudes of emission from PlumeTraj. There
are days with much higher (up to 4-5 km) and very low (down to
ground level) emissions which likely reflects the limitations of the
meteorological model used. The back-trajectories also do not ac-
count for any diffusion of the plume, so plume edges may return
at incorrect altitudes if this is a major factor. Additionally, the me-
teorological data has a relatively coarse spatial resolution (0.25°),
so using a finer scale model may help to correct these anomalous
results. However, the fact that these results are generally in agree-
ment with the ground-measured altitude shows that PlumeTraj can
produce useful information even when the absolute emission rates
are not accurate.

5.2. Volcanological implications

The calculated SO, emission rates show that the emission be-
haviour was very variable throughout the eruption, with three pe-
riods of increased emission, both in terms of measured emitted
SO; and injection altitude (Fig. 4a). This is partially missed by the
traverses due to the sparser nature of the measurements but is re-
flected in the camera-derived plume altitudes. The first period (in
May) is the most sustained, while the following two (in June and
mid-July to mid-August) are during the episodic activity.

The initial magma sulphur content can be estimated by com-
bining the measured SO, emission rate with the lava TADR. We
converted the reported lava volume effusion rates reported by Ped-
ersen et al. (2022a) (and shown in Fig. 4d) to a mass effusion rate
by multiplying by a typical Icelandic density of 2700 kg-m~—3 (Hart-
ley and Maclennan, 2018). The results are shown in Fig. 7, along-
side a measure of the sulphur content determined from melt inclu-
sions sampled during the early stages of the eruption (Halldérsson
et al., 2022).

The calculated sulphur content is initially lower than those
from the melt inclusions (except two data points corresponding
to very low lava emission rates), but this increases dramatically in
May when the SO; emission first increases. There is a further peak
at the beginning of August during the third pulse in SO, emission,
however no significant increase is seen during the second pulse in
June.
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Fig. 7. Initial magma sulphur content, calculated from PlumeTraj SO, emission rates and reported lava TADR. Also shown is the sulphur content from melt inclusions from
the beginning of the eruption (Halldérsson et al., 2022). The time of each point is the mid-point of the time window used to calculate the lava effusion rate.

It is not immediately obvious what causes the peaks in emis-
sion seen. The first pulse in May corresponds to a dramatic in-
crease in the mass eruption rate and higher altitude, sustained
plumes. The second pulse is associated with a slight increase in
the lava TADR, but the third is during the steady decline in lava
emission towards the end of the eruption. This is reflected in the
calculated magma sulphur contents, with peaks in pulses 1 and 3,
but not a clear increase in pulse 2. This suggests that the magma
source had a time varying composition, highlighting a need for fur-
ther geochemical analysis of the lava throughout the eruption.

6. Conclusions

In this paper, altitude- and time-resolved SO, emissions from
the 2021 eruption of Fagradalsfjall are quantified by analysing SO,
imagery from TROPOMI with the PlumeTraj back-trajectory analy-
sis toolkit. The closest agreement is found when comparing with
emission rates measured by mobileDOAS traverse and plume in-
jection altitudes measured by calibrated visible cameras, though
emission rates during periods of lower activity were generally
lower from PlumeTraj than the traverses.

Changes in the surface activity observed at Fagradalsfjall corre-
late well with changes in the observed emission rate and altitude.
Periods of higher eruption intensity (e.g. Phase 3) are reflected
by higher emission rates and higher injection altitudes, while the
change to episodic emissions in Phase 4a is clearly reflected in
the two populations of emission rate values observed from day to
day. This clearly demonstrates that the combination of TROPOMI
and PlumeTraj is a useful tool for monitoring volcanic SO, emis-
sions from relatively low intensity effusive eruptions. Care must be
taken however, as TROPOMI/PlumeTraj tends to underestimate the
emission rate when the cloud fraction is high and if the injection
altitude is low. The role of the cloud fraction and cloud height are
large sources of uncertainty, requiring future work to improve this.

Three distinct pulses in stronger and higher altitude SO, emis-
sion are seen, which are less clear in the sparser traverse measure-
ments. These do not always correspond to increases in the lava
effusion rate, suggesting a time evolving volatile content of the
magma. This requires further investigation and comparison with

chemical analyses of samples taken throughout the eruption to
better understand the driving mechanism behind this.

There are some results that appear to be anomalous, specifi-
cally the higher altitude (roughly 4 km) emissions seen in Phase
4a (Fig. 4a). These are most likely due to issues with the trajec-
tory model and/or the meteorological data used, as the resolution
of the data is low (0.25°) and the behaviour of such models close
to the ground can be poor when topography is not well resolved.
This is a limit of the global-scale data used, especially for plumes
so close to the ground. This could be improved in the future by
incorporating finer resolution meteorological data into PlumeTraj,
which is the subject of ongoing work.

PlumeTraj can measure the SO, emission rates on most days
throughout the eruption and does not measure any emissions be-
fore or after the eruption, or during pauses in activity, making it
a useful tool to determine activity start and end dates for unmon-
itored volcanoes globally. The 2021 eruption of the Fagradalsfjall
volcanic system presented an ideal test for PlumeTraj, as the high
latitude, low plume altitude, high cloud cover, low SO, concen-
trations and dynamic eruption style made this a particularly chal-
lenging application. For other volcanoes at lower latitude and with
typically less cloud cover we would expect PlumeTraj to perform
even better.

The required data for PlumeTraj are freely available in near real-
time and the processing can be easily automated, demonstrating
the power of PlumeTraj to provide 24-hour monitoring for future
effusive eruptions. This is especially useful for volcanoes without
the dedicated infrastructure for such measurements, for hard to
access volcanoes, or for filling in gaps in ground-based monitoring
time-series to improve existing coverage.
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