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Abstract: Volcano eruption identification and watching is crucial to better understanding volcano
dynamics, namely the near real-time identification of the eruption start, end, and duration. Eruption
watching allows hazard assessment, eruption forecasting and warnings, and also risk mitigation
during periods of unrest, to enhance public safety and reduce losses from volcanic events. The near
real-time fire radiative power (FRP) product retrieved using information from the SEVIRI sensor
onboard the Meteosat Second Generation (MSG) satellite are used to identify and follow up volcanic
activity at the pan-European level, namely the Mount Etna and Cumbre Vieja eruptions which
occurred during 2021. The FRP product is designed to record information on the location, timing, and
fire radiative power output of wildfires. Measuring FRP from SEVIRI/MSG and integrating it over
the lifetime of a fire provides an estimate of the total Fire Radiative Energy (FRE) released. Together
with FRP data analysis, SO, data from the Copernicus Atmosphere Monitoring Service (CAMS) is
used to assess the relationship between daily emitted concentrations of SO, and the radiative energy
released during volcanic eruptions. Results show that the FRE data allows us to evaluate the amount
of energy released and is related to the pollutant concentrations from volcanic emissions during the
considered events. A good agreement between FRP detection and SO, atmospheric concentrations
was found for the considered eruption occurrences. The adopted methodology, due to its simplicity
and near real-time availability, shows potential to be used as a management tool to help authorities
monitor and manage resources during ongoing volcanic events.
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1. Introduction

During the last 3 decades of the 20th century, according to the Global Assessment
Report on Disaster Risk Reduction 2022 [1], around 90 to 100 medium- and large-scale
disasters were reported per year. The large-scale disasters, such as earthquakes, tsunamis,
volcanic eruptions, typhoons, and also extreme climate events, such as droughts, occur
and adversely affect societies worldwide, requiring national and international assistance.
Between 2001 and 2020, the number of these events increased from 350 to 500 per year [1].

Volcanic activity influences the atmosphere and climate on a hemispheric and global
scale. The Hekla and Laki eruptions in June 1783 in Iceland and the Tambora eruption
in April 1815 have been associated with their following cold winter and springs, which
consequently were responsible for crop losses, widespread famine, and diseases over
Europe [2-5]. The Etna eruptions between the 18th and 19th centuries were also followed
by crop losses [6]. At present, volcanic activity in Europe still has strongly adverse socio-
economic impacts in Europe and worldwide. An example is the Eyjafjallajokull eruption
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(Iceland) in 2010, which, despite being a moderate-scale volcanic eruption, had plumes
of volcanic ash that were transported on northwesterly winds towards continental Eu-
rope, causing the closure of European airspace and costing USD 5 billion to the global
economy [4,7,8]. Although not associated with crop losses and famine, the volcanic erup-
tion of La Palma in 2021 increased the levels of several elements associated with the
deposition of ash and nanoparticles of magmatic material on the surface of bananas during
their growing on farms in the affected area. However, the concentration of these elements
vanished with washing in the processing plants and did not exceed 5% of the daily intake
tolerance [9].

In line with the Sendai Framework Terminology on Disaster Risk Reduction 2015-2030,
disaster risk reduction strategies and policies should be implemented, namely the creation
of effective end-to-end and people centered early warning systems that may include, among
other key elements, the detection, monitoring, and forecasting of the hazards and possible
consequences. Nonetheless, some high-exposure volcanoes remain unmonitored, and more
than 800 million people live within 100 km of a volcano that could erupt [10].

The monitoring of volcanic activity provides relevant information to better understand
the structure and dynamics of volcanoes, and is crucial for hazard assessment, eruption fore-
casting, and warnings, as well as for risk mitigation during volcanic unrest [11]. However,
monitoring volcanic activity is a complex matter that includes specific actions to constantly
and in real-time acquire parameters that describe the state of a volcano [12-17]. During
volcanic eruptions, significant amounts of ash particles and gases are injected into the atmo-
sphere, interacting with anthropogenic activities and ecosystems on various levels [18,19].
Lava flows can also cause massive destruction and devastation, overwhelming whole
villages, burying key infrastructure, and rendering land unproductive or uninhabitable [20].
Volcanic eruptions and volcanic earthquakes are also frequently associated with ground
deformation during eruptive events [21]. Depending on the eruption characteristics, ejected
materials can reach the troposphere or stratosphere, affecting the global radiative balance
and surface temperatures [18,22]. Despite this important role as a natural force of the
climatic system, volcanic activity also impacts air quality (generating low levels of air
quality) and airspace security (e.g., by reducing visibility and potentially damaging aircraft
engines) [23]. Therefore, following up on volcanic activity and monitoring volcanic ma-
terials (ash and gases) is revealed to be of primary importance, since it is the only way to
avoid and mitigate their harmful effects [1,10].

Regarding the several volcanic materials released into the atmosphere, SO, is the
most common gas, with its ejected amounts directly linked to the volcano’s eruption
explosivity [19,23]. Generally, SO, concentrations are slowly removed from the emitted
plumes, having an important impact on the climate through radiative forcing, which
could produce either surface cooling or surface warming effects at local and/or global
scales [23-26]. In the troposphere, sulfur compounds accelerate the oxidation of metals, and
volcanic sulfate aerosol has been implicated in some aviation incidents [27]. Volcanic sulfate
aerosol can remain in the stratosphere for months and even years, depending on the SO,
ejection altitude, total mass loading, latitudes, and dispersion patterns [28,29]. Moreover,
50, exposure may cause negative effects on health and the environment [30-32]. Namely,
short-term exposures to this gas can irritate the eyes, harm the human respiratory system,
and make breathing difficult. People with asthma, particularly children, are the most
sensitive to these effects due to airway constriction [31]. SO, exposure has also been linked
to cardiovascular diseases [31]. Additionally, high concentrations of SO, have harmful
effects on trees and plants, by damaging foliage and decreasing growth. Furthermore, it
can contribute to acid rain which can harm sensitive ecosystems, and by reacting with other
compounds in the atmosphere to form fine particles, it may also reduce visibility (haze)
over affected areas [31,32].

The use of remote sensing data is a useful approach to conveniently assess volcanic
activity, allowing early and rapid detection, quantitative characterization, plume tracking,
eruption forecasting, and specifically allowing for the monitoring of remote inaccessible
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volcanic areas at different time scales [19,23,33]. Particularly, the evolution of satellites in
recent years has marked a great advance in the proximal and distal monitoring of volcanic
eruptions in areas with scarce instrumentation and/or difficult access [18,34]. Geostationary
satellites offer a unique opportunity to follow up, in near real-time, the entire evolution of
volcanic eruptions, such as Mount Etna [35,36], expanding monitoring capabilities on an
hourly basis, with a time step of 10 or 15 min [18,24,37]. By monitoring a volcanic eruption
in near real-time, geostationary satellites can help to reduce risks to the population and
local air traffic, as well as to detect different types of volcanic activity [19,33]. Additionally,
sensing-based tools are less cost-effective when compared to ground-based monitoring
instrumentation, which is more vulnerable to destruction by volcanic activity, theft, or
burns [34].

The Fire Radiate Power (FRP) product, derived from the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI) instruments on board the Meteosat Second Generation
(MSG) geostationary satellite, has been delivered in near real-time since 2004. The FRP
was originally designed to record information on the location, timing, and radiative power
emitted by wildfires (in MWatts), detected every 15 min across the full MSG disk, at the
native spatial resolution of the SEVIRI sensor (3 km at the sub-satellite point). Therefore,
FRP quantifies the release rate of radiant energy by a fire, over all wavelengths, based
on Stefan’s Law, which relates total emitted radiance over all wavelengths (i.e., the Fire
Radiative Power) to emitter temperature [38]. Likewise, the thermal emission of an active
volcanic surface relates directly to the radiative power of the emitter at a specific time.
By definition, the FRP algorithm assumes that the fire temperature ranges from 665 K
to 1365 K [38]; on the other hand, lava and magma temperatures range from 1073 K to
1473 K [39]. For example, in fire case studies, FRP is used as a proxy for fireline intensity,
helping to develop mitigation strategies [40,41], whereas in the case of volcanic events, it
is expected that it can be used to understand eruption dynamics and the direction of lava
flow, to assess dangerous areas and issue evacuation alerts.

In recent years, Mount Etna in Italy has been permanently active. However, in 2021,
strong eruptive activity was reported over Mount Etna, and also over the Cumbre Vieja
in the Canary Islands, which has not been volcanically active since 1971 [6,42—47]. In
the present work, geostationary data are used to show the satellite’s ability to identify in
near real-time the effusive volcanic eruptions that occurred during 2021 in Mediterranean
Europe, identifying the start and the end of the eruptions, and demonstrating how to keep
watching for volcanic activity by assessing the energy and the SO, released during the
effusive volcanic events. In order to early detect the hotspots and to assess the intensity
of the Mount Etna and Cumbre Vieja eruptions, the near real-time FRP was retrieved
from the product, using information from SEVIRI sensor onboard of MSG satellite. Since
the radiative power emitted by fires can be related to the production of smoke during
combustion [38], the potential of using FRP also as a proxy for volcanic gas emissions,
namely SO,, is also evaluated in this work. Hence, the concentration of the SO, released in
areas surrounding the volcano was characterized for each event, to assess the respective
spatio-temporal patterns, based on data provided by the Copernicus Atmosphere Monitor-
ing Service (CAMS). Consequently, by assessing the relationship between daily emitted
SO; concentrations and the radiative energy released during volcanic eruptions, it is also
possible to assess the exposure to SO, concentrations from active volcanoes, with respect to
the air quality guideline values for the general population and ecosystems.

2. Data and Methods
2.1. Study Area

Mount Etna is a basaltic volcano located on the eastern coast of Sicily, Italy, and has
had eruptions that date back 3500 years [6,48,49]. It is one of the most active volcanoes in
the world [6], representing a potential hazard for about 600,000 people living on its slopes,
as well as hundreds of thousands of tourists who visit the volcano yearly [32], due to the
possibility of flank eruptions like the 1669 eruptions [50,51]. The volcanic activity of Mount
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Etna, which can be both explosive and effusive, has been particularly active and intense in
the last 30 years [20,42—-45].

The Cumbre Vieja is historically the most active volcano in the Canary Islands, in
Spain. After 50 years of sleeping, the Cumbre Vieja volcano woke up with an eruptive
episode on 19 September that lasted until 13 December 2021 [46]. For three months, the
Cumbre Vieja eruption produced lava fountains and lava flows and injected ash and gases
into the atmosphere. The appearance of this eruptive event forced the evacuation of about
6400 residents and destroyed infrastructure worth more than EUR 400 million [46].

The methodology used to identify and follow-up volcanic hotspots on European
islands during 2021’s eruptive events was performed over the following volcanic surround-
ing areas: [14.4E-15.6E; 37.4N-38.2N] for Mount Etna, and [18.2W-17.4W; 28.4N-28.8N]
for Cumbre Vieja. These areas correspond to the areas inside the dashed boxes in Figure 1.
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Figure 1. Study area inside the dashed box: Mount Etna (right panel) and the Cumbre Vieja (left
panel). Elevation map is represented by gray colors (unit: meters).

2.2. Data

The FRP is derived from the SEVIRI instruments on board the MSG geostationary
satellite, delivered in near real-time, since 2004, by the EUMETSAT Land Surface Analysis
Satellite Applications Facility (LSA-SAF).

The FRP product (LSA-502) is spread across the full spatiotemporal resolution of the
SEVIRI imager, with a 3 km spatial sampling distance at the sub-satellite point (decreasing
away from the West African sub-satellite point) and with a temporal resolution of 15 min.
The FRP of a pixel exhibiting a strong thermal contrast with its neighborhood and with
a power typical of fire activity, an active fire pixel, is expressed in megawatts (MW) and
represents the amount of radiant heat energy emitted, per time unit, by the burning
vegetation and /or organic soils present within that pixel. The FRP algorithm confidently
detects active fire pixels whose FRP exceeds 30 MW [38] and can discriminate the area of
actively burning fires, covering down to 10~# of a pixel, being, therefore, more sensitive
to fire than other algorithms that are used in many active fire products, which are widely
exploited [38]. A full description of the FRP/MSG operational algorithm is detailed by
Wooster et al. (2015) [38].

In the normal state of persistent activity of Mount Etna, mild explosive activity is
usually concentrated at the summit craters, where the lava extrudes at a nearly constant
temperature of around 1350 K, and during stronger paroxysmal eruptions the lava temper-
ature is higher (~1400 K) [35,36,52]. Conversely, for the Cumbre Vieja eruption in 2021, it is
estimated that the lava temperatures ranged approximately from 1373 K to 1433 K [53-56].
As these temperature values are included in the temperature spectrum detected by the FRP
algorithm, it follows that this product can be properly used to detect the radiative power
characteristic of volcanoes.

The SO, concentrations were obtained through the global atmospheric composition
forecasts (GACF) data from Copernicus Atmosphere Monitoring Service (CAMS), a com-
ponent of the European Earth Observation program, Copernicus. GACF are produced
twice a day, on more than 50 chemical species and seven different types of aerosols. For
each forecast, the initial conditions are obtained by combining a previous forecast with
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current satellite observations of aerosol optical depth, ozone (O3), carbon monoxide (CO),
nitrogen dioxide (NO,), and sulfur dioxide (5O,) through the 4D-VAR data assimilation
process, providing a complete and consistent dataset that enables estimations at sites where
observation coverage is poor or for atmospheric pollutants for which no direct observations
are available (https:/ /ads.atmosphere.copernicus.eu, accessed on 31 March 2022). GACF
are available on a regular 0.44° x 0.44° resolution grid (~48 km), from 2015 up to now, at
hourly resolution.

For the present study, SO, data, namely the total column sulfur dioxide, was selected at
the surface level, and was used to assess the spatial and temporal patterns of concentrations
emitted into the atmosphere during the Mount Etna and Cumbre Vieja eruptions in 2021,
over the defined study areas above.

2.3. Methods

In this work, the FRP was used to identify and analyze the periods of the highest
activity on Mount Etna and Cumbre Vieja, in terms of emitted radiative energy, and the
start and the end date of the eruption.

Integrating the FRP obtained from SEVIRI/MSG with the temporal resolution of
15 min over the lifetime of fire makes it possible to estimate the total Fire Radiative Energy
(FRE) released during the event. The adopted methodology relies on the fact that released
FRE is proportional to the amount of biomass consumed and therefore to the intensity of
the eruption, computed using the accumulated FRP of each event [57,58]. The hourly and
daily FRE was calculated for each volcanic event using the formula by Pinto et al. 2018 [58].
The hourly energy emitted by the volcano at a specific pixel was computed by integrating
the radiative power measured via SEVIRI in that pixel over the considered hour. Since the
data are collected every 15 min, the hourly energy, FRE (in gigajoules, GJ), for each pixel p
and hour & could be estimated using the following Equation (1):

4
FRE, =09 (Y, FRP,)i, §

where the index k indicates the sequence of 15 min of each hour, FRP,, is the fire radiative
power (in MW) in pixel p, and the 0.9 is a factor that converts the result into GJ. Subsequently,
the daily FRE,; is the accumulated hourly FRE;, over the 24 h h, for each pixel p. The
hourly and daily FRE for the study areas correspond to the hourly and daily accumulated
FRE of all pixels present in the study areas.

The daily released SO, concentration was obtained by the accumulated value of all
GACEF pixels in the surrounding areas of the volcano, previously defined above. Maps of
daily SO, concentrations for the period of the eruptive events were also produced for the
two studied areas of Figure 1. To analyze the temporal evolution of FRE and SO, emissions
related to the volcano’s eruptions, the hourly and daily accumulated values of FRE and
50, concentration were summed over the boxes defined inside Figure 1.

In order to evaluate the agreement between FRE and SO, emissions, two eruptive
periods with similar length were selected, January to April in the case of Mount Etna, and
September to December for the Cumbre Vieja. For each of them, the daily FRE and SO,
values from the previously defined boxes were accumulated every 8 days.

3. Results
3.1. Volcanic Activity in Mount Etna

The periods of volcanic activity for Mount Etna, as obtained using the daily FRE
accumulated for the selected box, and over the entire year of 2021, are shown in Figure 2.
The higher daily values of FRE associated with the moments of greatest volcanic activity
occurred during February, April, June, July, and August (Figure 2, upper panel). High
activity spanning over several consecutive days is observed during February and July.
The bottom panels of Figure 2 show the hourly periods of FRE during these two months,
allowing us to identify the beginning of eruptive events and the moments of high explosive
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activity. The maximum hourly FRE values observed during the analyzed months occurred
on 4 March, at 9 a.m., reaching a radiative power of about 35 TJ, and the second maximum
occurred on 4 July at 4 p.m., with an emitted radiative power of the same magnitude,
exceeding 30 TJ (Figure 2, bottom panels). High emitted radiative power values are also
observed for 12 and 31 March, and 2, 7, 8 and, 31 July (Figure 2, bottom panels).
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Figure 2. Daily FRE (GJ) accumulated over the dashed box for Mount Etna in Figure 1, covering
the total period (top panel) and the hourly FRE (G]J) for March (left bottom panel) and July (right
bottom panel).

The daily FRE accumulated over the selected box, considering the Etna Eruption in
2021, is observed in Figure 3 (blue line). The maximum of daily FRE released occurred
on 12 March, with a release of 126 TJ. Other relative maxima are observed on 4 March
(111 T7), 1 April (102 TJ), and 9 August (105 TJ). It should be stressed that the FRE and FRE
maximum values may not occur on the same day, because the maximum FRE corresponds
to the day with the longest continuous and intense volcanic activity and not to the day of
maximum FRE emission. However, for the period and area under analysis, 4 March was
the second day with the highest FRE released, in agreement with the observed in Figure 2.
However, Figure 3 shows persistent volcanic activity for several days in February, March,
June, and July.

The ejection of SO, into the atmosphere during the months of the Mount Etna eruption
resulted in three distinct peaks of daily maximum SO, concentrations, as shown in Figure 3
(orange line). Namely, on 28 February, 1 April, and 16 June, with maximum released
concentrations of 1775 pg/m?3, 1823 pug/m3, and 1820 pg/m3, respectively (Figure 3, line
orange). It should be also noted that, as expected, daily concentrations of SO, follow the
intensity of the volcanic activity, revealing a similar temporal pattern as the FRE released
during the Mount Etna eruption. This behavior pattern is evident on days with higher FRE
values, such as 4 and 12 March (111 and 126 TJ), 1 April (102 TJ), and 9 August (105 TJ),
where the concentration of SO, is higher than 1150 ug/m? (Figure 3, blue line).
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Figure 3. Daily FRE (blue, GJ) and SO, (orange, ug/m3 accumulated over the dashed box for Mount
Etna in Figure 1.

In order to better evaluate the impacts of SO, emissions over the volcanic-affected
areas, FRE and SO, values were spatially represented, as can be seen in Figure 4, for two
days of Etna’s maximum volcanic activity, 4 March and 1 April. The daily concentrations of
SO, on 1 April were higher than on 4 March, however, on both days SO, values were above
300 pg/m? over the volcano area. It also should be noted that the higher SO, concentrations
are located in the southeast part of the island, probably related to the movement of the
plume to the south, associated with the prevalent wind direction of the considered days.

04-Mar-2021 01-Apr-2021 %10%
T T ) T T T T T T - T

S0, [ug/m’]

Figure 4. FRE (GJ) and SO, (ug/m3) concentrations on 4 March (left panel) and FRE and SO, con-
centrations on 1 April (right panel). The dashed rectangle represents the area where the accumulated
FRP, FRE, and SO, previously represented were calculated for Mount Etna.

The area around Mount Etna affected by volcanic activity, with respect to the energy
released, was larger on 4 March (Figure 4, left panel), showing lower FRE pixels in locations
at a greater distance from the center of the volcano. Although FRE values are lower on 4
March (maximum 10.54 TJ) than on 1 April (maximum 18.45 TJ), the FRE accumulated in
the study area on 4 March is slightly higher (111 TJ) than on 1 April (102 T]), as on 4 March
the lava flow covered a greater number of pixels [35].

3.2. Volcanic Activity in the Cumbre Vieja

The periods of volcanic activity for the Cumbre Vieja, as obtained using the daily FRE
accumulated for the selected box and over the entire year of 2021, are shown in Figure 5.
The Cumbre Vieja's effusive volcanic activity began on 19 September and continued until
13 December, presenting the maximum radiative energy of around 80 TJ on 2 October and
relative maxima on 17 and 21 October above 40 TJ (Figure 5, top panel). The radiative
power was low and intermittent between the beginning of November and the first half of
December. Figure 5 (bottom panel) shows the period of greatest activity of the volcano,
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from 28 September until 12 October, on an hourly basis. It should be noted that FRE values
were above 4 T] several times between 1 October at 6 p.m. and 3 October at 7 p.m., reaching
the maximum value on 1 October at 9 p.m. In addition to that period, values also above
4 TJ occurred on 28 September at 7 p.m. and 11 p.m., and 6 October at 6 p.m.

4
10><10 ]
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2021

6000 T T T T

4000 - o

FRE [GJ]

2000 - 4

I | Jbd A

Sep 28 Oct 01 Oct 04 Oct 07 Oct 10
Date 2021

Figure 5. Daily FRE (GJ) from September to December (top panel) and hourly FRE (GJ) from
28 September to 12 October (bottom panel) for the Cumbre Vieja.

The daily FRE accumulated over the selected box, denoting the Cumbre Vieja, in
2021 is observed in Figure 6 (blue line). Intense volcanic activity, as derived from a daily
accumulated radiative energy release of more than 7 TJ, is observed between 28 September
and 28 October. It should be noted the FRE maximum value of around 8.1 T] occurred on
2 October. A downward trend in FRE values is observed after the beginning of November,
achieving negligible values of daily FRE in the second half of December (Figure 6, blue line).

4
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Figure 6. Daily FRE (blue, GJ) and SO, (orange, pg/ m?) for the same area and period for the
Cumbre Vieja.

The SO, concentrations released into the atmosphere during the Cumbre Vieja activity
are also related to the FRE values emitted during the eruption periods, as expected. Both
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the FRE maximum value (8.1 TJ) and SO, maximum concentration (3122 pg/ m3) occurred
on 2 October (Figure 6, orange line), and as the FRE diminished due to the volcano’s activity
decreasing, the SO, concentration also declined after 15 December.

Similarly to the Mount Etna event, two days with high FRE and SO, values were
identified and spatially represented for the Cumbre Vieja eruption, 2 and 17 October,
respectively (Figure 7). Regarding the FRE values at the pixel scale, on 17 October, the FRE
values (2.7 TJ) were almost of the same magnitude as the FRE values released on the 2nd of
October (FRE~2.5 T]). However, on 2 October more active pixels were detected, making the
daily accumulation in the volcano area higher than on 17 October. This behavior is also
reinforced by the highest amounts of SO; released into the atmosphere on 2 October, above
500 ug/ m3, whereas the concentration of SO, was below 300 ug/ m? on 17 October.
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Figure 7. As in Figure 3, but for the Cumbre Vieja on (left panel) 2 October and on (right panel)
17 October 2021.

Mount Etna has hourly FRE values much higher than those reached by the Cumbre
Vieja. When analyzing the two different eruption periods, January to April in the case
of Mount Etna, and September to December for the Cumbre Vieja, there is a significant
agreement between the FRE and SO; values accumulated every 8 days (Figure 8). Therefore,
besides the FRE being an indicator of volcanic activity, it also agrees with the emitted SO,
concentrations during both volcanic events. However, it should be stressed that it is not
possible to compare the FRE from Etna and the Cumbre Vieja, as the number of pixels with
FRE included in the considered box for Etna and Cumbre Vieja is different, but also mainly
due to the different nature of the volcanic activity. On the other hand, the Cumbre Vieja
activity was persistently high over a consecutive period of days showing continuously
recorded high hourly FRE values. Since the FRE is the cumulative FRP, the maximum FRE
reached by each volcanic eruption differs by a scale of only 4 GJ. Furthermore, Mount Etna
has a larger area of volcanic activity pixels (Figure 4) than the Cumbre Vieja (Figure 7),
which could also be a reason for the FRE value being higher for Mount Etna (Figure 3) than
for the Cumbre Vieja (Figure 4). The different FRE patterns are certainly directly linked to
the type of explosive volcanic eruption, which is also associated with the amounts of SO,
released into the atmosphere, as previously shown. However, the analysis of the type of
each volcanic eruption is beyond the scope of the present work.
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Figure 8. Scater plot of FRE greater than 1 GJ and SO, greater than 200 ng/m3, values accumulated
over 8 days between January and April for Mount Etna event (blue), and September and December
for the Cumbre Vieja event (orange).

4. Discussion

Volcanic eruptions are important natural sources of atmospheric pollutants due to the
ejection of ash particles and gases—such as carbon dioxide (CO,), water vapor (H,O), and
sulfur dioxide (SO,)—into the atmosphere [23]. Apart from the climate effects, volcano
emissions also have important impacts on air quality and airspace security, making it
necessary to monitor them [23], to better assess and anticipate their harmful impacts.

For example, Mount Etna’s mean SO, flux emitted was equivalent to the total of
industrial France (~5000 T/day), making it the largest continuous point source of SO,
globally [59]. On the other hand, when the Cumbre Vieja erupted on 19 September, the SO,
plumes traveled mainly across Northern Africa and Southern Europe, probably affecting
Northern and Western Europe [60]. After that, in early October, when the wind direction
changed, the volcanic plumes were transported over long distances, reaching the Caribbean
islands and decreasing local air quality levels, due to high SO, concentrations, together
with the arrival of a Saharan dust intrusion [60].

According to reports issued by the Global Volcanism Program [61], the maximum FRE
periods coincided with the days of high volcanic activity at the Mount Etna and Cumbre
Vieja eruptions. Since December 2020, Mount Etna has had frequent strombolian explosions
of variable intensity, effusive activity, ash emissions, and ashfall [35,61]. According to
Ganci et al. (2023) [35], two main eruptive phases were identified, taking into account the
lava volumes of the individual Etna events; which reveals a set of paroxysmal events
separated by relative calm periods at Mount Etna [35,44,62]. Moreover, these eruptive
phases are easily identified from the FRE patterns, presented in Figure 1, in agreement
with the radiant heat flux curves and effusion rate estimates presented by the CL-HOTSAT
thermal monitoring system [35]. Namely, the first eruptive phase lasted from 16 February to
1 April 2021, with the peak of paroxysmal activity on 4 March 2021, which is in agreement
with the FRE patterns presented in Figures 1 and 3. For example, on 4 March, it was the
9th episode; at 8.50 a.m. there was strombolian activity with 300 m tall lava explosions,
and ash plumes rose 11 km above the summit and caused lapilli to fall around the volcano
(20 km). This episode agrees with the FRE and SO, values observed and presented in
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Figures 3 and 4, respectively. On 31 March, there was a strong explosion followed by
several clouds of ash, marking the beginning of the 17th episode of the lava fountains. Lava
fountains continued to be visible during 1 April and intense strombolian activity produced
dense plumes of ash that reached 9 km in altitude and drifted SSW, as is visible in Figure 3,
left side. The INGV reported three episodes of lava fountaining from 28 June to 6 July [63];
the second episode began at 5 p.m. on 4 July, which was one of the maximum values of
FRE identified (Figure 2).

In the Cumbre Vieja event, a fissure eruption began at 2 p.m. on 19 September, with a
large explosion that produced a gas-and-ash plume at about 1 km in altitude [29]. The FRE
may have detected the start of the eruption at 7 p.m. instead of 2 p.m. due to the plume
of gas and ash preventing the satellite’s sensors from accurately measuring the start of
the eruption. Still, the maximum values of the FRE and SO, concentrations released from
the Cumbre Vieja agree with the opening of two vents about 600 m NW of the main cone
during late 30 September and 1 October, leading to strong volcanic activity on 2 October,
with ash plumes rising to 3-5 km and drifting S [64], as can be seen in Figure 7- left panel.

The calculation of the accumulated value of the daily FRE, related to the time of each
eruption, shows that the amount of energy released by volcanic activity is very high, in
line with the eruption’s intensity. Considering that 2000 GJ is the typical daily amount of
energy released by a severe fire [58], the results reveal that these volcanic eruptions can
release up to 40x to 60 x more energy. However, it should be stressed that the FRP product
is produced for cloud-free pixels and therefore the product seems to be inadequate for
identifying and monitoring volcanic eruptions associated with big clouds of smoke, such
as subplinian and plinian eruptions. Moreover, as the FRE is defined as the emitted radiant
energy released during combustion, it can be linked to the fire’s smoke production [65],
and consequently, it can be used as a proxy for volcanic emissions into the atmosphere.

Furthermore, it can be concluded that FRP products allow for hazard assessment,
early eruption forecasting, and warnings in near real-time at a global scale (including other
geostationary satellites like HIMAWARY and GOES) in remote and isolated regions with
a very low post-processing cost (only by computing FRE from FRP). However, a further
detailed comparison with other thermal hotspot monitoring systems such as MODVOLC,
MIROVA, or HOTVOLGC, should be performed in order to better identify other regions and
types of volcanic activity that could benefit from using the proposed tool. It also could
be interesting to explore the use of the proposed approach to complete the CL-HOTSAT
thermal monitoring system, using the FRP/FRE hotspots as early signs to identify severe
eruptions, according to the magnitude of the emitted power or released energy.

Sulfur dioxide emissions affect the balance of the radiative forcing of climate, with
several harmful consequences for human health activities and ecosystems. Thus, regarding
the protection of human health and activities, there are two SO; limit values that should
not be exceeded, according to the European Air Quality Directive (2008/EC/50) [66]: (i) the
SO, hourly mean value may not exceed 350 j1g/m3 more than 24 times in a year, and
(ii) the SO, daily mean value may not exceed 125 jig/m> more than 3 times in a year.
Taking this into account, both SO, volcanic emissions considered here far exceeded the
recommended human health thresholds. Namely, the Mount Etna eruption had 79 days
with SO, concentrations over 500 j1g/m3, whereas the Cumbre Vieja had 66 days with SO,
concentrations higher than 500 pg/m?3. With respect to what is known for each eruption,
the Mount Etna and Cumbre Vieja volcanoes revealed different SO, plumes, due to the
different eruptive activity and dynamics of each volcano and to different local/regional
diffusion processes, which were also related to the local orography and meteorological
influences. These released SO, concentrations are also in line with the observed FRE values,
in accordance with the peaks of thermal radiance studied by Ganci et al. (2023) [35]; this
corroborates the rationale that FRE can be used as a proxy for volcanic emissions into the
atmosphere. Therefore, the proposed methodology, based on FRE data, shows that it is
possible to assess potential exceedances of SO, threshold levels, allowing for the issuing
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of several alerts to protect local populations from the adverse consequences of high SO,
concentrations on human health and activities.

5. Conclusions

Identifying and monitoring volcanic activity on a real-time basis can help to reduce
risks to the population and local air traffic, as well as obtain information about the processes
and dynamics of volcanic eruptions. Moreover, it can contribute to avoiding their effects
in the short-term (e.g., physical damage) and long-term (e.g., sustained or permanent
displacement of populations).

The ground-based monitoring of volcanic activity, on a real-time basis, is a challenging
task, as the instrumentation may be vulnerable to destruction or difficult to manage in
remote locations. The present work explores the added value of using geostationary data
to follow the entire evolution of volcanic eruptions, expanding monitoring capabilities on
an hourly basis. The ability to monitor the area of a volcano every 15 min, using the FRP
product from SEVIRI/MSG, allows for the identification of the moment of greatest volcanic
activity, in near real-time. Despite the lower spatial resolution, the very high temporal
resolution and low timeliness may represent a great advantage in comparison with polar
satellite products that collect only two observations a day. It should be noted that this
added value has been revealed to be higher at low to moderate latitudes where the accuracy
of the FRP product is higher [38].

The adopted rationale relies on the fact that the FRE released is proportional to the
intensity during the Mount Etna and Cumbre Vieja 2021 explosive volcanic eruptions, based
on the accumulated radiative power released by each event [57,58]. Among the advantages
of using the product are the high sensitivity that allows for detecting sub-pixel fires and
the high temporal resolution (15 min) and the continuous watching of volcanic activity,
making it possible to assess the rapid behavior and direction of the lava flow, almost in
near real-time.

Considering that FRE is the emitted radiant energy released during combustion, linked
to smoke production [40], the possibility of using it as a proxy for volcanic emissions into
the atmosphere was also assessed. The very good results of the evaluation of the volcanic
activity from the Mount Etna and Cumbre Vieja events show that FRP products can be a
valuable proxy for volcanic activity. The released SO, concentrations during both eruptions
are also in line with the emitted FRE values, corroborating the hypothesis that FRE can be
used as a proxy for volcanic emissions into the atmosphere. Furthermore, the proposed
methodology, due to its simplicity and near real-time availability, has potential to be used
as a management tool to help authorities monitor and manage resources during ongoing
volcanic events, contributing to risk mitigation during periods of unrest and reducing SO,
exposure, enhancing public safety and reducing losses from volcanic events.
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