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Abstract: Volcanic eruptions pose a major natural hazard influencing the environment, climate and
human beings at different temporal and spatial scales. Nevertheless, several volcanoes worldwide
are poorly monitored and assessing the impact of their eruptions remains, in some cases, challenging.
Nowadays, different numerical dispersion models are largely employed in order to evaluate the
potential effects of volcanic plume dispersion due to the transport of ash and gases. On 28 August
2019, both Mt. Etna and Stromboli had eruptive activity; Mt. Etna was characterised by mild-
Strombolian activity at summit craters, while at Stromboli volcano, a paroxysmal event occurred,
which interrupted the ordinary typical-steady Strombolian activity. Here, we explore the spatial
dispersion of volcanic sulphur dioxide (SO;) gas plumes in the atmosphere, at both volcanoes, using
the Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) considering the
ground-measured SO; amounts and the plume-height as time-variable eruptive source parameters.
The performance of WRF-Chem was assessed by cross-correlating the simulated SO, dispersion
maps with data retrieved by TROPOMI and OMI sensors. The results show a feasible agreement
between the modelled dispersion maps and TROPOMI satellite for both volcanoes, with spatial
pattern retrievals and a total mass of dispersed SO, of the same order of magnitude. Predicted
total SO, mass for Stromboli might be underestimated due to the inhibition from ground to resolve
the sin-eruptive SO, emission due to the extreme ash-rich volcanic plume released during the
paroxysm. This study demonstrates the feasibility of a WRF-Chem model with time-variable ESPs in
simultaneously reproducing two eruptive plumes with different SO, emission and their dispersion
into the atmosphere. The operational implementation of this method could represent effective support
for the assessment of local-to-regional air quality and flight security and, in case of particularly intense
events, also on a global scale.

Keywords: Stromboli; Mt. Etna; Strombolian eruption; sulphur dioxide emissions; WRF-Chem
model; FLAME
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1. Introduction

Volcanic eruptions can have important impacts on society, representing a potential
source of hazard (e.g., Loughlin et al. 2015 [1]). Explosive eruptions may cause the
formation of ash-gas columns, which may rise to several kilometres above the vent and be
transported over long distances. The transport and deposition of volcanic ash and gases
could have a high impact on transportation, mainly air traffic, but also vehicles and trains.
Additionally, agriculture, human health and the climate system would be impacted [2-5].
Among the volcanic gases, sulphur dioxide (SO;) is responsible for acid rain, due to the
reaction with atmospheric water, forming sulphuric acid [6].

Furthermore, when extremely strong explosive paroxysms occur, volcanic ash and
50, may reach the stratosphere. Since this atmospheric layer is characterised by vertical
stratification, ash and sulphate aerosol particles (resulting from the oxidation and nucleation
of SO, emission), which interact with solar and terrestrial radiation, can reside in the
stratosphere for a longer time than in the case of tropospheric injections, thus modulating
the radiative balance and impacting the climate system (e.g., Pinatubo 1991 [7,8] and
Tambora 1815 [9], Raikoke 2019 [10], Hunga Tonga 2022 [11,12]).

Generally, extreme explosive eruptions are associated with a negative short-wave
radiative forcing and a transient decrease in global surface temperatures (e.g., Oppen-
heimer 2011 [13] and Luterbacher and Pfister 2015 [14]), even if the recent Hunga Tonga
eruption in 2022 challenged this paradigm due to the large injection of water vapour for
this Phreatoplinian eruption [11].

Due to the importance of volcanism and its impacts, intense research activity is
presently focused on the development and optimization of numerical models which can
simulate the atmospheric transport and surface deposition of pollutants, including vol-
canic ash and gases, such as the so-called Volcanic Ash Transport and Deposition (VATD)
models [15]. This whole class of dispersion models can be classified into two main groups
based on the physical-mathematical approach adopted. The first class considers the
Eulerian models, in which the variables are discretized on grids and the equations are
solved with numerical methods, i.e., WRF-Chem [16] and FALL3D [17]. The second class
considers the Lagrangian models, in which the trajectory of single particles is studied,
i.e., FLEXPART [18], Hysplit [19,20] and NAME [21,22]. The Eulerian Weather Research
and Forecasting—Chemistry (WRF-Chem) model has been recently utilised to study sin-
gle paroxysmal events of Mt. Etna (e.g., 23 November 2013 [23], and two sequences of
paroxysms of Mt. Etna [24]).

The other application of the WRF-Chem model concerns the impact on the Mediter-
ranean basin of bromine [25,26] because volcanoes are considered a geochemically impor-
tant source of halogen species into the troposphere. Volcanic gases and aerosols are also
subject to numerous physical and chemical evolution processes such as sulphate aerosol
production or cloud condensation nuclei activation [27]. Pianezze et al. 2019 [28] observed
that degassing has a strong impact on cloud condensation nuclei (CCN) formation) in-
vestigating both Mt. Etna and Stromboli volcanic plumes during the stage of quiescent
degassing for Mt. Etna and ordinary explosive activity at Stromboli. More recently, Argha-
vani et al. 2022 [29] implemented a novel parameterisation of nucleation in the WRF-Chem
model regarding new particle formation of a passive degassing of the Mt. Etna plume
observed on 15 June 2016 [29].

Mt. Etna and Stromboli are ideal target volcanoes for testing and developing numerical
modelling on physical and chemical evolution processes of volcanic degassing. They are
both persistently active and well monitored and, therefore, allow for detailed model inputs
and correlative data to be gathered.

Mt. Etna is one of the most important emitters of natural pollution on Earth, account-
ing for about 10% of the global average volcanic emissions of carbon dioxide and SO,
(e.g., [30,31]. The total volatile flux from Mt. Etna is evaluated at ~21,000 t/day, with a
large fraction accounted for by water vapour (H,O, ~13,000 t/day). HyO dominates (>70%)
the volatile budget during syn-eruptive degassing, while CO; and H,O contribute equally
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to the total volatile flux during passive degassing. SO, accounts for a relatively minor
fraction of the total volatile flux both during passive and eruptive degassing (respectively,
(~8% and ~17% [32]).

Stromboli is well known for its mild and continuous Strombolian activity, occasionally
interrupted by effusive eruptions and more-violent-than-ordinary explosive events, named
based on their intensity of major explosions and paroxysms (e.g., [33]). The persistent erup-
tive activity of Stromboli is fed by a volatile-rich high-potassium basalt whose continuous
degassing through open conduits sustains a permanent volcanic plume degassing, which
contributes 1-2% of the estimated global volcanic yield of sulphur, halogens, and trace
metals to the atmosphere [34]. Chemical investigation of Stromboli’s plume degassing
has revealed a large spread of plume compositions depending on bulk-quiescent and
sin-explosive degassing. The quiescent degassing shows a well-defined time-averaged
chemical composition dominated by H,O (48-98 mol%; mean 80%), CO, (2-50 mol%;
mean 17%) and SO, (0.2-14 mol%; mean 3% [35]). SO, represents by far the main sulphur-
containing species: SO /H;S molar ratios range from 14 to 17 [36] and particulate sulphur
accounts for <5% of total sulphur [34,37].

Compared with quiescent emissions, the bursting gas slugs associated with ordinary
Strombolian explosive activity have a distinct chemical composition. The gas phase is richer
in CO; (11-50%; mean 26%) and poorer in HyO (48-88%; mean, 73%) than the bulk plume
passively released by the volcano, and moreover displays higher CO,/SO,, SO, /HC], and
CO/CO; molar ratios [35]. Larger variations have been observed before the occurrence of
paroxysm with a 10-fold increase in CO; flux and high value of CO, /SO, ratios and 5-fold
50; flux growth recorded in the days and hours before 15 March 2007 paroxysms [38].

Here, we report on the evolution of the spatial distribution of SO, in the Mt. Etna
and Stromboli volcanic plumes during a case study on 28 August 2019. At that time, the
signatures of the activities of both volcanoes are visible simultaneously. Mt. Etna was in
passive degassing and moderate erupting phase, whereas Stromboli was experiencing a
paroxysmal event. With the WRF-Chem model, simulations were carried out using in situ
ESPs (SO, emitted burden and injection height).

The main objectives of this paper are (i) to reproduce the observed spatial and temporal
evolution of the volcanic plumes produced by Mt Etna and Stromboli volcanoes using the
WRE-Chem model, (ii) to test an innovative method, which allows us to take into account
the transient and fluctuating nature of the volcanic emissions, and (iii) to model, for the
first time, the transport of the eruptive column-produced transport by a paroxysmal event
of Stromboli with the interaction of the Etna summit crater plume.

This manuscript is structured into five sections. In Section 2, the volcanology frame-
work of Mt. Etna and Stromboli is introduced. The data and methodology used in this
work are described in Section 3. Section 4 presents the results of the simulations and their
evaluation with the available observational data; ageing of the volcanic plumes; and their
effects. Conclusions are drawn in Section 5.

2. Volcanology Framework

Sicily is part of the western central Mediterranean and its segment constitutes a
link between the African Maghrebides with Southern Apennines across the Calabrian
accretionary wedge (e.g., Lentini et al. 2014 [39]).

Active volcanism is located in the eastern and northern part of the island. Mt. Etna and
Stromboli share the common feature of most active volcanoes in the world with an almost
continuous eruptive activity [40,41], characterized by a wide range and intense voluminous
eruptive phenomena, ranging from lava effusion to explosive paroxysms, causing columns
of ash up to different km above the vent.

Specifically, in the period of study, Mt. Etna was characterised by explosive activity
variables in both intensity and style, mainly from the South-East crater (SEC, see Figure 1).
The activity consisted of mild explosions coupled with episodic summit effusive events
between late May and July [42]. Throughout the month of August, and specifically on
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28 August, eruptive activity gradually declined in intensity, consisting of mild Strombolian
activity mainly from SEC and secondary from the North-East crater and Bocca Nuova
(respectively, NEC and BN, see Figure 1).

At Stromboli volcano, during summer 2019, two paroxysms occurred on 3 July and
28 August. Specifically, the August episodes consisted mainly of three explosions followed
by a pyroclastic flow along the Sciara del Fuoco sector that travelled about 1 km on the
sea surface and caused a tsunami with waves about 60 cm high. The eruptive column
reached up to ~6.4 km [43] with a fall-out dispersion of ash and volcanic gas towards NNE
(between P.ta Labronzo and Stromboli village [44]).

The Toulouse Volcanic Ash Advisory Centre (VAAC), operated by Météo-France
(https://vaac.meteo.fr/, accessed on 17 March 2023), has the responsibility of the now-
casting of volcanic emission dispersal in the Mediterranean basin, which hosts very active
volcanoes like Etna and Stromboli. It released three Volcanic Ash Advisories (VAA) for
Stromboli, following the eruptions analysed in this paper and reported in the Appendix A
(see Table A1l). The first two advisories (at 10:56 and 12:00 UTC) were classified as red
indicating a warning alert, while the third one at 15:00 UTC (orange alert) denoted a
reduction in ash emission.

# Pta : o= Stromboli
O Labronzo \IETT

Sciara del
Fuoco

Pizzo Sopa
La Fossa

Ginostra
village

aQ°

Figure 1. (a) Map showing the position of both (b) Stromboli (top right panel, modified from Google
Earth) and (c) Mt. Etna (bottom right panel, modified from Google Earth) volcanoes in southern Italy.
The white dots in the panels (b,c) represent the Flame DOAS network. The gray map (d) shows the
summit craters with their respective names: Voragine (VOR); Bocca Nuova (BN); North-East Crater
(NEC); and South-East Crater (SEC) [45].

3. Data and Methods

In this chapter, we describe the experimental ESP data that are used to initialise the
volcanic package of the WRF-Chem model and the satellite data that are used to validate
the model output.
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3.1. Ground-Based SO, Flux Emission

The bulk plume SO, flux released by the summit craters of Mt. Etna and Stromboli
was measured during daylight hours using the FLAME (FLux Automatic MEasurement)
ultraviolet DOAS (differential optical absorption spectroscopy) scanning spectrometer
network (e.g., Salerno et al. 2018 [46]).

At Stromboli, the network consists of four ultraviolet scanning spectrometers placed
near the coast of the island and intercepting the plume from a distance of ~2 km from the
summit craters of Stromboli.

At Mt. Etna, automatic FLAME stations are placed in the flank of the volcano at a
mean altitude of 800 m a.s.l. and intercepting the volcanic plume at a mean distance of
~14 km from the summit craters.

At both volcanoes, each instrument scans the sky over 156° from horizon to horizon ev-
ery 5 min during daylight. Open-path ultraviolet spectra were reduced on-site applying the
DOAS method (e.g., Platt and Stutz 2008 [47]) and using a modelled clear sky spectrum [48].
50, mass emission rates are automatically computed by inverting the SO, volcanic column
amounts’ plume profiles, and the uncertainty in SO, flux ranges between —22 and +36%
(e.g., [46,48]). The details and configuration of the network are given in [46,48].

3.2. WRF-Chem Setup

For this study, we have utilised the WRF-Chem model version 4.3.1 in a numerical
domain covering the southern Mediterranean, with 310 x 320 grid points and a horizontal
grid spacing of 6 km.

Initial and boundary conditions are available at the WRF input system (https:/ /www?2
.mmm.ucar.edu/wrf/users/download/free_data.html accessed on 17 March 2023) and
provided by the NCAR/NCEP Final Analysis from Global Forecast System (FNL from GFS
at 1-degree resolution, ds083.2, available at this link: https://rda.ucar.edu/datasets/ds083
.2/ accessed on 17 March 2023).

Both simulations started on 28 August 2019 00:00 UTC and finished on 30 August
2019 00:00 UTC. The parameterisations of the physics and chemistry components of the
WRF-Chem model are reported in Table 1.

Based on the WRF setup recommended by [24], the physics parameterisations that are
utilised consist in the Mellor-Yamada—Janjic Scheme parameterisation (MY]; [49]) to define
the planetary boundary layer (bl_pbl_physics = 2) and the surface layer (sf_sfclay_phy-
sics = 2) Eta similarity scheme ( [50]).

The land surface exchange processes and the associated fluxes are represented by the
Noah-MP Land Surface Model (sf_surface_physics = 4; [51]). The radiative schemes are
parameterised using the Goddard radiation model [52] for both shortwave and longwave
(ra_sw/lw_physics = 5) components. The microphysics parameterisation considers the one-
moment Goddard four-class ice (4ICE) scheme developed by [53]. This scheme considers
prognostic variables for cloud ice, snow, graupel and hail.

Table 1. Physical and chemical options of the WRF-Chem model.

Component Namelist Description
Microphysics mp_physics =7 New Goddard 4-Ice Scheme
SW radiation ra_physics =5 New Goddard Shortwave Schemes
LW radiation ra_physics =5 New Goddard Longwave Schemes
Surface Layer sf_sfclay_physics = 2 Eta Similarity Scheme
PBL bl_pbl_physics =2 Mellor—Yamada-Janjic Scheme (MY])
Land surface sf_surface_physics = 4 Noah-MP Land Surface Model

Chemistry chem_opt =402 chem_volc package
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In WRE-Chem, the “chem_volc package” (option 402) is utilised and it transports
sulphur dioxide (SO;) and volcanic ash bins (not utilised in this study) in the numerical
domain. The FLAME-DOAS data were pre-processed and elaborated to be compatible with
the WRF-Chem input system. In particular, since the SO, ground FLAME-DOAS time series
are not stationary, depending on the spread direction of the volcanic plume with respect to
the spatial distribution of the stations in the volcano, it was necessary to apply RAW-data
processing techniques, including both time-regularization and interpolation algorithms.
Subsequently, they were filtered on a 30 s time lag to be ingested in the numerical model
at each time step. The corresponding time series of SO, mass eruption rate and injection
height are depicted in Figures 2 and 3, respectively, for both eruptive time series.

Stromboli SO, Flux time series
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Figure 2. The SO, flux time series provided to model WRF-Chem related to Stromboli (orange line
in panel (a)) and Etna (green line in panel (b)) volcanoes, respectively. Units are 107 g/h (a) and
108 g/h (b).
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Figure 3. Injection height (asl) related to both Stromboli (orange line) and Mt. Etna (green line) SO,
flux time series during 28 August 2019, obtained via INGV instrumentation. The red line refers to the
start of the Stromboli paroxysm.

For Stromboli volcano, during the ordinary “Strombolian” activity, the value of SO,
injection height considered in the simulation, obtained using the INGV realtime camera
observations, was about 1000 m asl (about 100 m above the Pizzo Sopra La Fossa), according
to the plume height values recorded during the typical Strombolian activity [33,41]. Instead,
during the paroxysmal event of 28 August 2019, the height of the ash-gas column injected
in the model was computed using a calibrated picture of the paroxysm taken from Panarea
island (about 18 km from Stromboli), with respect to the altitude of Stromboli island. Using
qualitative inversion, we estimate a height of 5500 m ejected for about 15 min between 10:17
(start of the paroxysm) and 10:42 UTC, which is consistent with that estimated by [44].

The injection height parameter was ingested in the model simulation at each time step
as indicated by Figure 3. A linear interpolation technique has been over-imposed in order
to take into account decreasing plume height values at the end of the paroxysm.

Concerning the Mt. Etna simulation, a constant SO, injection was taken into account
at around 4000 m asl (about 700 m above the summit craters, which are at altitude of about
3300 m), obtained from the real time monitoring cameras of INGV. Table 2 reports the ESPs
for both eruptive events of Stromboli and Mt. Etna, respectively, STR1 and ETN1. The
duration of almost 10 h for both STR1 and ETN1 events and the Total Emitted Mass (TEM)
from ETN1 being almost six times more powerful in terms of total SO, mass emitted in the
atmosphere can be noted.

Table 2. The Eruption Source Parameters (ESPs) for the eruptions of 28 August 2019.

Start Eruption End Eruption Injection
Event (UTO) (UTQO) TEN,IF(SOZ) Height (asl)
HH:MM:SS HH:MM:SS 8 km
STR1 05:53:00 15:03:00 0.077 1-5.5-1
ETN1 06:13:30 16:04:00 0.499 4

3.3. Tropomi Data

The TROPOspheric Monitoring Instrument (TROPOMI) is a passive-sensing hyper-
spectral nadir-viewing imager onboard the Sentinel-5 Precursor satellite of the European
Space Agency (ESA). It operates with four separate spectrometers measuring the ultraviolet
(UV), UV-visible (UV-VIS), near-infrared (NIR) and short-wavelength infrared (SWIR) spec-
tral bands [54]. It was launched on 13 October 2017, and its swath width is approximately
2600 km, with an along-track resolution of 7 km and daily global coverage [55].

The Global Sulfur Dioxide Monitoring Home Page of the Goddard Space Flight
Center (https://www.nasa.gov/goddard accessed on 17 March 2023) provides in its
web-portal (https://so2.gsfc.nasa.gov accessed on 17 March 2023) the “archived daily
OMI/OMPS/TROPOMI images”. Selecting the region and the date of interest, SO, maps
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may be downloaded all over the globe; in particular, we have downloaded the TROPOMI
image of Mt. Etna and Stromboli relative to the eruptive activities of 28 August 2019
(available at this link: https://so02.gsfc.nasa.gov/pix/daily /ixxxza/troploop5pca.php?yr=
19&mo=08&dy=28&bn=etna accessed on 17 March 2023).

4. Results and Discussion
4.1. Synoptic Analysis

To analyse the synoptic conditions, the maps of geopotential height and winds ob-
tained from the simulations performed using the WRF-Chem model are shown in Figure 4.
In particular, Figure 4a—c represent the mid-troposphere (at an altitude equal to 500 hPa,
about 5500 m above sea level). The geopotential height and wind at 700 hPa (about 3000 m
above sea level) are shown in Figure 4d—f.

a) 12:00 UTC c) 28/08/2019 —18:00 UTC
=777 T 7

6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E 22°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E 22°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E 22°E
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C LT T T | [ T ——
3120 3140 3160 3180 3200 3220

Figure 4. Geopotential height (m) and wind barbs (m/s) at 500 hPa at 06:00 (a), 12:00 (b) and 18:00
(c) UTC on 28 August 2019 and at 700 hPa at 06:00 (d), 12:00 (e) and 18:00 (f) UTC on 28 August 2019.

The day of 28 August 2019 was characterized by a sequence of ridges and troughs.
In particular, the presence of a high pressure pattern (ridge) of the north-African matrix,
has affected areas in southern Italy, especially Sicily (see Figure 4). During the day, the
anticyclonic system tended to weaken, favouring the zonal translation (from West to East)
of a cyclonic vortex. The trough, initially close to the Balearic Islands (Figure 4a), reached
Sardinia and, during the evening, the northwestern coast of Sicily (Figure 4b,c). This
synoptic framework, at first, favoured the presence of winds at 500 hPa coming from the
southwest to the western sector of Sicily, while the eastern one was affected by northwestern
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winds (Figure 4a). In the following hours, the winds at 500 hPa gradually tended to align
from the southwestern quadrants across the entire Sicilian territory (Figure 4c).

In Figure 4d, it is possible to notice that, close to Stromboli volcano, the winds at 700
hPa are directed eastward; in the following hours (Figure 4e,f), they turn southward.

Finally, to show the direction and velocity of winds at different altitudes, close to both
Mt. Etna and Stromboli volcanoes, the Skew-T diagrams obtained from the WRF-Chem
simulation are reported in Figures 5 and 6.

In particular, it is possible to note that at 06:00 UTC, time corresponding to the be-
ginning of the SO, flux data series recorded by the FLAME network, winds on the Etna
volcano (see Figure 5), at an altitude of 700 hPa (about 3000 m), were oriented from the
northwestern quadrants.

Etna—28/08/2019 — 06:00 UTC
Plcl = 749 Tlcl [C] = 8 Shox = 3 Pwat [cm] =1 Cape [J]=0

100 | ! 16
15
14
150
13
200 | 12
11
250 |
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300 | s I
- o |9
s S
-
T = [ 8
400 | 37
- 6
500 | R
3 5
N\ \ 4
700 | S 3
\7 . :
850 | :
! 1
1000 | . : 0

-30 -20 -10 0 10 20 30 40
Temperature [°C]

Figure 5. Skew-T diagram obtained in the proximity of Etna volcano. The blue line represents the
Dewpoint plot. The black line represents environmental sounding.

Instead, on Stromboli volcano, the phenomenon of wind shear (see Figure 6) was
observed, consisting of an abrupt variation in both wind intensity and direction with
altitude. Indeed, at up to 700 hPa, the winds came from the southwestern quadrants, while
at higher altitudes they tended to start from the northwestern sector.
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Stromboli— 28/08/2019 — 06:00 UTC
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Figure 6. Skew-T diagram obtained in the proximity of Stromboli volcano. The blue line represents
the Dewpoint plot. The black line represents the environmental sounding. The red line represents the
parcel lapse rate.

4.2. Results from the WRF-Chem Model and Comparison with TROPOMI

As mentioned in the Introduction, the main purpose of this work is to analyse two
simultaneous eruptions from the Mt. Etna and Stromboli volcanoes in Sicily (Italy). These
two volcanoes are 120 km apart, and in the case of simultaneous eruptions, the volcanic
plumes may overlap in a complex pattern. The numerical modelling of such events and the
analysis of satellite data may be helpful in the interpretation of the spatial pattern and the
relative consequences on the territory.

On the Tropomi image, reported in Figure 7a, it is evident that there are two distinct
SO; plumes at granule time 11:13-13:14 UTC on 28 August. The WRF-Chem simulation
(Figure 7b) reproduces, with high fidelity, the spatial pattern retrievals from the Tropomi
sensor. To obtain Dobson Units (DU) from the WRF-Chem output SO, variable, which is
expressed in ppmv (part per million by volume), it must be first transformed in pug m~3,
then integrated vertically over each grid-point column to give g m~2 and finally converted
in DU; the corresponding converted variable will be denoted in the following text as
SO,_du.

In particular, according to the synoptic analysis and considering the Skew-T diagrams
reported in Figures 5 and 6, the plume from Mt. Etna being oriented from the northwestern
quadrant is directed south-east, while the plume from Stromboli is oriented north/north-
east. The intensity of SO,_du predicted by WRF-Chem is in some way under-estimated,
even if the maximum SO,_du values on the map are close to 2 DU.
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Figure 7. (a) TROPOMI retrievals for 28 August 2019 at 11:30-13:14; (b) WRF-Chem output SO,_du
at 13:00 UTC of 28 August 2019. Units for Tropomi (a) are DU and 103 DU for WRE-Chem (b).

Considering the fair agreement between the observed and the modelled columnar
SO,_du at 13:00 UTC, it may be interesting to show the time evolution of the two different
plumes also because the two eruptive sequences stopped at 15:00 (Stromboli) and 16:00
UTC (Mt. Etna) on August 2018, as reported in Table 2. On the six panels of Figure 8, we
have reported the time sequence of the two SO;_du plumes at different times, namely at
11:00 (a), 14:00 (b), 17:00 (c), 20:00 (d) and 23:00 (e) UTC on 28 August and 04:00 UTC on 29
August (f).

When analysing this figure in detail, it can be seen that a portion of the Stromboli
plume, starting at 14:00 UTC (Figure 8b), is being deviated in he south-east direction; this
allows the merging of the two plumes at a later time, as shown by Figure 8c (17:00 UTC)
and subsequent times (Figure 8d—f). An important feature highlighted by Figure 8 concerns
the spatial extension of the two volcanic plumes that in the case of Mt. Etna occupy a much
larger region; this is not surprising if we consider the total emitted mass (TEM) that is
reported in Table 2.

To further verify this concept (merging), it is necessary to show the SO, patterns at
given times and at a pressure level of 500 hPa (about 5500 m). For this purpose, we have
provided Figure 9 in which we reported the sequence of a SO, snapshot from 11:00 UTC
on 28 August 2019 (Figure 9a) to 04:00 UTC on 29 August 2019 (Figure 9f). In particular,
Figure 9c shows that the merging of the two plumes starts just after 17:00 UTC, but it
becomes more evident at 20:00 UTC (red circle in Figure 9d). At later times, the two merged
plumes are directed south-east according to the synoptic circulation at this pressure level.
In addition, in the Appendix, SO, pattern sequences are also shown at a pressure level of
600 (Figure A6) and 700 hPa (Figure A7). This allows us to investigate the region between
3 and 5 km asl where the largest portion of SO, mass is transported. The analysis of the
two supplementary maps confirms the considerations reported above at 500 hPa.

The SO, spatial pattern displayed by Figures 8 and 9 (and Figures A6 and A7 in
Appendix A) reveals a complex structure of both volcanic plumes. In this context, the
necessity of coupling a meteorological model with an aerosol dispersion module and with
time-varying ESPs is mandatory.
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Figure 8. Columnar density of SO,_du expressed in 10~ Dobson Units (DU), estimated from the
simulation carried out by the WRF-Chem model, for 28 August 2019 at 11:00 UTC (a), 14:00 UTC (b),
17:00 UTC (c), 20:00 UTC (d), 23:00 UTC (e) and 04:00 UTC on 29 August 2019 (f).
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Figure 9. Sequence of images illustrating the distribution of sulphur dioxide (in g m~2) at 500 hPa,
obtained from the WRF-Chem simulation, for 28 August 2019 at 11:00 UTC (a), 14:00 UTC (b), 17:00
UTC (c), 20:00 UTC (d), 23:00 UTC (e) and 04:00 UTC on 29 August 2019 (f).

5. Conclusions

In this work, we studied the transport of volcanic SO, eruptive plumes from Mt. Etna
and Stromboli using the Weather Research and Forecasting model coupled with Chemistry
(WRF-Chem). The two volcanoes emitted different SO,-burdens and plume heights as
a consequence of their different eruptive styles. The former featured mild-Strombolian
activity while the second a paroxysmal event.
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Modelling was configured by considering the time-variable Eruptive Source Parame-
ters (ESPs) related to the SO; flux released by the summit craters, obtained by the ground
scanning spectrometer FLAME DOAS network and plume height inverted by the literature
and calibrated images. The total erupted mass of Stromboli and Mt. Etna covered almost
one order of magnitude (0.077-0.5 Tg) with durations of almost 10 h for both events. The
synoptic conditions at 500 hPa were characterised by the presence of an African high-
pressure field that during the day was weakening, favouring the zonal translation (from
west to east) of the low-pressure system.

The comparison between the SO, dispersion maps simulated by the model, and data
observed by TROPOMI for both Mt. Etna and Stromboli show good agreement with the
simulated total mass of SO, of the same order of magnitude as the satellite data. However,
in the case of Stromboli, the total mass of SO, predicted by the WRF-Chem simulation is
underestimated. This is probably due to the inhibition of the actual detection of syn-eruptive
SO, by the FLAME system, caused by the extremely ash-rich volcanic plume released during
the paroxysm.

The additional analysis of SO, transport at 500 hPa shows a complex pattern char-
acterised by two distinctive plumes merging a few hours after the main eruptive events.
In conclusion, here, we demonstrate the feasibility of the WRF-Chem model with time-
variable ESPs in reproducing different levels of volcanic SO, and their dispersion into
the atmosphere. This approach could represent effective and operational support for the
assessment of flight security in the Mediterranean area.

Future developments of the volcanic package of the WRF-Chem model will consider
an improved definition of injection heights and columnar ash distribution in the early
stage of a paroxysm. An online chemistry package will also be considered to describe the
proper transformation of sulphur dioxide and sulphur trioxide into sulphate aerosols and
its negative radiative forcing on the stratosphere.
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Appendix A

Table Al. VAA issued by the Toulouse VAAC MeteoFrance for Stromboli on 28 August 2019; NIL = no
ash cloud is produced; green = normal; yellow = advisory; orange = watch; red = warning.

Advisory Aviation Colour Code Eruption Details TEM (Rmk)
2019-08-28 10:56 UTC Red Explosion at summit Significant ash emission

Strong Eruption with ash Ash emissi
2019-08-28 12:00 UTC Red emission occurred at 10:17 UTC. seoms noslisible.
Eruption has decreased now g1

VA not identifiable on sat
imagery in spite of good
2019-08-28 15:00 UTC Orange Negligible ash emission visibility. Some volcanic ash
possible in the direct vicinity
of the volcano.
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Figure A1. Geopotential height (m) at 500 hPa at 06:00 (a), 12:00 (b) and 18:00 (c) UTC on 28 August 2019
and 00:00 UTC (d) on 29 August 2019. Data have been downloaded from the ERA5 reanalysis [56].
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Figure A2. Wind (m/s) at 500 hPa at 06:00 (a), 12:00 (b) and 18:00 (c) UTC on 28 August 2019 and
00:00 UTC (d) on 29 August 2019. Data have been downloaded from the ERA5 reanalysis [56].
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Figure A3. Geopotential height (m) at 700 hPa at 06:00 (a), 12:00 (b) and 18:00 (c) UTC on 28 August 2019
and 00:00 UTC (d) on 29 August 2019. Data have been downloaded from the ERA5 reanalysis [56].
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Figure A4. Wind (m/s) at 700 hPa at 06:00 (a), 12:00 (b) and 18:00 (c) UTC on 28 August 2019 and
00:00 UTC (d) on 29 August 2019. Data have been downloaded from the ERA5 reanalysis [56].
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Figure A5. Wind (m/s) at 500 hPa for 28 August at 11:00 UTC (a), 14:00 (b), 17:00 UTC (c),
20:00 UTC (d) and 23:00 UTC (e), and 04:00 on 29 August (f).
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Figure A6. WRF-Chem snapshots for 28 August at 600 hPa at 11:00 UTC (a), 14:00 (b), 17:00 UTC (c),
20:00 UTC (d) and 23:00 UTC (e), and 04:00 on 29 August (f).
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