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Abstract. Volcanoes are known to be important emitters of atmospheric gases and aerosols, which for certain
volcanoes can include halogen gases and in particular HBr. HBr emitted in this way can undergo rapid atmo-
spheric oxidation chemistry (known as the bromine explosion) within the volcanic emission plume, leading to
the production of bromine oxide (BrO) and ozone depletion. In this work, we present the results of a modelling
study of a volcanic eruption from Mt Etna that occurred around Christmas 2018 and lasted 6 d. The aims of this
study are to demonstrate and evaluate the ability of the regional 3D chemistry transport model Modele de Chimie
Atmosphérique de Grande Echelle (MOCAGE) to simulate the volcanic halogen chemistry in this case study, to
analyse the variability of the chemical processes during the plume transport, and to quantify its impact on the
composition of the troposphere at a regional scale over the Mediterranean basin.

The comparison of the tropospheric SO, and BrO columns from 25 to 30 December 2018 from the MOCAGE
simulation with the columns derived from the TROPOspheric Monitoring Instrument (TROPOMI) satellite mea-
surements shows a very good agreement for the transport of the plume and a good consistency for the concen-
trations if considering the uncertainties in the flux estimates and the TROPOMI columns. The analysis of the
bromine species’ partitioning and of the associated chemical reaction rates provides a detailed picture of the
simulated bromine chemistry throughout the diurnal cycle and at different stages of the volcanic plume’s evo-
lution. The partitioning of the bromine species is modulated by the time evolution of the emissions during the
6d of the eruption; by the meteorological conditions; and by the distance of the plume from the vent, which is
equivalent to the time since the emission. As the plume travels further from the vent, the halogen source gas
HBr becomes depleted, BrO production in the plume becomes less efficient, and ozone depletion (proceeding
via the Br+ O3 reaction followed by the BrO self-reaction) decreases. The depletion of HBr relative to the other
prevalent hydracid HCl leads to a shift in the relative concentrations of the Br~ and C1™ ions, which in turn leads
to reduced production of Br; relative to BrCl.
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The MOCAGE simulations show a regional impact of the volcanic eruption on the oxidants OH and O3 with a
reduced burden of both gases that is caused by the chemistry in the volcanic plume. This reduction in atmospheric
oxidation capacity results in a reduced CH4 burden. Finally, sensitivity tests on the composition of the emissions
carried out in this work show that the production of BrO is higher when the volcanic emissions of sulfate aerosols
are increased but occurs very slowly when no sulfate and Br radicals are assumed to be in the emissions. Both
sensitivity tests highlight a significant impact on the oxidants in the troposphere at the regional scale of these

assumptions.

All the results of this modelling study, in particular the rapid formation of BrO, which leads to a significant loss
of tropospheric ozone, are consistent with previous studies carried out on the modelling of volcanic halogens.

1 Introduction

Volcanoes are known to be significant emitters of atmo-
spheric gases and aerosols, both through explosive eruption
and persistent quiescent degassing (von Glasow et al., 2009).
The main species emitted by volcanoes are HyO (50 %—
90 %) and CO3 (1 %—40 %), species that are already very
abundant in the atmosphere. Sulfur compounds are also ob-
served in volcanic plumes mainly in the form of different
sulfur species. SO; is an important species in the atmosphere
because it becomes oxidised to sulfate particles and has an
impact on air quality, the environment, climate, and human
health (Bluth et al., 1993; Kelly, 1997; Grainger and High-
wood, 2003; Robock, 2000). Volcanoes also emit halogen
compounds typically in smaller quantities than SO, and are
in the reduced hydracid form HX, where X is either Br, Cl,
F, or I (Gerlach, 2004; Textor et al., 2004; Gutmann et al.,
2018).

During a volcanic emission, the magmatic gases that come
out of the crater are at a very high temperature (> 500 °C).
A mixing of magmatic gases and atmospheric air occurs at
very high temperatures at the vent that is believed to lead to
the formation of Br, Cl, H, OH radicals, and possibly NO
(Roberts et al., 2019, and references therein). In this effec-
tive source region a significant amount of sulfate aerosols
is formed, called “primary” sulfate as opposed to the sec-
ondary sulfate aerosols formed from SO; later in the plume.
This mixture changes the chemical composition of the orig-
inal magmatic gas emissions. After, the plume cools down
rapidly to a temperature close to that of the atmosphere, and
chemical processes occur that lead to the production of other
halogen species within the plume in the following minutes to
hours. Chemically formed bromine oxide (BrO) was detected
in volcanic plumes firstly in the La Soufriere volcanic plume
at Montserrat (Bobrowski et al., 2003) by differential optical
absorption spectroscopy (DOAS). Since then, many other ob-
servations of BrO have been made in other volcanic plumes
(Hérmann et al., 2013), such as at Mt Etna in Sicily (Op-
penheimer et al., 2006), Villarrica in Chile (Bobrowski et al.,
2007), Erebus in Antarctica (Boichu et al., 2011), Kasatochi
in Alaska (Theys et al., 2009), and Eyjafjallajokull (Heue et
al., 2011).

Atmos. Chem. Phys., 23, 10533-10561, 2023

In volcanic plumes, the process producing BrO from HBr
in large quantities and leading to a loss of ozone is called
the bromine-explosion cycle (e.g. Oppenheimer et al., 2006;
Bobrowski et al., 2007; Roberts et al., 2009; Gutmann et al.,
2018). This is an autocatalytic cycle by which one molecule
of BrO forms two BrO from the loss of one molecule HBr
and of two molecules of ozone. The cycle also requires the
presence of HO, and acidic aerosols to support its continu-
ation. Sulfate aerosols play a major role since they provide
the acidic particles for the heterogeneous reactions that are
crucial in the bromine-explosion cycle.

Previous numerical modelling studies based on the
PlumeChem and MlIcrophysics in STRAtus clouds (MIS-
TRA) 0D/1D models have mainly focused on the chemistry
in the volcanic plume at local and short timescales (a few
hours maximum) close to the vent (e.g. Bobrowski et al.,
2007; Roberts et al., 2009; Kelly et al., 2013; Roberts et
al., 2014, 2018; Surl et al., 2015). Results of these mod-
elling studies conclude that the main cause of the depletion
of ozone within the plume is the reactive bromine generated
through the autocatalytic reactions. The presence of the HO,,
NOy, and the primary sulfate aerosols accelerates the pro-
cesses of BrO production and thus of ozone depletion. Most
of the previous modelling studies were initialised using the
outputs of the thermodynamic equilibrium software (HSC)
that was used to represent the high-temperature processes at
vent. Nevertheless, recent studies (e.g. Martin et al., 2012;
Roberts et al., 2019; Kuhn et al., 2022) have shown that the
chemistry at very high temperature at the vent cannot be cap-
tured by the thermodynamic equilibrium model assumptions
used in HSC, especially for NO,. Even if the processes that
take place in these conditions are not yet fully understood, it
is clear that some HO, oxidants and Br radicals are neces-
sary at this early stage to kick-start the onset of the bromine
explosion.

To understand the effects of the halogen plume chemistry
on the air composition further from the vent, a 3D-modelling
approach is required to represent the 3D transport and mix-
ing together with the chemical evolution of the plume. So far
only two 3D studies modelling halogen chemistry in volcanic
plumes have been carried out (Jourdain et al., 2016; Surl et
al., 2021). Surl et al. (2021) used the 3D WRF-Chem Vol-
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cano (WCV) model with a resolution of 1 km and focused on
the passive degassing plume of the Mt Etna volcano (Sicily,
Italy) during the summer of 2012 and examined its fate up to
several tens of kilometres downwind. Their reference simula-
tion showed that the increase in BrO and the associated ozone
depletion in the plume are consistent with the observations.
In addition, their sensitivity simulations validated the rele-
vance of assuming that near-vent radicals are produced from
high-temperature chemistry to rapidly trigger the halogen cy-
cle in the plume. To date, Jourdain et al. (2016) have con-
ducted the only 3D-modelling study to analyse the impact of
halogens in a volcanic eruption on a regional scale — regional
meaning here with a domain greater than 500 x 500 km?.
They simulated the reactive halogen plume for the case study
of the extreme passive degassing event of the Ambrym vol-
cano, Vanuatu, that occurred in early 2005 for which tro-
pospheric columns of SO, and BrO from DOAS measure-
ments were available in the plume at a distance between 15
and 40 km from the vent. The Coupled Chemistry Aerosol—
Tracer Transport model to the Brazilian developments on the
Regional Atmospheric Modelling System (CCATT-BRAMS,
Longo et al., 2013) was used with nested grids from 50 km
down to 0.5 km horizontal resolutions to capture the plume
processes at the small scale but also to simulate the tropo-
spheric impact of the dispersed plume at the regional scale.
The results showed the influence of the volcanic emissions
at the local and regional scales on the main oxidants in the
atmosphere (depletion of HO,, of NO,, and of ozone) and
the increase in the lifetime of CHy.

A step further is to analyse and to quantify the effect of
volcanic halogens on the air composition at the regional scale
for other case studies of halogen-rich emitting volcanoes and
even to go further up to the global scale. For this purpose, it
is possible to use a regional or global 3D atmospheric chem-
istry model. Here, we propose to run 3D simulations with
the Modele de Chimie Atmosphérique de Grande Echelle
(MOCAGE) model, which is a chemistry transport model
(CTM) (Guth et al., 2016; Cussac et al., 2020; Lamotte et
al., 2021) that can be used at regional and global scales, to
study an eruption of the Mt Etna volcano that lasted several
days around Christmas 2018. In this framework, the main
objectives of the paper are to test the capability of the 3D
MOCAGE regional CTM with a 0.2° x 0.2° horizontal reso-
lution to simulate the bromine-explosion cycle on this case
study, to analyse the variability of the chemical processes
in the volcanic plume at different distances from the vent,
and to quantify the regional impact of this eruption on tro-
pospheric composition over the whole Mediterranean basin.
The present paper is different from the regional study car-
ried out by Jourdain et al. (2016). Jourdain et al. (2016) fo-
cused on the passive degassing of the Ambrym volcano in the
tropical Pacific region, while our paper studies an eruption
of the Mt Etna volcano located in the mid-latitudes. More-
over, Jourdain et al. (2016) used several nested grids with its
finest horizontal resolution down to 0.5 km, in contrast to the
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3D MOCAGE CTM simulation whose domain has a coarser
horizontal resolution (~ 22km x ~ 18 km around Mt Etna’s
latitude).

The present study builds on Marécal et al. (2023), who
used a 1D vertical profile version of MOCAGE to prepare the
3D MOCAGE simulations of halogens in volcanic plumes.
For this, they completed the MOCAGE chemistry scheme
with the reactions needed for the bromine-explosion cycle.
Their results show that the 1D MOCAGE model is able to
produce the bromine-explosion cycle with values consistent
with observations and with previous modelling studies.

This paper is organised as follows. First, we present in
Sect. 2 the description of the case study of the Mt Etna
eruption event around Christmas 2018. We also present
in this section the TROPOspheric Monitoring Instrument
(TROPOMI) satellite measurements which captured the SO,
and BrO signature of the volcanic plume during the eruption
time period. In Sect. 3, we present the general description of
the 3D MOCAGE model, the halogen plume chemistry, and
the setup of the simulations. In Sect. 4, we present and dis-
cuss the simulation results. The conclusions are presented in
Sect. 5.

2 Description of the case study: Mt Etna eruption
event around Christmas 2018

2.1 General description

Mt Etna is a stratovolcano with several craters located on the
island of Sicily, Italy, with an altitude of about 3330 m above
sea level (a.s.l.). It is one of the most active volcanoes in the
world and the most active in Europe (e.g. Bonaccorso et al.,
2004; Calvari and Nunnari, 2022), and it is one of the most
important sources of SO, during and between eruptions (e.g.
Allard et al., 1991; Burton et al., 2003; Aiuppa et al., 2008;
Carn et al., 2017). Its emission type is mainly passive de-
gassing, but since 2011 there have been more eruptive phases
(from strombolian eruptions to lava fountains) (e.g. Calvari
and Nunnari, 2022). It is also known as an important source
of halogen trace gases (e.g. Aiuppa et al., 2005, 2008; Op-
penheimer et al., 2006).

The case study of the eruptive period around Christmas
2018 (e.g. Calvari et al., 2020; Paonita et al., 2021 was cho-
sen for several reasons. Firstly, this eruption injected signifi-
cant amounts of SO, into the troposphere on 24 December
and for the 6d after. Secondly, the SO, plume and asso-
ciated BrO were captured by the TROPOMI satellite mea-
surements everyday over the whole eruption period (see de-
tails in Sect. 2.3). Thirdly, the SO, emissions of the eruption
are well documented (Corradini et al., 2020, 2021). In these
studies, various ground-based and space-borne instruments
were used to estimate the different parameters of the eruption
(plume height, SO, concentration, SO, emission flux). And,
finally, we benefit from Lamotte et al. (2023), whose study
was focused on the analysis of MOCAGE simulations of SO,
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Figure 1. SO, fluxes in kilotons per hour (kth_l) (red colour) and
top altitude in metres (m; blue colour) of the emissions as a func-
tion of time from the data of Corradini et al. (2020, 2021). The
dashed lines correspond to the time periods when data are missing
and give the values chosen for the simulations (see explanations in
Sect. 3.3.2).

for the Christmas 2018 eruption. They used two estimates of
SO, emissions from different instruments in MOCAGE and
evaluated the simulated plume against the SO, column re-
trieved from several space-borne instruments.

2.2 SOy volcanic emissions

Before the Christmas eruption, there was a period of mod-
erate explosive activity and small lava flows (e.g. Laiolo et
al., 2019; Calvari et al., 2020). Eruptive activity escalated on
24 December 2018, involving the opening of an eruptive fis-
sure in the summit southeast flank of the volcano, as well as
accompanied by a seismic swarm and shallow earthquakes
and by large and widespread ground deformation (e.g. Bon-
forte et al., 2019; Calvari et al., 2020). This led to an erup-
tive plume that was injected into the upper troposphere at
11:15UTC. The eruptive period lasted until 30 December.
Corradini et al. (2020, 2021) used several instruments to es-
timate the SO, flux for the period of the eruption. In our
study, we select the fluxes of SO, estimated from the SEVIRI
(Spinning Enhanced Visible and InfraRed Imager) satellite
instrument. Compared to the other types of measurements,
SEVIRI offers a larger temporal coverage and a higher fre-
quency of SO, emission flux estimations (15 min from 24 to
30 December) (Corradini et al., 2021). In addition, Lamotte
et al. (2023) showed that the SEVIRI estimates give better re-
sults compared to the SO, emission flux estimated from the
ground-based instrument FLAME (FLux Automatic MEa-
surement) (Salerno et al., 2009, 2018).

The temporal variation of the emission flux from SEVIRI
(Corradini et al., 2021) is shown in Fig. 1 (red line). Corra-
dini et al. (2021) estimated that the total uncertainty of the
SO, flux is approximately 45 %. The top height of the vol-
canic emissions is also presented in Fig. 1 (blue line). The
plume height is estimated from SEVIRI measurements on
24 December at the maximum of the eruption (8000 m at
11:15 UTC). For the other days (25 to 30 December), the top
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height was obtained from the ground-based calibrated VIS
camera network in the Mt Etna area (more details in Cor-
radini et al., 2020). Thought the eruption was not marked
by an exceptional plume height (maximum of ~ 8 km alti-
tude) (Corradini et al., 2018), active SO,-degassing was im-
portant. Remarkable changes at both temporal and magni-
tude scales, with values exceeding the typical degassing of
Mt Etna during quiescent conditions (Salerno et al., 2018),
have been measured by the ground FLAME DOAS network
since November 2018. SO, flux steadily increased to then
climax in late December 2018 (Paonita et al., 2021).

2.3 Transport of the volcanic plume

The plume from this eruption has been well sampled by
the TROPOMI space-borne sensor. TROPOMI is a nadir-
viewing passive imaging spectrometer aboard the Coperni-
cus Sentinel-5 Precursor satellite. The resolution of the in-
strument is 3.5 km x 7.5 km in exact nadir direction for mea-
surements taken before 6 August 2019. The temporal reso-
Iution over Mt Etna is one overpass per day (around 11:00-
12:00 UTC) except on 27 December when there were two
overpasses.

The tropospheric columns of SO, and BrO retrieved in
the volcanic plume from the TROPOMI satellite observa-
tions around Christmas 2018 (from 25 to 30 December)
obtained using a retrieval algorithm based on the DOAS
method (differential optical absorption spectroscopy) (Hor-
mann et al.,, 2013; Warnach, 2022; Warnach et al., 2023)
are presented in Fig. 2. The SO, uncertainty is estimated at
35 %. For BrO vertical column densities (VCD) <4 x 1013,
the BrO uncertainty is dominated by the statistical varia-
tion of the DOAS column retrieval, which is estimated as
2 x 1013 molec. cm™2, based on Warnach et al. (2023). For
higher columns the uncertainty is estimated at 35 %. Fur-
thermore, systematic biases are estimated in the order of
5 x 10'2 molec.cm 2 (Warnach et al., 2023). The system-
atic error component in the TROPOMI satellite observations
of BrO apparently leads to relatively high and noisy back-
ground columns. For more details, we refer readers to the
Supplement and to Fig. S22 in the Supplement; here it is
possible to see that the relatively high systematic error signif-
icantly degrades the strength of the correlation between the
model and satellite observations, particularly for the lower
column densities simulated by the model. The SO, column
for 24 December is not shown because the TROPOMI over-
pass was very close to the beginning of the eruption and thus
only captured the plume on a few pixels.

On 25 December, TROPOMI observations show that the
SO; volcanic plume is transported eastwards and crossed the
Mediterranean basin, passing over Greece and Cyprus. From
26 December, the SOy volcanic plume changed to a more
southward direction towards north Africa due to the evolu-
tion of the meteorological conditions. Figure 2 also shows the
BrO columns in the volcanic plume from 25 to 30 Decem-
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Figure 2. Tropospheric column of SO, (left column) and BrO (right column) in molecules per square centimetre (molec. cm™2) retrieved

from TROPOMI satellite measurements from 25 to 30 December 2018.

ber estimated from TROPOMI satellite measurements. The
tropospheric column value of SO is much higher than that
of BrO since the emission of bromine compounds is much
lower than those of SO, emissions. We note that there is a
good agreement in the location of the plume and the relative
intensity between BrO and SO».
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3 MOCAGE CTM general description and setup of
the simulations

3.1 MOCAGE model overview

MOCAGE is a three-dimensional chemistry transport
model developed at the Centre National de Recherches
Météorologiques of Météo-France. The model aim is to de-

Atmos. Chem. Phys., 23, 10533-10561, 2023
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scribe the chemical state of the atmosphere from the surface
to the mid-stratosphere. The MOCAGE model is used in dif-
ferent fields of research such as the study of the climatic im-
pact on atmospheric composition (e.g. Lamarque et al., 2013;
Lacressonniere et al., 2014) or of the upper troposphere and
lower stratosphere gaseous composition (e.g. Barré et al.,
2014; Cussac et al., 2020). The model is also used for oper-
ational purposes for air quality forecasts for the Prévisions
et Observations de la Qualité de 1I’Air (PREV’AIR) pro-
gramme (available online at http://www?2.prevair.org/, last
access: 7 September 2023; Rouil et al., 2009) for France
and in the framework of the Copernicus project for Europe
(Marécal et al., 2015), as well as for monitoring volcanic
eruptions as part of the Toulouse VAAC (Volcanic Ash Ad-
visory Center) of Météo-France, which is responsible for an
area including part of Europe and Africa.

3.1.1 Model geometry and meteorological parameters

The MOCAGE CTM can be used with global and/or regional
domains thanks to its grid-nesting capability. Each external
domain is used as boundary conditions for the internal do-
mains at their edges. The vertical grid has 47 levels from the
surface to 5 hPa (about 35 km a.s.1.), with 7 levels in the plan-
etary boundary layer, 20 in the free troposphere, and 20 in the
stratosphere. The vertical levels are expressed in sigma hy-
brid coordinates, meaning that the model levels closely fol-
low the topography near the surface and follow the pressure
levels in the upper atmosphere.

As MOCAGE is an offline model, it does not resolve
the meteorological parameters. The meteorological variables
used as input (pressure, temperature, wind, moisture, cloud,
and precipitation) are obtained from a meteorological model
(e.g. the operational numerical weather prediction model
Meétéo-France Action de Recherche Petite Echelle Grande
Echelle (ARPEGE) or ECMWF IFS) or a climate model
(e.g. Centre National de Recherches Météorologiques cli-
mate model (CNRM-CM)).

3.1.2 Gaseous chemistry

The MOCAGE chemical scheme is called RACMOBUS. It
merges two chemical schemes: the Regional Atmospheric
Chemistry Mechanism (RACM; Stockwell et al., 1997) in the
troposphere and Reactive Processes Ruling the Ozone Bud-
get in the Stratosphere (REPROBUS; Lefevre et al., 1994) in
the stratosphere. Additionally, several reactions have been in-
cluded to complete the sulfur cycle in the troposphere (Guth
et al., 2016). The RACM scheme represents the tropospheric
chemistry of organic compounds. Halogen chemistry is not
present in the RACM tropospheric scheme: halogen reac-
tions are added to the model in this study (Sect. 3.2). The
REPROBUS scheme is intended to describe the evolution
of stratospheric ozone and therefore includes the reactions
that take place in the stratosphere, in particular with halogen
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species. In the original version of the MOCAGE chemistry
scheme, 112 species and 379 chemical reactions (photoly-
sis, gaseous, and heterogeneous reactions) are taken into ac-
count.

3.1.3 Aerosols

The primary and secondary aerosols are represented in the
MOCAGE model (Martet et al., 2009; Sic¢ et al., 2015; Guth
et al., 2016; Descheemaecker et al., 2019). The primary
aerosols are composed of four species: black carbon, pri-
mary organic carbon, sea salt, and desert dust. The secondary
inorganic aerosols (SIAs) are composed of three species
— sulfate, nitrate, and ammonium — and are implemented
in MOCAGE (Guth et al., 2016). The latest version of
the thermodynamic equilibrium model ISORROPIA (ISOR-
ROPIA II: Nenes et al., 2007; Fountoukis and Nenes, 2007)
is used to calculate SIA concentrations from the compound
concentrations in the gaseous and aerosol phases depending
on the ambient conditions (temperature and humidity). The
secondary organic aerosols from anthropogenic sources are
treated in MOCAGE with their emissions scaled to primary
anthropogenic organic carbon emissions (Descheemaecker et
al., 2019). The scaling factor is derived from aerosol com-
position measurements (Castro et al., 1999). All types of
aerosols use the same set of six cross-sectional size bins,
ranging from 2.0 x 1073 to 50 um with size bin limits of 2,
10, and 100 nm and 1, 2.5, 10, and 50 um.

3.1.4 Emissions

The surface emissions in MOCAGE come from inventories
that emit both natural and anthropogenic sources except for
sea salt and desert dust that are dynamically emitted using
meteorological parameters (Si¢ et al., 2015). In the case of
accidental emissions, such as nuclear accidents or volcanic
eruptions, emission fluxes are obtained from other sources.
To take into account these accidental releases of pollutants in
MOCAGE, it is required to define the starting time of the in-
jection, the location of the source, the plume height (top and
bottom), the total mass of each of the species emitted, and
the duration of the emission. Concerning the volcanic erup-
tion, the injection of emission follows an “umbrella” profile
that corresponds to the injection of 75 % of the emissions in
the third top part of the plume (Lamotte et al., 2021). This is
to represent the fact that most of the mass injected is in the
top part of the plume. For passive emissions, we inject the
emission in a 50 m depth layer starting from the volcano vent
altitude (Lamotte et al., 2021).

3.2 Model improvements

To represent the halogen chemistry in volcanic plumes, sev-
eral changes and upgrades have been made to the MOCAGE
standard version described in Sect. 3.1. Before explaining
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these improvements, we present the reactions taking place
in volcanic plumes and leading to BrO production, i.e. the
bromine-explosion cycle.

3.2.1 The bromine-explosion cycle

The following chemical Reactions (R1) to (R11) represent
the bromine-explosion cycle that occurs in the volcanic
plume. This cycle has been documented in several previous
studies (e.g. Roberts et al., 2014; Jourdain et al., 2016; Gut-
mann et al., 2018; Surl et al., 2021).

HBr+ OH — Br+ H,;0 (RD)
Br+ 03 — BrO+ 0O, (R2)
BrO +HO,; — HOBr+ 0O, (R3)
BrO+ NO, + M — BrONO, + M (R4)
BrONO; + H,O (aerosols) — HOBr + HNO3 (R5)
HOBr + HBr (aerosols) — Br, +HyO (R6)
HOBr + HCI (aerosols) — BrCl+ H,;0O (R7)
Bry + hv — 2Br (R8)
BrCl+ hv — Br+Cl (R9)
Br+HCHO — HBr+ HCO (R10)
Br+HO, — HBr+ O, (R11)

The bromine—explosion cycle corresponds to the autocat-
alytic formation of BrO summarised by the Reactions (R12)
and (R13).

BrO + HO; + HBr (aerosols)

+203 — 2BrO + 30, + H,0O (R12)
BrO + NO; + HBr (aerosols)
+ 203 — 2BrO + 20, + HNO;3 (R13)

The bromine-explosion cycle is fed by the bromine atoms
provided by the hydracid HBr. The most important gas phase
reaction of HBr is with OH radicals (Reaction R1) and al-
lows for the production of Br radicals. Br radicals react with
O3 to produce BrO molecules (Reaction R2). Then, the BrO
molecules react with HO, and NO; (Reactions R3 and R4)
and produce the new bromine species HOBr and BrONO,.
The hydrolysis of BrONO, produces additional HOBr (Re-
action RS5). In the presence of sulfate aerosols within the
volcanic plume, HOBr molecules react competitively either
with HBr or HCI to produce Bry or BrCl (Reactions R6
and R7) and produce Bry or BrCl, respectively, as a func-
tion of within-aerosol processes (as discussed by Roberts et
al., 2009). During daytime, Brp and BrCl molecules are pho-
tolysed and produce two atoms of Br (Reaction R8) or Br and
Cl (Reaction R9), respectively. The photolysis of Brp (Reac-
tion R8) is particularly important in the bromine-explosion
cycle since it provides two Br radicals that accelerate the
formation of BrO in the plume (Reaction R2). This reac-
tion competes with Br reacting with formaldehyde (Reac-
tion R10) and with HO, (Reaction R11) to produce back
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HBr. At sunset, BrO production decreases and both Br, and
BrCl accumulate as reservoirs of bromine. At night, the cy-
cle stops because there is no photolysis of Brp and BrCl and
consequently no fresh production of Br radicals.

In summary, the cycle leading to the rapid and efficient
production of BrO from HBr in the volcanic plume during
daytime consists of gas phase and heterogeneous phase re-
actions. This cycle initiates only with reactive bromine in
the presence of acidic aerosols, which enables the possibil-
ity for heterogeneous reactions. The ozone destruction in the
Reaction (R12) and Reaction (R13) chemical cycles is me-
diated by the BrO 4 BrO self-reaction that leads to the for-
mation of Brp and molecular oxygen. Other variations of
these ozone-destroying cycles are mediated by BrO + ClO
and BrO + O3P. Conversely, other reactions of BrO can lead
to ozone reformation (BrO + hv) and the formation of ozone
precursors (BrO + OH, BrO + NO, BrO 4+ CH303).

3.2.2 New developments of the halogen chemistry
scheme

To represent the tropospheric bromine-explosion cycle in
volcanic plumes within the MOCAGE 3D model, it is nec-
essary to modify the initial version of the MOCAGE chem-
istry scheme. We used the chemical scheme developed in the
MOCAGE 1D vertical profile version for volcanic halogens
(Marécal et al., 2023, 2022), which is based on Surl et al.
(2021). With reference to modelling and observation stud-
ies from the literature, Marécal et al. (2023) showed that this
chemical scheme is able to reproduce the bromine-explosion
cycle consistently. As in Marécal et al. (2023), we added
the Brp species into the MOCAGE 3D version, its photoly-
sis (Reaction R8), the heterogeneous reactions (Reactions R6
and R7), and the hydrolysis of BrONO; (Reaction RS5). Other
reactions that include chlorine and bromine species to ac-
count for tropospheric halogen reactions with volatile or-
ganic compounds were also added. All the halogen reac-
tions introduced are listed in the Supplement of Marécal et
al. (2023).

3.2.3 Other new developments

One of the limitations of the work done with the 1D ver-
tical profile version of MOCAGE and presented in Maré-
cal et al. (2023) was that OH was a diagnostic species. In
the standard version of MOCAGE used by Marécal et al.
(2023), a chemical family approach is used, meaning that
HO, (H+ OH + HOy) is the variable explicitly represented,
and the OH concentration is then diagnosed from HO, as-
suming a photochemical equilibrium. This is why Marécal et
al. (2023) could not test the impact of OH volcanic emissions
on the halogen plume chemistry, as done in previous stud-
ies (e.g Surl et al., 2021). To overcome this issue and more
generally to improve the MOCAGE model, we upgraded
MOCAGE to represent OH and HO, as prognostic species
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thanks to the implementation of the Rosenbrock solver gen-
erated using the Kinetic PreProcessor (KPP) software (Sandu
and Sander, 2006). We use the standard four stages, third-
order Rosenbrock solver (Rodas3, Sandu et al., 1997). This
solver is different from the Eulerian backward implicit (EBI)
solver which had been used until now in MOCAGE. This
choice of the third-order Rosenbrock solver was motivated
by an improved computation accuracy although at a higher
computational cost.

3.3 Setup of the simulations

The analysis of the impact of the volcanic halogens is mainly
performed on a reference experiment simulating the eruption
(called “main” hereafter) and on a similar simulation with-
out the volcanic emission giving the background conditions
(called “novolc” hereafter). In addition, we ran two sensi-
tivity simulations to assess the impact of using a different
composition for the volcanic emissions. We first describe the
general setup common to all simulations that corresponds to
the novolc experiment and then the specific features of the
three simulations that include the volcanic eruption.

3.3.1  General configuration

All simulations are run from 24 December 2018 at
00:00UTC to 31 December 2018 at 00:00 UTC. We use
two geographical domains. The global domain has a 2° lat-
itude x 2° longitude horizontal resolution and the regional
domain has a 0.2° latitude x 0.2° longitude resolution cover-
ing the Mediterranean basin. The global domain provides the
boundary conditions to the regional domain.

The meteorological parameters are from ARPEGE analy-
ses — the operational weather forecasting model of Météo-
France (Courtier et al., 1991). In the MOCAGE simulations,
the main chemical state resulting from the chemistry process-
ing is usually calculated every 15 min except for the transport
by advection, which is calculated hourly. This was the con-
figuration used by Marécal et al. (2023), but they showed in
their MOCAGE 1D vertical profile simulations that this time
step is too long to represent the strong bromine explosion
at the very first stage of the volcanic plume (first 1-2h). To
improve this, we set in our simulations the time steps of all
processes to 5 min except for the advection, which is set to
15 min.

The chemical scheme used is that described in Sect. 3 and
includes the new developments presented in Sect. 3.2. The
configuration of the simulations includes the explicit repre-
sentation of the aerosols and in particular the sulfate aerosols
(Guth et al., 2016). This is different from what was used in
the study by Marécal et al. (2023), in which the sulfate dis-
tribution was represented by the effective radius of sulfate
aerosols (i.e. mean-surface-area-weighted radius) and not by
an explicit distribution of aerosols as in the present study.
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The initial conditions for the chemical species and aerosols
come from the original MOCAGE version (i.e. without the
new developments described in Sect. 3.2). The concentra-
tions of halogen compounds (bromine and chlorine species)
in the troposphere are initialised to zero at the beginning of
the simulations for two reasons: (1) the original MOCAGE
version does not give reliable tropospheric halogen concen-
trations since the halogen scheme is designed for the strato-
sphere only and (2) this allows us to quantify only the effect
of the halogens from the volcanic plume.

Regarding the emissions, except for the volcanic erup-
tion emissions, we use the same setup as in Lamotte et al.
(2023). The anthropogenic emissions are from the MACC-
ity emissions (Lamarque et al., 2010). The volatile organic
compounds (VOCs) are from the MEGAN-MACC inven-
tory (Sindelarova et al., 2014). The biogenic nitrogen oxide
(NOy) emissions are derived from the GEIA dataset (Yienger
and Levy, 1995), while NO, from lightning is based on
Price et al. (1997) and parametrised using the meteorologi-
cal parameters. Organic carbon and black carbon sources are
taken into account according to MACCity (Lamarque et al.,
2010). Oceanic dimethyl sulfide (DMS) emissions are given
by a monthly climatology (Kettle et al., 1999). Finally, the
biomass combustion emissions and their associated injection
altitudes are from GFAS daily products (Kaiser et al., 2012).

3.3.2 Setup of the main simulation

To input the volcanic emissions in the accidental release fea-
ture of MOCAGE, we use the SO, emission estimation from
the SEVIRI satellite measurements (Corradini et al., 2021)
for the Mt Etna Christmas 2018 eruption on the basis of the
study of Lamotte et al. (2023). Lamotte et al. (2023) showed
that the SEVIRI estimation gives better results overall than
the ground-based FLAME estimates compared to SO, col-
umn concentrations derived from various independent space-
borne observations.

The volcanic SO, emissions used in the main simulation
are presented in Fig. 1. They are from the SEVIRI esti-
mates when available (i.e. from 24 December at 10:45 UTC
to 30 December at 14:00 UTC). Before (from 24 December
at 00:00 UTC to 24 December at 10:45 UTC) and after (from
30 December at 14:00 UTC to 31 December at 00:00 UTC),
SO, fluxes were set at a constant value, with fluxes corre-
sponding to the passive SO, emissions from the Carn et al.
(2017) passive emission inventory (dashed red lines in Fig. 1)
as in Lamotte et al. (2023). In the SEVIRI data, there is a
measurement gap linked to the presence of meteorological
clouds on 25 December (Corradini et al., 2020, 2021). We
filled this gap by assuming a constant SO, emission flux of
0.43kth~! (dashed black line in Fig. 1). This value is higher
than what was assumed in Lamotte et al. (2023) since their
values lead to an underestimation of SO, concentrations with
respect to the satellite-derived SO, concentrations.
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Table 1. Molar ratios to SO5 used in the MOCAGE main simulation
to set the emissions of the species other than SO,.

Species Molar ratio to SO,
SO, 1
HCI 0.44
Br 1.5% 1074
HBr 45x%x10~4
OH 1.0x 1073
NO 45%10~4

Sulfate aerosols 2.0x 1072

The time variation of the emission fluxes for species other
than SO; are set with respect to the SO, emission flux shown
in Fig. 1. The molar ratios of SO; to the other species emit-
ted (HBr, HCI, Br radical, OH, NO, and sulfate aerosols) are
presented in Table 1. Since there is no measurement close to
the vent of the composition of the eruption, we use the same
emission composition as in the modelling study of Mt Etna
of Surl et al. (2021). The HC1/SO; and chlorine-to-bromine
ratios are from the comprehensive analysis of measurements
gathered between June 2010 and June 2012 at two craters
of Mt Etna (Bocca Nuova and northeast craters) that is re-
ported in Wittmer et al. (2014). The emissions include a par-
tition of the total bromine into HBr and Br that represents
the production of Br from HBr at very high temperature at
the vent and that is based on thermodynamic modelling es-
timates from Roberts et al. (2014). We define NO and OH
emissions formed from high-temperature processing as in
Surl et al. (2021). The sulfate / SO, ratio is derived from the
crater—rim aerosol measurement from Roberts et al. (2018).

Regarding the maximum height of the volcanic emission,
we used the same as in Lamotte et al. (2023) (Fig. 1). The
emissions come from SEVIRI for the maximum injection
height (8 km) of the strong emission on 24 December and
from visible cameras for the other days. For the SO, passive
emissions before and after the eruption (before 24 December
at 11:15 UTC and after 30 December at 14:00 UTC), we set
the maximum height of injection to 3380 m, i.e. 50 m above
Mt Etna’s altitude.

3.3.3 Setup of the sensitivity simulations

We performed two sensitivity tests to evaluate the impact
on the BrO production and associated ozone loss at the re-
gional scale of different chemical compositions of the emis-
sions since there are large uncertainties in high-temperature
processing at the vent when magmatic gases first mix with
atmospheric air. The choice of the sensitivity experiments
was made on the basis of the study of Marécal et al. (2023).
We selected their two simulation setups for emission com-
position giving an important response on BrO concentra-
tions. The “stest_ini” simulation corresponds to the use of
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the raw emissions not accounting for the change in compo-
sition at high temperatures. This means that only SO;, HBr,
and HCI are emitted (Table 2). In the simulation “stest_aero”,
we increase the primary sulfate flux by multiplying by 2 the
aerosol molar ratio to SO, (Table 2).

4 Results and discussion

4.1 Comparison of the main simulation with TROPOMI
satellite measurements

To assess the representation of the volcanic plume in the
main simulation, we compare the tropospheric SO, and
BrO columns from MOCAGE (Fig. 3) with those retrieved
from the TROPOMI satellite measurements (Fig. 2). The
MOCAGE simulations are interpolated at the time and lo-
cation of the TROPOMI satellite measurements.

Corradini et al. (2021) estimated that the total uncertainty
of the SO, flux is approximately 45 %. In addition, the SO,
and BrO columns retrieved from the TROPOMI instrument
have uncertainties of the order of 35 %. Because of these un-
certainties, we can only make a semi-quantitative evaluation
based on the comparison of the maps from the model (Fig. 3)
and from the observations (Fig. 2).

As in Lamotte et al. (2023), we note a good consistency
in terms of the location of the SO, volcanic plume for the
whole eruption period, meaning that the emission height es-
timation used is good and that the transport of the plume at
the regional scale is well represented by the model. However,
the plume is more spread out horizontally with less detailed
features in the main simulation than observed by TROPOMI.
This is a consequence of the coarser horizontal resolution of
the model compared to the TROPOMI pixel size. The model
also cannot represent the small-scale features resulting from
very strong wind shears (e.g. on 28 December around 36°N)
because of its relatively coarse vertical resolution in the mid-
dle and upper troposphere (700-800 m). Regarding the SO,
column concentrations, they have generally the same order of
magnitude in the observations and in the simulation, show-
ing that the emission fluxes of SO, are realistic. The main
simulation often provides higher column concentrations than
TROPOMI, but the differences are within the uncertainties of
the emission fluxes and of the satellite-derived SO, columns.
Figure 3 also depicts BrO columns from the model. The main
simulation is able to produce BrO columns of the same order
of magnitude as TROPOMI estimates (Fig. 2). This means
that the total-bromine-to-SO; ratio chosen for the emissions
is realistic. Also, similarly to TROPOMI, the modelled con-
centrations of BrO are well correlated with SO, concentra-
tions.

To conclude, the comparison between the estimated SO;
and BrO columns retrieved from the TROPOMI satellite
measurements and the main simulation shows that the trans-
port of the plume is well represented and shows an overall
good consistency for the concentrations knowing the uncer-
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Table 2. Volcanic emission rates of species in the different simulations relative to those of the main simulation, Briot = HBr=Br and
n/a means not applicable. HBr : Br gives the percentages of HBr and Br with respect to Briot.

Simulations Relative volcanic emission rate HBr: Br
SO, HCl Brigt OH NO Aerosols

main 1 1 1 1 1 1 75:25

novolc 0 0 0 0 0 0 n/a

stest_ini 1 1 1 0 0 0 100:0

stest_aero 1 1 1 1 1 2 75:25

tainties in the flux estimations, in the TROPOMI SO, and
BrO columns, and in the total bromine / SO; emission ratio.

4.2 Analysis of the evolution of the bromine species
from the main simulation

In this section, the analysis of the main simulation has been
performed on three subdomains to characterise the behaviour
of bromine species at different stages of the plume lifetime.
Figure 4 shows the three subdomains used for the calcula-
tions. The first subdomain D1 is close to the volcano and is
named the “near-volcano plume”. The second subdomain D2
is further from the volcano and named the “young plume”.
The third subdomain D3, named the “aged plume”, is even
further from the volcano than D2. It should be noted that
the subdomain D2 does not contain the subdomain D1, and
D3 does not contain D1 and D2. Depending on the wind con-
ditions, the plume transitions from D1 to D2 within ~ 3 to
~T7h, from D2 to D3 from ~9 to ~20h, and from D3 to
outside the Mediterranean domain within ~20h for 24 and
25 December. For the other days, the plume dissipates in D3
before reaching the outer domain boundary.

4.2.1 Bromine partitioning

This section analyses the bromine speciation results from
the main simulation. From the simulated 3D-concentration
fields, we calculate the tropospheric columns of each
bromine species only within the plume by selecting the
model grid points for which the tropospheric column of SO,
is greater than 2 x 10'3 molec.cm™2. We then calculate the
number of bromine atoms that contributes for each bromine
species for these grid points. We finally report each com-
pound as a relative value in percent with respect to the total
number of bromine atoms (total bromine = HBr + BrO + Br
+ HOBr + 2 Bry + BrONO; + BrCl). Since Br, holds two
bromine atoms, its columns are multiplied by a factor of 2.
Figure 5 shows the time evolution of the relative partition-
ing of the bromine species during Mt Etna’s Christmas 2018
eruption for the near-volcano plume, the young plume, and
the aged plume domains. In Fig. 5, the date and time of the
first time step for each of the three subdomains is different
because the time when the plume enters each domain is dif-
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ferent. For the young plume, the plume starts to enter into the
D2 domain from 14:00 UTC and from 20:00 UTC in D3 for
the aged plume. Diurnal variations in halogen composition
are evident in each of the domains.

In Fig. 5, the relative quantity of BrO formed during the
daytime through the bromine-explosion cycle is different in
each of the subdomains, with it being generally more intense
in the young plume (Fig. 5b) compared to the near-volcano
(Fig. 5a) and aged plume (Fig. 5c). There is much greater
variability in the apparent strength of the bromine explosion
(visible as the BrO contribution) in the near-volcano plume
compared to the other analysis domains. This arises because
of the relatively strong contribution from the primary HBr
emissions in the near-volcano plume and their temporal vari-
ability (which scales with the varying SO, flux). Further-
more, the relatively small size of the D1 domain makes the
results in the near-volcano plume more sensitive to changes
in the meteorological conditions, such as the wind inten-
sity, which leads to accumulation, cloudy conditions that al-
ter the photolysis, and precipitation that leads to the removal
of the soluble bromine species (HBr, BrONO,, HOBr). The
causes of this variability and their link to the production of
the bromine species are analysed in detail in the next section
(Sect. 4.2.2).

Table 3 gives the BrO/HBr ratio in the three subdomains
at 12:00 UTC. It clearly shows that in the near-volcano plume
the BrO/HBr ratio is under 1 for most days. This is ex-
plained by the strong influence from the primary HBr emis-
sions. However, on 27 and 28 December, this ratio is greater
than 1 (3.9 and 3.1). As explained above, this high variabil-
ity in the D1 domain arises due to its relatively small surface
area, which makes the BrO burdens within the D1 domain
very sensitive to meteorological conditions. The column in
Table 3 for the young plume shows a larger overall value of
the BrO/HBr ratio (3.3 on average) compared to the other
two domains but also strong variability from day to day. This
variability is linked again to the relatively small domain size
even if it is larger than the near-volcano domain. Finally, the
BrO/HBr ratios in the aged plume are lower (2.2 on average)
compared to the ratios in the young plume. Overall, this in-
dicates that the bromine-explosion cycle is more efficient in
the young plume compared to the aged plume.

https://doi.org/10.5194/acp-23-10533-2023



H. Narivelo et al.: Modelling halogen chemistry within a volcanic plume from Mt Etna 10543

50, 20181225 1e17 80 20181225 leld | ,
3.6 qbﬁ }ﬁ% 1.2
o 203N
_ A Y A —
35°N 3.04 35°N‘<‘ d ot =1 | |roq

245 085
188 068
12 £ 30N 0.4 E
\ 0.6 \ \ 0.2
g 00 0.0

30°N

15°E 25°E 15°E 25°E 35°E
s 20181225 117 , 8o 20181226 leld
R | 36 q}? S&ﬁ ; 12
350N |y e = R ——— 104
. 08§
068
30°N N
04 E
X ) 0.2
15°E 25°E R 15°E 25°E 35 00
s 20181227 _1el7 4, 80 20181227 lela
36 lﬁ) \%ﬁv&/ 12
. g ? = . RN =
350N v : | |39 35°N3 — st d; 10§
245 085
T i*} o
‘ 188 , 063
30°N - j’ 12 £ 30°N " - 04 &
g X\ o6 & : \‘\ 02
15°E 25°E EE 15°E 25°E 35 00
s 20181226 le17 , 8o 20181228 leld
‘ RS, 36 : e . 12
359N | e e, 4 — 3.047 350Nl 4 10&
"V\'/ i g o8 g
ie] jv]
188 SN 063
30°N 12 £ 30N 04 £
X 0.6 \ \ 0.2
15°E 25°E EC 15°E 25°E EE
50 20181229 le17 , oo 20181229 leld |,
: RS ;
BN LN — N ' oA g _
ssonlS - s T 305 4o s T | Jfros
S _\/J 24 § 085§
%) %)
1.8 % 0.6 %
30°N ™ 12 E 30°N 04 E
X 0.6 0.2
15°E 25°E EE 15°E 25 EER
50 20181230 le17 , 8o 20181230 leld
° ‘< ST e 47 o 3.05" o ‘< B e, 4 e ? Lo0&”
35°N | [ 35°Np) ‘ L
w\-'\ v\/-k/ 245 ——— 0.8 G
8] { 9
188 063
30°N ' 12E 30°N 04 £
0.6 \ \ 0.2
15°E 25°E EE 15°E 25°E 35 00

Figure 3. Tropospheric column of SO, (left column) and BrO (right column) in molecules per square centimetre (molec. cm™2) from the
main simulation from 25 to 30 December 2018.

At nighttime, the bromine-explosion cycle stops because firmed by the results presented in Table 4, which gives the av-
there are no photolysis reactions. Thus, Br, and BrCl become erage Bry/BrCl ratio during the night for the three domains.
the main bromine reservoir species. Figure 5a shows that the Near the volcano, the Bry/BrCl ratio is very high, with an
Br; contribution is larger compared to the contribution from average value of 45.2 for the six nights. In contrast, this ra-
BrCl during all of the nights. As the plume travels further tio is much lower in the young and aged plumes on average,
from the vent, the relative contribution of BrCl with respect with ~ 1.6 and ~ 0.8, respectively. This is because, as the
to Bry becomes more important (Fig. 5b and c). This is con- time from the eruption increases and the plume travels fur-
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Figure 4. Representation of the regional simulation domain over
the Mediterranean basin and of the three subdomains used on the
analysis of bromine species: D1 for the near-volcano plume, D2 for
the young plume, and D3 for the aged plume.

Table 3. BrO-to-HBr ratio at 12:00 UTC per day for each subdo-
main (near-volcano, young, and aged plumes).

Day and time (UTC) BrO/HBr ratio
Near Young  Aged
volcano  plume plume
25 December 2018 12:00 0.4 0.2 1.9
26 December 2018 12:00 0.3 6.2 42
27 December 2018 12:00 3.9 2.0 2.6
28 December 2018 12:00 3.1 7.3 1.7
29 December 2018 12:00 0.6 3.8 1.9
30 December 2018 12:00 0.1 0.5 1.1

ther from the volcano, less HBr is available in the plume to
produce Br; via the heterogeneous Reaction (R6), and Reac-
tion (R7) becomes more important. We note that in the aged
plume, the Brp /BrCl ratio is less than 1 after 26 December.
This means that the HOBr + HCl (aerosols) — products (Re-
action R7) reaction becomes more efficient relative to the
HOBr + HBr (aerosols) — products (Reaction R6) reaction
because there is not enough HBr available anymore relative
to HCI.

HOBr and BrONO; are also formed in the volcanic plume
in secondary chemical reactions alongside BrO, BrCl, Br,
and Br. HOBr and BrONO; are present during daytime and
nighttime but in greater proportions during daytime and ex-
hibit a nighttime decay as shown in Fig. 5. BrONO;, and
HOB- are produced as part of the daytime bromine-explosion
cycle from the chemical Reactions (R4) and (R3), respec-
tively. In addition, HOBr is formed from BrONO; hydroly-
sis (Reaction R5). The relative contribution of both BrONO,
and HOBr compared to the other bromine species increases
with the distance/time to the source (i.e. from the near-
volcano plume to the young plume and from the young plume
to the aged plume).

Atmos. Chem. Phys., 23, 10533-10561, 2023
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Table 4. Bry-to-BrCl ratio at nighttime (from 18:00 to 04:00 UTC
the day after) per day for each subdomain (near-volcano, young,
and aged plumes).

Day Br, /BrCl ratio
Near Young  Aged
volcano  plume plume
24-25 December 2018 79.5 1.8 1.5
25-26 December 2018 122.2 23 14
26-27 December 2018 62.7 1.3 0.4
27-28 December 2018 2.5 1.3 0.4
28-29 December 2018 1.5 1.7 0.5
29-30 December 2018 2.7 1.1 0.5

Finally, we note that throughout Fig. 5 HOBr and BrO are
generally the dominant species during daytime compared to
the other bromine species. These high relative columns of
HOBr and BrO, which are indicative of the overall conver-
sion of HBr to reactive bromine species via Reaction (R6),
are consistent with the results of Surl et al. (2021) and
Roberts et al. (2014) after their simulated plumes have aged
for 60 or more minutes.

4.2.2 Analysis of the chemical reaction rates within the
volcanic plume

This section discusses the reaction rates for the production
and loss of bromine compounds (BrO, Br, Br,, BrCl, HOBr,
BrONO,, and HBr) from the main simulation. We perform
this analysis in order to look in more detail at the results dis-
cussed in Sect. 4.2.1 that showed the overall bromine parti-
tioning and the BrO/HBr and Br, /BrCl ratios. The objective
is to identify and describe the most important chemical pro-
cesses involving bromine chemistry within the plume. This
provides important context to help understand the spatio-
temporal evolution of the partitioning and of the ozone loss
at the regional scale.

We calculated the time series for the production and loss
rates for each bromine species in molecules per square cen-
timetre per second (molec. cm 2 s~1) units for the three sub-
domains only for the model grid points within the plume as in
Sect. 4.2.1. All of the figures reported in Sect. 4.2.2 (for the
production and loss rates of bromine species and molecule
number for each bromine species) are for the near-volcano
plume. The comparison with the young and aged plumes is
presented in this subsection, but all the figures for reaction
rates of the young and aged plumes are reported in the Sup-
plement. In addition, since the loss rate of BrO and the pro-
duction rate of Br include a lot of reactions and many of them
make small contributions and can be difficult to see, we also
provide in the Supplement the same figures but without the
two main contributions (without red and blue colours) for
clarity.

https://doi.org/10.5194/acp-23-10533-2023



H. Narivelo et al.: Modelling halogen chemistry within a volcanic plume from Mt Etna 10545
100 "“]'"T" “T-""Tﬂmu- (a)
80
60
40
20
0
(b)

60

404

Relative partition
of the bromine species in [%]

=
[o] o
o o

=
o] o
o o

BrONO:z
Brz
BrcCl
HOBr
Br

Bro
HBr

(c)

AW A A0 (P (9 AP A0 AT A AT N AN AN AN AT A A AT Y Y7 Y A A Y Y oY
Simulation date/time
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text.

We firstly discuss BrO and Br because they represent the
ultimate manifestation of the bromine explosion and are the
species involved and responsible for ozone’s destruction.
BrO and Br both result from a complex chain of chemical
reactions, and we discuss each compound involved in the
chain in sequence afterwards, i.e. secondly Bry and BrCl,
then HOBr and HBr, and then finally BrONO,.

BrO and Br

The reactions rates for BrO and Br for the near-volcano
plume are reported in Figs. 6 and 7. They show that the pro-
duction and loss rates for BrO and Br are on the same order of
magnitude and that both species are closely coupled and are
in equilibrium. The equilibrium and rapid cycling between
BrO and Br are mediated by the formation of BrO via the
Br + O3 reaction and its destruction, which can proceed via
several reactions (Figs. 6¢ and S1) to reform Br or its pre-
cursors Bry and BrCl. Figure 6b clearly shows that BrO is
mainly produced by the Br+ O3 reaction compared to the
extremely minor reactions: HOBr + O°P and the BrONO,
thermal decomposition reaction.

The BrO destruction reactions (Figs. 6¢ and S1) bear fur-
ther note since they can either result in net ozone destruction

https://doi.org/10.5194/acp-23-10533-2023

(BrO + BrO, BrO +CIO, and BrO+O3P); result in the for-
mation of ozone precursors bearing odd oxygen (BrO + OH,
BrO + NO, BrO + CH30»); or lead directly to ozone’s im-
mediate precursor, O°P, via BrO photolysis. To help fur-
ther highlight the role of these three pathways, Table 5
shows the relative contribution made by each group of re-
actions that leads to BrO loss, which has significance for
the analysis of the regional impact of the volcanic emis-
sions (see Sect. 4.3.1). Figure 6 and Table 5 highlight that
BrO photolysis (in red colour) leads to no net change in
ozone but makes a significant contribution to the loss for
BrO in the near-volcano plume (between 38 %—73 % and
a 47.2 % mean). The BrO loss reactions that lead to net
destruction of ozone also make a significant contribution
to BrO loss in the near-volcano plume (1 %-52% and a
45.9 % mean), with the reactions here listed in order of
importance (with reference to their corresponding colour
in Figs. 6¢c and S1): BrO + BrO — products (blue), BrO +
BrO — products (black), BrO + CIO — products (cyan),
BrO + ClO — products (green), and BrO + C1O — products
(dark brown).

For the near-volcano plume, the ozone-destroying reac-
tions are particularly important (45 %—52 %) in the earlier

Atmos. Chem. Phys., 23, 10533-10561, 2023
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days of the eruption, 25 to 27 December, compared to the
latter 3 d of the simulation (1 %-34 %), 28 to 30 December.
This reflects the fact that the ozone-destroying reactions are
X0+ XO reactions (X = Br or Cl), which rely on the higher
concentrations of XO species within the early phases of the
eruption and plume phase. The ozone-precursor-forming re-
actions represent the group with the smallest contribution
(2%—-17 % and a 3.4 % mean) to BrO loss, with BrO 4+ NO
(magenta) being the most significant and with BrO 4+ CH30;
(orange) playing a more minor role. The final two reactions
forming category IV, involving BrO loss, are BrO + HO; —
HOBr+0; and BrO+NO>+M — BrONO,+ M, which con-
tribute 3 %—9 % of the BrO loss (a mean of 3.6 %). Both re-
actions lead to the formation of secondary reactive bromine

Atmos. Chem. Phys., 23, 10533-10561, 2023

species. In particular, the BrO+HO, reaction leading to
HOBr formation is a key reaction within the overall con-
text of the bromine explosion since HOBr plays a critical
role in the continuation of Br, and BrCl production. Fig-
ure 6a shows that the concentration of BrO increases at sun-
rise for each day, reaching its maximum generally around
13:00 UTC, which represents the diurnally driven bromine-
explosion cycle. On the contrary, at sunset, the BrO concen-
trations decrease close to zero because there is no photoly-
sis of both Br and BrCl. Meanwhile, the BrO self-reaction
remains active during the nighttime, which results in BrO’s
rapid depletion.

The production and loss of the BrO are very efficient on 27
and 28 December compared to 24, 25, and 26 December.

https://doi.org/10.5194/acp-23-10533-2023
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Figure 7. Time evolution of (a) Br column concentration in molecules per square centimetre (molec. cmfz), (b) production rates, and (c) loss
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at 12:00 UTC to 31 December 2018 at 00:00 UTC in the near-volcano plume.

This difference is mainly due to the reduction of the wind
speed/horizontal advection (red line Fig. 6a), which leads to
increased accumulation inside the near-volcano domain (D1)
and allows more time for the bromine explosion to proceed
and reach the peak BrO levels seen. This is consistent with
the BrO/HBr ratio presented in Table 3 for the near-volcano
domain. In addition, the presence of the precipitation on
25 December leads to some depletion of HBr by wet deposi-
tion, which impacts the bromine-explosion efficiency on that
day and explains the low production of BrO on 25 and 26 De-
cember. From 29 December onwards, the production of BrO
decreases were linked to the lower emission of SO, (Fig. 1),
which implies a lower emission of HBr.

We now discuss the production and loss of Br. Since BrO
and Br are so tightly coupled and many of the reactions in-

https://doi.org/10.5194/acp-23-10533-2023

volving Br are also linked to BrO production and loss, much
of the description of Figs. 7 and S2 represents a tautology of
the previous descriptions of Figs. 6 and S1. For this reason
we limit the discussion here to avoid overlapping descrip-
tions.

Essentially, the primary loss reaction of Br+ O3 — prod-
ucts (blue colour in Fig. 6¢) is balanced with the BrO photol-
ysis (red colour in Fig. 6b), BrO + BrO — Br+Br+ O; (blue
colour), BrO+ClO — OCIO + Br (cyan colour), BrO + CIO
— Br+ Cl+ O, (brown darker colour), and the BrO + NO —
NO; +Br (pink colour) reaction. These reactions recycling
BrO and Br constitute a null cycle keeping both species in
equilibrium, and the net production of Br therefore results
from the reactions producing Br that do not include BrO.
This net production is given mainly by the photolysis of BrCl

Atmos. Chem. Phys., 23, 10533-10561, 2023
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Table 5. The percentage relative to BrO destruction made by the various classes of BrO reactions. The four different reaction groupings
are ozone reforming (BrO photolysis), ozone precursor reforming (BrO 4+ OH, BrO 4+ NO, BrO + CH30,), ozone destroying (BrO + BrO,
BrO + CIO, and BrO + O3P), and grouping four that includes two reactions that form secondary reactive bromine species (BrO +HO; and
BrO + NO; + M). Note that in the case of the BrO self-reactions, these count twice towards their percentage contribution of BrO loss. The
percentages are shown for each subdomain (near-volcano plume, young plume, and aged plume) for the days 25 to 30 December, on each

day for the hours from 07:00 to 15:00 UTC (i.e. during daytime).

Space Category Fraction per day [%] Average of the 6d
25 26 27 28 29 30
December December December December December December
Near Ozone reforming 38 42 43 60 63 73 472
volcano  Ozone precursor reforming 6 7 2 3 5 17 34
Ozone destroying 52 45 52 34 26 1 45.9
v 4 6 3 3 6 9 3.6
Young Ozone reforming 39 55 61 58 65 76 57.0
plume Ozone precursor reforming 14 7 6 3 2 8 39
Ozone destroying 39 34 29 36 29 6 353
v 8 4 5 3 3 10 3.7
Aged Ozone reforming 81 64 72 78 76 79 68.3
plume Ozone precursor reforming 5 13 10 8 6 8 7.1
Ozone destroying 8 16 10 5 11 4 18.3
v 6 7 8 8 6 9 6.3

and Bry. Figures 7b and S2 show that the photolysis of Br; is
the most important reaction for this net production, and that it
is a key step at the beginning of the bromine-explosion cycle.
The photolysis of HOBr and BrONO; does not lead to net Br
or BrO formation as each represents a special case. BrONO;
is a temporary daytime reservoir for Br that is formed from
the reaction of BrO + NO, + M, and HOBr is formed primar-
ily from the reaction of BrO + HO».

Figure 7b and c show that Br production and loss oc-
cur mainly during the daytime because at nighttime there is
no photolysis and BrO concentrations are low. The high Br
on 27 and 28 December arises due to the strong bromine ex-
plosion on these days linked to the lower wind speeds and a
higher accumulation in the near-volcano plume.

By comparing Figs. 6 and S1 to Figs. S3-S6, we see that
the column concentrations of BrO in the near-volcano plume
are greater than in the young and aged plumes. Figures S3b
and S5b also show that there is a decrease in the production
rates of BrO in the young and aged plumes relative to the
near-volcano plume (Fig. 6b), and this is closely coupled to
the concentrations of BrO and other bromine species in the
three different plume domains. This difference is linked to
the dilution process, because at points further from the vol-
cano, the plume is more mixed with the ambient air. The
increased dilution of bromine, and specifically BrO, further
from the volcano also has another impact on the chemistry
within the plume. For instance, if we compare the impor-
tance of the dominant reaction leading to the destruction of
BrO (BrO photolysis in red colour) in Figs. 6¢, S3c, and S5c,
we see that the BrO photolysis reaction becomes much more
important relative to the XO + XO reactions (X = Br or Cl)

Atmos. Chem. Phys., 23, 10533-10561, 2023

under the more dilute plume conditions further from the
volcano. These effects likely arise because the halogen ox-
ide self-reactions are second order and therefore follow a
square law reaction rate dependence on halogen concentra-
tion whereby a reduction in half of the concentration would
lead to an overall 4-times-slower reaction rate. This is crit-
ical for the wider impact on the troposphere because this
represents a shift in importance from the ozone-destroying
X0 + XO reactions to the ozone-reforming BrO photolysis
reaction as shown in Table 5. Indeed, the ozone-reforming
reaction ranges from 38 %—73 % (47.2 % mean) in the near-
volcano plume, from 39 %—76 % (57 % mean) in the young
plume, and from 64 %-81 % (68.3 %) in the aged plume. This
implies that as the plume gets further from the volcano, the
bromine chemistry has a decreasing impact on net ozone de-
pletion. We explore the wider impact of this in Sect. 4.3.1.

Another notable difference between the three domains is
that on 26 December, before 12:00 UTC, BrO production is
slightly higher in the young (Fig. S3b) and aged (Fig. S5b)
plumes compared to the plume near the volcano (Fig. 6b)
during this limited time period. The BrO production is higher
in the young plume because there is more volcanic emission
on this day combined with more advection out of the D1 grid
into the D2 grid (this is the opposite of the situation on 27 De-
cember).

Br, and BrCl

The production and loss rates as well as the concentration
of Bry and BrCl are reported in Figs. 8 and 9 for the near-
volcano plume. These two species form a key step in the

https://doi.org/10.5194/acp-23-10533-2023
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bromine-explosion cycle prior to BrO formation. As a re-
minder, during the daytime, these species are photolysed, re-
producing Br. In contrast, during the nighttime, these species
constitute the primary bromine reservoir compounds due to
a lack of photolysis. The key contributors to the production
of Brp, and eventually BrCl, are the heterogeneous Reac-
tions (R6) and (R7), which are active all day while concen-
trations of HOBr, HBr, and HCI persist.

During daytime, Br; is produced mainly by the BrO+BrO
(blue colour in Fig. 8b) reaction, but this is balanced by the
loss driven by Bry photolysis (blue colour in Fig. 8c), which
only represents a null cycle. The net production of Bry only
occurs during nighttime and results from the HOBr + HBr
(aerosols) — products (Reaction R6) reaction (red colour in
Fig. 8b).

https://doi.org/10.5194/acp-23-10533-2023

BrCl has similar overall behaviour to Br,, with the hetero-
geneous Reaction (R7) (red colour in Fig. 9b) being the only
reaction leading to the net production of BrCl and only dur-
ing the night. Similarly to Bry, the null cycling between BrCl
and BrO via Reactions (R9) and (R2) makes no net contribu-
tion to the production of BrCl. This is despite the BrO + CIO
reaction (blue colour in Fig. 9b) making a larger gross con-
tribution to BrClI production during the daytime.

Figures 8b and 9b show that the production of Br, in the
near-volcano plume varies relative to the production of BrCl.
This is because the heterogeneous reactions HOBr+ HBr
(aerosols) — products (Reaction R6) and HOBr+ HCI
(aerosols) — products (Reaction R7) are in competition.
Roberts et al. (2009) explain that HOBr preferentially reacts
with HBr over HCI, leading to Bry being the main species
produced by the heterogeneous reaction. The reaction with

Atmos. Chem. Phys., 23, 10533-10561, 2023
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HCI leading to BrCl formation is only favoured when the
HBr/HCI ratio is considerably smaller (> 100-1000 times
lower than the magmatic HBr/HCI ratio). Indeed, one can
see the impact of HBr abundance on the Br, production and
column concentrations (Fig. 8a and b). It is instructive to
compare Figs. 8 and 9 to Figs. S11-S14, which show Brp
and BrCl concentrations and production and loss rates in the
young and aged plumes. From this comparison, it is clear that
as the plume moves further from the volcano, HBr is depleted
(also consistent with Fig. 5), and the HBr/HCI ratio shifts to
the extent that BrCl production comes to dominate over Br,
production. We also see from this that there is a decrease in
the overall magnitude of the reaction rates involving Br, and
BrCl as the plume increases in age from the near-volcano
plume to the young plume and out to the aged plume. This
is reflective of the dilution process leading to an overall re-

Atmos. Chem. Phys., 23, 10533-10561, 2023

duction in the intensity of the bromine chemistry and ozone
depletion in the plume. Surl et al. (2021) have conducted the
only study that performs a similar analysis to that shown
in Table 5 looking at role of different XO + XO reactions
in the early plume. They report on the importance of these
XO+ XO reactions in the early plume for ozone destruction
and that their importance diminishes. Furthermore, they re-
port on a link between wind-driven dilution of the plume and
the role this plays in controlling reactions between halogen
species, which can be considered an analogy to the volcanic
plume dilution and dissipation simulated in this study.
Figure 9a clearly shows that BrCl concentrations are rela-
tively high during the nighttime of 27/28 December, which
again links to the reduction in wind speed and horizontal
advection (Fig. 6a) and, consequently, the increase in accu-
mulation within the near-volcano domain. Table 4 shows re-

https://doi.org/10.5194/acp-23-10533-2023
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duced Br, /BrCl ratios for the near-volcano plume during the
nighttime of 27/28, 28/29, and 29/30 compared to the other
days. Comparing Figs. 9a and 8a, BrCl concentrations are
much closer to those of Br, on these days.

HOBr

HOBr is a bromine species formed in the volcanic plume like
BrO after the primary emission of HBr. This species partici-
pates in the key bromine-explosion cycle by reacting with the
HBr and HCI species via the heterogeneous Reactions (R6)
and (R7), leading to Brp and BrCl, respectively. Thus, the
discussion of HOBr follows naturally after the discussion of
Br; and BrCl.

Figure 5a shows that HOBr (yellow colour) is available
during daytime and nighttime but in much smaller quanti-
ties at night. Figure 10b (in daytime) shows that HOBr is
mainly produced by the BrO + HO, — products reaction (red
colour). The production of both BrO and HO» is dependent
on the presence of sunlight, which is why this reaction is
only present during daytime and also why HOBr concentra-
tions are higher during the day. Both the production via the
hydrolysis of BrONO; (blue colour) and the production via
the reaction of BrO with CH30; (green colour) contribute in
smaller proportions. The production of HOBr from both the
BrO + CH30, — products and BrO+HO,; — products re-
actions is mainly related to the abundance and production of
BrO. The direct effect of this can be seen on 27 and 28 De-
cember, when, according to Fig. 6b, there is a high produc-
tion of BrO. Because BrONO; is available during portions
of the night, as shown in Fig. 5a, BrONO, hydrolysis re-
mains the only available means of production for HOBr at
night, which is why the concentration of HOBr at night-
time is not negligible. The residual nighttime levels of HOBr
play an important role in maintaining the bromine cycle dur-
ing the night. The production of HOBr is greater on 25 and
27 December compared to the other days (Fig. 10b), which
is linked to a combination of increased emission on 25 De-
cember and reduced advection, increased accumulation, and
longer residence times in the near-volcano domain on 27 De-
cember.

The HOBr photolysis (in blue colour) is the main reaction
leading to the loss of HOBr (Fig. 10c) during the daytime.
Reactions (R6) (in red colour) and (R7) (in green colour)
contribute to HOBr loss to a more minor degree during the
day but are the only loss reactions active at night, and criti-
cally these reactions support the continuation of the bromine
cycle. In general, the loss of HOBr from Reaction (R7) is
favoured during the afternoon compared to Reaction (R6),
e.g. on 25, 27, and 28 December, which is caused by the re-
duction of the HBr-to-HCI ratio as HBr is consumed during
the day (Fig. 11a and c). We note that the loss of HOBr is
in equilibrium with the sum of Reactions (R2) and (R3) oc-
curring in sequence and that this equilibrium is controlled by
HO, availability.

https://doi.org/10.5194/acp-23-10533-2023
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We look now at HOBr in the young and aged plumes
(Figs. S15 and S16). HOBr shows similar behaviour to the
other bromine species as the plume moves further from the
volcano, i.e. a decrease in overall concentration and produc-
tion and loss rate driven by increasing dilution.

HBr

Figure 11 shows the column concentration and the produc-
tion and loss rates of the HBr species. HBr plays a critical
role in the bromine cycle via the heterogeneous reactions
(Reaction R6). It is also the primary bromine species emit-
ted during the volcanic eruption.

The loss of HBr occurs continuously throughout the day
and night (Fig. 11c), which is due to the continuous emis-
sion of HBr combined with the presence of HOBr even at
night. This means that the heterogeneous reaction leading to
the formation of Bry and forming the core of the bromine
explosion can occur continuously. Nevertheless, the loss rate
of HBr during the night (Fig. 11c) is lower than during the
day because HOBr is more abundant during the day as its
production depends mainly on the intensity of light for the
formation of HO, and BrO. Generally, this leads to higher
levels of HBr at night than during the day.

For chemical production (Fig. 11b) excluding the direct
emission, HBr is mainly produced by the reaction of Br with
HCHO (red colour) and by a small amount from the reac-
tion of Br with HO, (blue colour). Figure 11b shows that
the HBr production is higher on 27 December compared to
the other days. The higher rates of HBr production on this
day are linked to the previously mentioned effects caused by
lower wind speeds in the near-volcano domain on this day.

Comparing Figs. 11, S17, and S18 highlights the deple-
tion of HBr that occurs as the plume moves further from the
volcano. Given HBr’s role as the primary gas emitted by the
volcano fuelling the bromine explosion, this leads to an over-
all reduction in its intensity in the regions further from Mt
Etna. Roberts et al. (2014) highlight the importance of the
concentration level of the primary bromine source gases in
determining the strength of the bromine explosion and the
efficiency of the overall conversion from HBr to BrO, which
in the case of this study can be considered analogous to the
effects arising from the depletion and dilution of HBr as the
plume travels further from the volcano.

BFON02

BrONO:; is a secondary bromine species formed from the
bromine-explosion cycle that is present as a temporary reser-
voir in the volcanic plume during both the daytime and night-
time (as a larger reservoir during the daytime). Its concentra-
tion is lower compared to HOBr, and it plays a more mi-
nor role compared to the bromine chemistry overall, which
is why we look at this species last. Figure 12 shows the con-
centration and the loss and production rates of the BrONO,
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Figure 10. Time evolution of (a) HOBr column concentration in molecules per square centimetre (molec. cmfz), (b) production rates, and
(c) loss rates for HOBr with both the production and loss shown in molecules per square centimetre per second (molec. em~2571) from
24 December at 12:00 UTC to 31 December 2018 at 00:00 UTC in the near-volcano plume.

species. The production of BrONO; occurs only during the
daytime (see Fig. 12b) because its only means of produc-
tion, BrO+ NO; + M — BrONO; + M, rely on the presence
of BrO, which is not formed at all at nighttime.

We also note in Fig. 12b that the production of BrONO;
is very efficient on 25 December compared to the other days;
this is related to higher levels of NO; in the plume during the
earlier phases of the eruption, i.e. from 24 to 26 December.
The total burden of NO, within the near-volcano plume is
shown in Fig. S21. There are three reactions that lead to the
loss of BrONO, (Fig. 12¢): its photolysis (blue colour), the
dissociation reaction (green colour), and its hydrolysis (red
colour). Only the photolysis and hydrolysis of BrONO; lead

Atmos. Chem. Phys., 23, 10533-10561, 2023

to its loss as shown in Fig. 12c. The BrONO; dissociation re-
action has no discernible impact. In Fig. 12c, the hydrolysis
of BrONO; dominates during the first 2 d, while from 27 De-
cember onwards it is the photolysis of BrONO, that becomes
dominant compared to its hydrolysis. This timing variation is
probably due to the presence of clouds in the meteorological
forcing on 25 December that impacted the efficiency of the
hydrolysis of BrONO;.

Comparing Fig. 12 and Figs. S19 and S20, BrONO; shows
similar behaviour to the other bromine species as the plume
moves further from the volcano, i.e. a decrease in overall con-
centration and production and loss rates driven by increasing
dilution.

https://doi.org/10.5194/acp-23-10533-2023
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Figure 11. Time evolution of (a) HBr column concentration in molecules per square centimetre (molec. cmfz), (b) production rates, and

(c) loss rates for HBr with both the production and loss shown in molecules per square centimetre per second (molec. cm

-2 s_l) from

24 December at 12:00 UTC to 31 December 2018 at 00:00 UTC in the near-volcano plume.

4.3 The regional impact of Mt Etna’s volcanic emissions

4.3.1 Impact of the bromine production on Oz and OH

oxidants and on CHyg

Several studies (e.g. Roberts et al., 2009; Jourdain et al.,
2016; Surl et al., 2021) have shown that the volcanogenic
bromine-explosion cycle has an impact on tropospheric oxi-
dants, e.g. O3 and OH. As a consequence of these perturba-
tions of atmospheric oxidants, bromine emitted from volca-
noes can have an indirect impact on the lifetime of CHy, as
was shown in the modelling study of Jourdain et al. (2016).
In this subsection, we therefore focus on the impact of the
rapid production of BrO on the tropospheric burden of O3z,
OH, and CH4 within our modelling domain in the Mediter-
ranean basin.

https://doi.org/10.5194/acp-23-10533-2023

We first illustrate the impact of BrO production on O3
as the plume travels within the model domain. Figure 13
shows the difference between the main and the novolc simu-
lations for the tropospheric columns of BrO and O3z on 26
and 27 December at 14:00 UTC. BrO columns have large
concentrations close to the vent that decrease as the plume
travels and dilutes with background air. Still, BrO exhibits
significant concentrations several thousand kilometres from
the vent (see for instance the plume on 26 December over
Turkey). Associated with these elevated levels of BrO, there
is a strong O3 depletion all along the plume. The rectangle
highlights the location of the part of the plume linked to the
high emissions of 26 December before 08:00 UTC, called
Plume26 hereafter. The BrO column reaches very high values
in Plume26 on 26 December at 14:00 UTC. On 27 Decem-
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ber, BrO reforms during daytime from Br, and BrCl night-
time reservoirs in Plume26, but because of diffusion during
transport, the maximum of BrO columns is lower than on
26 December. In Plume26, the O3z depletion reaches about
6.5 x 10' molec.cm™2 (2.7 DU) on both days even though
the BrO column is lower on 27 December. This is because
during daytime on 27 December the formation of BrO oc-
curs for the second time in Plume26, leading to further O3
depletion on 27 December in addition to the depletion from
26 December. In Plume 26, the reduction of ozone is very
strong, with a 50 ppb depletion (not shown) reached at one
grid point on 26 December and an apparent lower reduction
of 20 ppb reached on 27 December (not shown), but this is
spread over several grid points because of the dilution of the
plume during transport. These reductions of ozone are large

Atmos. Chem. Phys., 23, 10533-10561, 2023

in absolute terms, yet ozone does not completely deplete be-
cause of the high background ozone (about 80 ppb) due to a
previous stratospheric intrusion in the Mediterranean basin.
We also consider the impact that changes in BrO-loss
chemistry have on ozone loss as the plume travels further
from the volcano. The different means by which BrO loss
takes place can either confirm the loss of ozone (e.g. BrO
self-reactions) or lead to the reformation of ozone by BrO
photolysis. Table 5 shows a decreasing trend in the ozone de-
struction reactions as the plume moves further from the vol-
cano. Meanwhile, the contribution of the ozone-reforming
BrO photolysis increases with distance and time from the
volcano. Furthermore, the overall burden of BrO in the near-
volcano plume (Fig. 6) is several times higher than in the
young and aged plumes (Figs. S3 and S5). This implies that

https://doi.org/10.5194/acp-23-10533-2023
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Figure 14. Time evolution from 00:00 UTC of 24 December of
the difference of the tropospheric burden between the main and no-
volc simulations for (a) OH in molecules (molec), (b) O3 in kilo-
grams (kg), and (¢) CHy4 in kilograms (kg) within the whole mod-
elling domain (Mediterranean basin).

the spatial patterns of ozone loss occurring far from the vol-
cano in Fig. 13 result to a large extent from ozone deple-
tion occurring near the volcano that is then transported as an
ozone deficit further afield and to a lesser extent to the ozone
loss through reformation of BrO on the days after.

To quantify the overall regional impact of the eruption,
Fig. 14 shows the temporal evolution of the total burden of
OH, O3, and CHy species within the Mediterranean basin. To
quantify the effect of the eruption, the tropospheric burdens
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Figure 15. Time evolution from 00:00 UTC of 24 December of the
(a) BrO concentration in molecules (molec) and (b) O3 mass in
kilograms (kg) for main minus novolc (red line colour), stest_ini
minus novolc (black line colour), and stest_aero minus novolc (blue
line colour) simulations.

of OH (molecules), O3 (kg), and CH4 (kg) are calculated by
integrating the difference between the main (eruption condi-
tions) and novolc (background conditions) simulations (Ta-
ble 2) over every tropospheric grid cell in the horizontal and
vertical profile of the whole simulation domain.

The chemistry in the volcanic plume results in a direct re-
duction of the concentrations of the oxidant OH (maximum
during daytime at a peak of around 10:00 UTC on 29 De-
cember). This is because it is used in the oxidation reactions
of SOy, HCI, and HBr (Reaction R1). Also, the chemistry
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of the volcanic plume has a direct impact on the concentra-
tion of O3 as presented in this study and by several observa-
tions and modelling studies already published. The decrease
in O3 leads to a decrease in OH concentration indirectly by
the reactions O3 + hv — O!'D and O'D + H,0 — 2 OH. Con-
sistently with the analysis of Fig. 13, there is an additional
decrease in the ozone burden (Fig. 14b) from one day to
the next linked to daytime reformation of BrO from its night
reservoirs Bry and BrCl through the bromine-explosion cycle
that adds to the BrO formation from emissions of the day.

The reduction of the total mass of OH implies an increase
in the lifetime of CHy. Note that this OH reduction dominates
over the CHy4 loss by reaction with volcanic chlorine as dis-
cussed by Jourdain et al. (2016). This is why the total mass of
CH,4 (Fig. 14c¢) increases during the period of the simulation.
It reaches its maximum around 15:00 UTC on 30 Decem-
ber (around 9.7 x 10° kg), correlated with the peak of the O3
loss (at approximately 3.5 x 107 kg). The increase in the CHy
burden (0.25 x 103 kgd ™! from 27 to 30 December) can be
compared with estimates of global daily methane emissions
based on Saunois et al. (2020) (1.58 x 10° kg d~! on aver-
age over the 2008-2017 period). Even if much smaller, it is
not negligible considering that we only quantify here the im-
pact of one particular eruption plume over a limited area do-
main and not of the halogen emissions from all volcanoes at
the global scale, knowing that some of them like Mt Etna or
Ambrym are halogen-rich and have large passive degassing.
Therefore at the global scale, volcanic halogen emissions via
their effect on OH could have a significant indirect impact on
the climate since CH4 is among one of the strongest green-
house gases.

4.3.2 Sensitivity studies

Two sensitivity tests were performed. Both tests looked at
different scenarios for the chemical composition of the vol-
canic vent emissions. As shown in Table 2, the stest_aero
simulation corresponds to the main simulation, with the only
difference being a doubling of the emissions of primary sul-
fate aerosols. The other sensitivity test named stest_ini as-
sumes that there is no high-temperature processing at the
vent; i.e. only magmatic emissions of SO,, HBr, and HCl
are included (Br, OH, NO, and sulfate aerosols emissions are
turned off). The objective is to evaluate their impact on the
BrO production and the associated ozone depletion, know-
ing that these tests correspond to two extreme sensitivity
cases as found in Marécal et al. (2023). They showed with
MOCAGE 1D simulations that doubling the primary sulfate
emission leads to a more rapid production of BrO with max-
imum values increased by ~ 7 %, while not taking into ac-
count high-temperature processing at the vent strongly re-
duces and slows down the production of BrO.

Figure 15 shows the time evolution of BrO and O3 concen-
trations of the stest_aero and stest_ini sensitivity tests com-
pared with the main simulation. First, we look at the gen-
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eral behaviour across all three simulations (main, stest_aero,
stest_ini). Figure 15 clearly shows that the temporal evolu-
tion of BrO production associated with ozone loss in the two
sensitivity tests follows the behaviour in the main simulation.
However, the BrO and the ozone concentrations vary from
one simulation to another.

By doubling the amount of sulfate aerosols in the
stest_aero sensitivity test, we see that the bromine chem-
istry is sensitive to the abundance of sulfate aerosols
since BrO concentrations increase in the stest_aero sim-
ulation (maximum ~ 2.4 x 10% molecules) compared to
the main simulation (maximum ~ 2.2 x 102 molecules)
throughout Fig. 15a. The relative enhancement of BrO be-
tween stest_aero and main varies between 10% and 18 %
between the different days. The increase in BrO production
is related to the increase in sulfate surface area caused by the
doubling of sulfate aerosols. This is due to the dependence
of the reaction rate on HOBr uptake, which is surface area
limited. Due to the highlighted sensitivity, the error in simu-
lating the specific surface area of the sulfate aerosol is there-
fore a source of uncertainty in our simulations. These find-
ings are fully consistent with Marécal et al. (2023) and with
Roberts et al. (2014), who show that the reactive absorption
of HOBr on halogen-rich aerosols enhances the subsequent
transformation of the Br radical to other reactive bromine
species. We also note that this high BrO concentration in the
stest_aero simulation is associated with a significant ozone
loss with a maximum of ~ 3.9 x 107 kg. In the main simu-
lation the maximum is ~ 3.5 x 107 kg (Fig. 15b). The differ-
ence between stest_aero and main simulations increases with
time because there is more BrO production in the stest_aero
simulation. At the end of the simulation, the O3 loss is 11 %
higher in stest_aero with respect to the main simulation.

The results from the stest_ini simulation show that BrO
production is much lower (~ 8.7 x 10?® molecules for the
maximum) and also much slower than the main simulation.
Even if it increases with time, it only reaches 52 % of the BrO
of the main simulation on the last day with a limited impact
on ozone depletion (maximum ~ 2.2 x 107 kg). The results
of this sensitivity test are consistent with previous studies
(e.g. Roberts et al., 2009; Marécal et al., 2023). This implies
that the bromine production cycle needs the Br radical and
the primary sulfate in the volcanic emission at the beginning
of the simulation to trigger the rapid onset of the bromine
explosion and yield BrO consistent with the TROPOMI ob-
servations.

5 Conclusions

Volcanoes are known to be important emitters of gaseous
species and aerosols into the troposphere from passive emis-
sions and moderate volcanic eruptions. In addition to HO,
COa,, and sulfur compounds, halogen hydracids (HBr, HCI)
are also emitted. HBr can be converted into reactive bromine

https://doi.org/10.5194/acp-23-10533-2023
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in volcanic plumes by the bromine-explosion cycle, which
leads to ozone loss. This cycle has been explored in several
modelling studies but mainly in the first hours after emission.
Only one study was done on the impact of volcanic halogens
at the regional scale for a case of strong passive degassing
at Ambrym, located in the tropical Pacific region (Vanuatu)
(Jourdain et al., 2016).

We present in this paper the results of a new modelling
study at the regional scale with the chemistry transport model
MOCAGE for a very different case study. Here we focus on
the Mt Etna volcanic eruption that occurred around Christ-
mas 2018 and that lasted 6 d. This eruption was characterised
by emissions reaching 4.5 to 8 km height and strong emis-
sions. The main objectives of this study are to test the ability
of the regional 3D CTM MOCAGE to simulate the bromine-
explosion cycle during this case study, to analyse the differ-
ent chemical processes in the volcanic plume at different dis-
tances from the vent, and to quantify the impact of the vol-
canic eruption via these effects on the tropospheric composi-
tion at the regional scale (i.e. over the whole Mediterranean
basin).

In order to simulate the chemistry of halogens in vol-
canic plumes in the MOCAGE 3D model, we implemented
the chemical scheme developed in the MOCAGE 1D ver-
sion (Marécal et al., 2023) for volcanic halogens, which is
based on Surl et al. (2021). Marécal et al. (2023) showed that
their chemical scheme was able to reproduce the bromine-
explosion cycle in a manner consistent with previous mod-
elling studies and observations. In our study, we set up a main
simulation that is thoroughly analysed and two sensitivity
simulations of the composition of the emissions. All simula-
tions are run from 24 December 2018 at 00:00 UTC to 31 De-
cember 2018 at 00:00 UTC using a regional domain covering
the Mediterranean basin with a resolution of 0.2° x 0.2°.

The results of the main simulation are compared with
observations from the TROPOMI satellite showing a good
agreement on the location of the plume even when its trans-
port patterns are complex. Regarding the concentrations, the
modelled SO, and BrO column concentrations are generally
higher but still consistent with TROPOMI columns taking
into account the uncertainties in the emission fluxes (45 %)
used in the model that were retrieved from SEVIRI satellite
observations and the uncertainties in the satellite retrievals of
SO, and BrO columns from TROPOMI observations (35 %)
used for the model comparison.

The analysis of the results is carried out on three subdo-
mains, a first domain close to the vent (near-volcano plume),
a second subdomain further from the vent (young plume),
and a third subdomain which is the furthest from the vent
(aged plume). The analysis of the bromine species parti-
tioning provides a detailed picture of the simulated bromine
chemistry cycle during the daytime, highlighting the role
played by all the different bromine reactive gases formed as
a result of the bromine-explosion cycle. As expected, BrO is
rapidly formed during daytime, while Br, and BrCl are con-
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sistently found to be bromine reservoir species at night. The
analysis of bromine speciation shows good consistency with
the previous modelling studies. The chemical processes for
the production and loss of bromine species and associated
concentration evolve with time from the initial point of the
plume’s emission, leading to changes from the near-volcano
to the young plume domain and from the young plume to
the aged plume domain. This is related to the dilution pro-
cess and the depletion of the primary emitted HBr relative to
other chemical components, e.g. HCL. The primary impacts
of the plume mixing with the ambient air are an overall less
intense bromine chemistry and a shift from the dominance of
the XO+ XO (X = Cl and Br) halogen oxide self-reactions
that mediate ozone depletion, which both lead to decreased
ozone depletion as the plume mixes and ages. The rate of the
second-order self-reactions of the halogen oxides depends on
a square law with respect to the halogen oxide concentra-
tions. The depletion of HBr relative to HCI with plume age
causes a shift in the relative concentrations of each halide
ion in the sulfate aerosols, which leads to a shift from the
dominance of the production of Br; to BrCl proceeding, re-
spectively, via Reactions (R6) and (R7).

We also found that there is a day-to-day variability for all
bromine species in all subdomains linked to varying meteo-
rological conditions (wind, cloud, and precipitation) and to
the time variations of the emission flux. These effects are
particularly strong in the near-volcano domain because it is
small and it is also where the volcanic emissions are injected.

The simulations showed a large regional impact on ox-
idants (reduction of OH and ozone), which is caused by
bromine and chlorine chemistry in the volcanic plume. In ad-
dition to the impact on the oxidants, the bromine and chlorine
chemistry have the indirect effect of increasing the burden of
methane (CHy). These results are consistent with the plume
study of Jourdain et al. (2016) for the Ambrym volcano even
though the emissions, background conditions, and the model
used are not the same. A further step is to estimate the impact
of the volcanic halogen emissions from all volcanoes at the
global scale, in particular on CH4, which is an important gas
for Earth’s climate. This will be the subject of a future study
with the MOCAGE model using its global configuration.

The sensitivity to the composition of the volcanic emis-
sion has been tested by running two simulations. The first
one assumes twice the primary sulfate concentrations, which
leads to an increase in BrO production and more ozone loss.
The second one uses raw magmatic emissions without taking
into account the high-temperature production at the vent of
radicals, oxidants, and primary sulfate. This simulation pro-
vides a strong decrease in BrO production and less ozone
depletion. These results are consistent with previous studies
and highlight the need of having reliable information on the
composition of the volcanic emissions. There are still high
uncertainties in the processes occurring at very high temper-
ature when magmatic gases first mix with atmospheric air.
There is ongoing research on this subject that should reduce
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the uncertainties regarding the composition of the emissions
used in 3D atmospheric chemistry simulations.

Data availability. The volcanic SO, inventory used for passive
degassing emissions before and after the eruption is available at
https://doi.org/10.1038/srep44095 (Carn et al., 2017, supplemen-
tary information). The results of simulations used in this study are
available upon request.
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