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Abstract

Volcanoes are a known source of halogens to the atmosphere. HBr volcanic emis-
sions lead rapidly to the formation of BrO within volcanic plumes as shown by recent
work based on observations and models. BrO, having a longer residence time in the
atmosphere than HBr, is expected to have a significant impact on tropospheric chem-5

istry, at least at the local and regional scales. The objective of this paper is to prepare
a framework that will allow 3-D modelling of volcanic halogen emissions in order to
determine their fate within the volcanic plume and then in the atmosphere at the re-
gional and global scales. This work is based on a 1-D configuration of the chemistry
transport model MOCAGE whose low computational cost allows us to perform a large10

set of sensitivity studies. This paper studies the Etna eruption on the 10 May 2008
that took place just before night time. Adaptations are made to MOCAGE to be able
to produce the chemistry occurring within the volcanic plume. A simple sub-grid scale
parameterization of the volcanic plume is implemented and tested. The use of this pa-
rameterization in a 0.5◦×0.5◦ configuration (typical regional resolution) has an influence15

on the partitioning between the various bromine compounds both during the eruption
period and also during the night period immediately afterwards. During the day after
the eruption, simulations both with and without parameterizations give very similar re-
sults that are consistent with the tropospheric column of BrO and SO2 in the volcanic
plume derived from GOME-2 observations. Tests have been performed to evaluate the20

sensitivity of the results to the mixing between ambient air and the magmatic air at very
high temperature at the crater vent that modifies the composition of the emission, and
in particular the sulphate aerosol content that is key compound in the BrO production.
Simulations show that the plume chemistry is not very sensitive to the assumptions
used for the mixing parameter (relative quantity of ambient air mixed with magmatic25

air in the mixture) that is not well known. This is because there is no large change in
the compounds limiting/favouring the BrO production in the plume. The impact of the
model grid resolution is also tested in view of future 3-D-simulations at the global scale.
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A dilution of the emitted gases and aerosols is observed when using the typical global
resolution (2◦) as compared to a typical regional resolution (0.5◦), as expected. Taking
this into account, the results of the 2◦ resolution simulations are consistent with the
GOME-2 observations. In general the simulations at 2◦ resolution are less efficient at
producing BrO after the emission both with and without the subgrid-scale parameteri-5

zation. The differences are mainly due to an interaction between concentration effects
than stem from using a reduced volume in the 0.5◦ resolution combined with second
order rate kinetics. The last series of tests were on the mean radius assumed for the
sulphate aerosols that indirectly impacts the production of BrO by heterogeneous reac-
tions. The simulations show that the BrO production is sensitive to this parameter with10

a stronger production when smaller aerosols are assumed. These results will be used
to guide the implementation of volcanic halogen emissions in the 3-D configuration of
MOCAGE.

1 Introduction

Bromine species have an important impact on the oxidation capacity of the tropo-15

sphere, reacting with both O3 and OH, which are the two most important oxidant
species. The sources of bromine are from both natural and anthropogenic origins. Hu-
man activity releases emissions of various bromocarbons, mainly halons and methyl
bromide. Once released in the atmosphere at the surface, these bromine compounds
can reach the stratosphere where they can react with oxidant species and photolyze20

to produce atomic bromine. These by-products can react to reduce ozone. This phe-
nomenon is well known in the stratosphere (Wofsy et al., 1975; Yung et al., 1980).
Volcanoes and the marine boundary layer also provide a sizeable contribution to the
global bromine emission inventory, and are a source of inorganic and organic Br com-
pounds (Dickerson, 1999; von Glasow and Crutzen, 2003; Bobrowski et al., 2003;25

Bobrowski and Platt, 2007; Oppenheimer et al., 2006). To quantify the impact of the
bromine species on the chemical composition of the troposphere and the stratosphere,
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it is important to estimate the amounts emitted by natural and anthropogenic sources.
The contribution of the longer lived human sources of bromine compounds is fairly well
known but the natural emissions of shorter lived compounds, both organic and inor-
ganic, are not well estimated (Law and Sturges, 2007). This is likely the reason why ob-
servations and results of numerical models show a difference in the total stratospheric5

bromine content (Salawitch et al., 2005): the emissions of the longer lived bromine
compounds (halons and methyl bromide) known to participate to the total budget of
bromine in the atmosphere are not sufficient to explain the observed value. One of the
hypotheses suggests that a part of the missing stratospheric bromine could come from
the inorganic Br emitted by volcanoes (Bureau et al., 2000; Law and Sturges, 2007).10

Volcanoes are an important source of gases injected into the atmosphere. In addi-
tion to the main gaseous emission: water vapour, CO2 and SO2; volcanoes also emit
inorganic halogen compounds mainly as HCl, HF and HBr (Gerlach, 2004). The hydro-
gen halides (HX, with X = Cl,Br,F, I) are highly soluble meaning that HCl and HBr are
scavenged onto the Earth’s surface by wet deposition within a few hours to a few days.15

Consequently, their direct impact on the air composition in the troposphere was ex-
pected to be local and weak. Thus, the potential for tropospheric volcanic emissions to
undergo transport to exert chemical impacts in the stratosphere would be even weaker.

However, this point of view was challenged when Bobrowski et al. (2003) observed
bromine monoxide (BrO) in the plume of the Soufrière Hills volcano, Montserrat. Af-20

ter this first observation, BrO has been measured in other volcanic plumes (Oppen-
heimer et al., 2006; Bobrowski and Platt, 2007; Theys et al., 2009; Boichu et al., 2011;
Bobrowski and Giuffrida, 2012). The detection of this chemical species is important
because, unlike HCl and HBr, BrO is not water-soluble. Its observed presence several
kilometers downwind also indicates occurrence of reactive halogen cycling in volcanic25

plumes. This implies a longer atmospheric residence time for volcanic bromine, and
therefore opens conditions for regional scale impacts on tropospheric chemical compo-
sitions. The fate of BrO in the troposphere outlines its fate in the stratosphere because
the deposition, the transport and the chemical processes important for the behaviour
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of BrO in the troposphere can determine the potential for such tropospheric volcanic
bromine emissions to be transported into the stratosphere.

Regarding the source of volcanic BrO, Gerlach (2004) first proposed that BrO is not
directly emitted by the volcanoes, rather its formation is promoted by chemical reac-
tions in the high-temperature mixture of air and magmatic gases, immediately following5

emission. A variety of such mixtures, depending on varying proportions of air and mag-
matic gases, were later studied by Martin et al. (2006). However, this near-vent source
of radicals (Br, Cl, NO, OH) cannot explain occurrence of BrO further downwind. Stud-
ies of the plume atmospheric chemistry (Oppenheimer et al., 2006; Bobrowski et al.,
2007; Roberts et al., 2009, 2014b; von Glasow et al., 2009; Kelly et al., 2013) have10

focussed on catalytic reaction cycles as additional sources for BrO production in later
stages of volcanic plume evolution, at temperatures closer to that of ambient air. The
basis for this chemistry is believed to be heterogeneous chemistry occurring on sul-
phate aerosol. This process is similar to the so-called “bromine explosion” (Platt and
Lehrer, 1997; Wennberg, 1999) that was identified in the polar regions. The net reac-15

tion of the cycle consists of a rapid and strong production of BrO. Ozone molecules are
destroyed during this cycle. The environment, where the chemical cycle takes place,
needs to have a pH< 7 (Fickert et al., 1999). In a volcanic plume, this is possible be-
cause of the presence of acidic aerosols, such as sulphate aerosols. It is expected that
the BrO production increases with the total surface area of the aerosols.20

The previous numerical modelling studies describing halogen chemistry in volcanic
plumes (Bobrowski et al., 2007; Roberts et al., 2009, 2014b; von Glasow, 2010; Kelly
et al., 2013) focused on the local volcanic chemistry within the plume in a zero or one-
dimensional framework. The same thermodynamic model is used in the initialisation of
the atmospheric chemistry models in these studies (Bobrowski et al., 2007; Roberts25

et al., 2009; von Glasow, 2010) to describe the high temperature mixtures of air and
volcanic gases. This model is the “HSC Chemistry” software, described in more detail
by Martin et al. (2006, 2009) following initial work by Gerlach (2004) for a volcanic
emission. The model studies initialised using HSC show a rapid increase in BrO within
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the plume in the few minutes after an emission, and a consequent ozone decrease.
The numerical models compare better to plume observations of BrO than simulations
run without initialisation using the HSC model, showing the need to include chemical
reactions at high (close to the vent) temperature to accelerate the onset of the BrO
formation chemistry cycles at ambient temperature (within the plume).5

All previous studies on the volcanic plume chemistry were at the plume scale. How-
ever, because BrO is not soluble it can be transported more easily, and therefore it is
also interesting to study its effect at a larger scale. It is necessary to use a 3-D atmo-
spheric chemistry model to examine this impact. However, the grid-size used in global
atmospheric chemistry models (few 100 kms) is typically much larger than the spatial10

scale of the near-vent and near-downwind plume. Therefore, as a first step, the objec-
tive of this study consists of proposing and evaluating a representation of the halogen
chemistry within volcanic plumes suitable for a 3-D model. Chemical transport models
(CTMs) are commonly used to simulate tropospheric and stratospheric chemistry at
the global or regional scales. Thus, the objective of future work is to estimate the im-15

pact of halogens produced by volcanoes on the global troposphere and stratosphere,
using a CTM with a suitable representation of halogen chemistry in volcanic plumes.
These objectives in the CTM framework are therefore different from those within previ-
ous studies that aimed at modelling the details of the chemical evolution in the plume
during the emission period and in the first few hours after. At the typical resolution20

used in global CTMs, there is no possibility to represent such detailed plume chem-
istry. What is important is the ability of the model to produce the effect of the plume on
its environment at the regional scale.

To facilitate the introduction of a volcanic plume reactive halogen source into a CTM,
the tool used in this paper is a 1-D model (in the vertical dimension), with no transport,25

based on the 3-D CTM MOCAGE. It allows us to study in greater detail the sensitivity
of the model simulations to the many different parameters, in order to determine the
best configuration to be used in a 3-D framework in a following study. The chemical
scheme used in MOCAGE represents the main chemical species and chemical cycles
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that occur in the atmosphere including the bromine chemistry. Heterogeneous chemical
reactions on sulphate aerosols were added in order to fully represent the bromine cycle
within volcanic plumes.

Following previous studies and in order to represent the processes which occur
within the plume, we use a thermodynamic model in our simulations to represent the5

composition of the volcanic plume after the air-magmatic gas mixing at high tempera-
ture. Sensitivity simulations on input parameters of this thermodynamic model will be
presented. The heterogeneous chemistry depends on the surface area of the sulphate
aerosols that is in turn linked to the size of the aerosols. Tests have been conducted to
evaluate the sensitivity of the chemistry to the average size of the aerosols. In our 1-D10

study, we examine two different horizontal model resolutions for MOCAGE, typically
used for the regional and global studies. These typical MOCAGE horizontal resolu-
tions are larger than the volume that was considered in previous modelling studies
(Bobrowski et al., 2007; Roberts et al., 2009; von Glasow, 2010). These resolutions
are also larger than the typical volcano plume size during the first few hours after its15

emission. With this difference between the model grid size and plume volume, the
model may not be able to properly represent the impact of the volcanic eruption or de-
gassing in such cases where a small volume is emitted. Therefore, a parameterization
has been developed with the aim to represent the plume scale where emissions occur
within MOCAGE. Sensitivity tests have been done for this parameterization.20

In Sect. 2, a description of the volcanic eruption studied in this paper is made, and
we describe the emission data used for the simulations. Then the numerical model
is presented in Sect. 3, and in particular the bromine chemical mechanism important
for the study of a volcanic plume. The different simulations are described in Sect. 4.
Section 5 presents the results of the simulations. Conclusions are given in Sect. 6.25
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2 Case study: Etna eruption of 10 May 2008

2.1 General description

Mount Etna is the most active volcano in Europe and among the largest point sources of
volcanic volatiles on the planet (Aiuppa et al., 2008). Gases and aerosols and possibly
volcanic ash are continually emitted by the craters by passive or explosive degassing.5

Four craters are currently hosted on the volcano summit; the volcano itself has a total
surface area of 1200 square kilometres and the mean altitude of the volcanic plateau
is at 3300 m of altitude.

This study focuses on the eruption of Mount Etna that occurred on the 10 May 2008
(see Bonaccorso et al., 2011, for more information about this eruptive event). There10

are three reasons for the choice of this volcano. The first reason is the fact that Mount
Etna is one of the largest known emission sources of halogens (Aiuppa et al., 2005). In
their paper, Aiuppa et al. (2005) conducted filter-pack measurements of the near-vent
Etna’s crater plume during January and October 2004, and showed an enhancement
of four orders of magnitude in the bromine concentrations within the volcanic plume15

relative to background air. Etna volcano is also continuously and extensively monitored
by INGV (Istituto Nazionale di Geofisica e Vulcanologia), and therefore a variety of gas
composition information is available. These data are used to simulate the eruption with
the numerical model. The third reason is that satellite observations have been made
above the Etna region, close in time of the eruption. In the Supplement of Hörmann20

and al. (2013), the tropospheric columns of BrO have been retrieved from GOME-2
instrument one day after the eruption of 10 May 2008.

The eruption on the 10 May 2008 that we study started at 14:15 UTC and lasted
until 18:15 UTC (from monitoring reports of INGV-Osservatorio Etneo; available at
www.ct.ingv.it). The eruptive cloud was injected up to 5 km in height. The time-averaged25

SO2 daily release on the day of the eruption was evaluated at 10 000 tonnes (obtained
averaging results of car traverses made with an Ocean Option USB2000 + spectrom-
eter and DOAS retrieval technique). During May 2008, passive emissions from the
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volcano contributed an average of 2000 tonnes of SO2 per day (from monitoring reports
of INGV-Osservatorio Etneo; available at www.ct.ingv.it and from G. Salerno, personal
communication, 2013).

2.2 Gas composition of the eruptive plume

The composition of the gas plume released by Etna has extensively been characterised5

in recent years by both in-situ (e.g. Aiuppa et al., 2007, 2008) and remote sensing
(Allard et al., 2005) techniques. These studies have shown that, as for volcanic gas
emissions in general (Oppenheimer, 2003), Etna’s magmatic volatiles are dominated
by H2O, CO2 and SO2, in proportions varying both in time (depending on activity state)
and space (e.g. from crater to crater). Etna’s magmatic gases also include smaller10

amounts of halogen species (HCl, HF and HBr). Upon emission into the atmosphere,
magmatic volatiles are mixed with ambient air, so that the final composition of the plume
will ultimately reflect both the magmatic conditions at source and the extent of mixing
and dilution with atmospheric gases.

Remote sensing techniques (e.g., Fourier-Transform Infrared Spectroscopy, FTIR),15

that can be operated from more distal – safer – locations, are inherently more appropri-
ate to investigate the compositional gas features during eruptions. Passive open-path
FTIR, in particular, has often been used to study the chemistry of gas jets propelled
by lava fountains at Etna (Allard et al., 2005). Unfortunately, no similar data are avail-
able for the 10 May 2008 eruptive episode. Even more importantly, bromine (the main20

target of the present work), which is thought to be emitted by magmatic systems in
the HBr form (Gerlach, 2004), is systematically below the detection threshold of FTIR.
No report of near-downwind volcanic BrO (the product of HBr oxidation; Oppenheimer
et al., 2006; Bobrowski et al., 2007) is available during Etna paroxysms. Passive (non-
eruptive) Br emissions from volcanoes can, however, be satisfactorily derived by direct25

sampling of both fumaroles (Gerlach, 2004) and plumes (Aiuppa et al., 2005).
The magmatic gas composition for the Etna’s eruption for the 10 May 2008 is not

available. Therefore, we use the magmatic gas composition for the Etna’s passive
2589
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plume (Table 1), derived on 14 May 2008 by a combination of techniques (MultiGAS for
H2O, CO2 and SO2 and filter packs for halogens; see Aiuppa et al., 2005, 2007, 2008
for analytical details), as an analogue for the 10 May 2008 eruptive plume composition.
This assumption, which is implicitly inaccurate, is motivated by the hydraulic continuity
between the central craters (where passive emissions concentrate) and the South-East5

crater (the eruptive vent), for which there is now plenty of seismic (Patanè et al., 2003),
gas (Aiuppa et al., 2010) and infrasonic (Marchetti et al., 2009) evidence. We still admit
that more quantitative information on Br content in eruptive plumes from Etna would be
necessary to better initialize the model.

The first interaction between the ambient air and the magmatic gases occurs at high10

temperature (1100 ◦C> T > 500 ◦C), as the magmatic gases begin to mix with back-
ground air in the near-vent plume. The chemistry occurring in this high temperature
near-vent plume environment differs from that at ambient atmospheric temperatures,
e.g. it includes thermal dissociative reactions, generating oxidised species and radi-
cals. New chemical species that are believed to be produced in the near-vent plume15

include HOx, Clx, Brx and NOx. We represent this process using a thermodynamic equi-
librium model software (HSC is a thermodynamic model software (HSC; Outokumpo,
Finland), following studies of Gerlach, 2004; Martin et al., 2006, 2009, and Roberts
et al., 2014b). HSC computes the equilibrium composition of the near-vent plume after
mixing between emitted hot gases and ambient air. The parameters needed to com-20

pute this high-temperature gaseous composition are: (i) the temperature of the plume
mixture (calculated from the temperatures of the magmatic gases and ambient temper-
ature); (ii) the magmatic gas composition and (iii) the volumetric mixing ratio VM/VA (VM:
magmatic gas volume, VA: atmospheric gas volume). A degassing pressure of 1 atm is
commonly assumed. In this study we use two VM/VA ratios (discussed in Sect. 4.3).25

Thus, with the magmatic composition information and the HSC model at high temper-
ature, the plume composition at vent can be calculated. The outputs of HSC become
the input emissions needed by MOCAGE to simulate the chemical reactions at lower
temperature, occurring within volcanic plumes.
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3 Model description

3.1 General description of MOCAGE

3.1.1 1-D model for the simulations

The numerical model used for the simulations is a 1-D configuration of MOCAGE
(Model Of atmospheric Chemistry At larGE scale). A number of aspects of the 1-D5

model are similar to MOCAGE. The vertical splitting of the atmosphere in the 1-D sim-
ulations is similar to the splitting defined in MOCAGE. The vertical resolution is divided
in 47 levels. It starts from the ground up to about 5 hPa. Seven levels are within the
planetary boundary layer, 20 are in the free troposphere and 20 in the stratosphere.
These levels use the sigma hybrid coordinate: near the surface the levels follow the10

topography and the higher levels follow isobars.
The chemical reactions present in the 1-D model are the same as for MOCAGE.

There are the chemical reactions in both the troposphere and the stratosphere. To de-
scribe this chemistry, the model uses two schemes: REPROBUS, which describes the
stratospheric reactions (Lefèvre et al., 1994), and RACM, for the reactions in the tro-15

posphere (Stockwell et al., 1997). With the two schemes gathered, the model contains
118 species. There are 375 chemical reactions describing mainly the homogeneous
reactions, but also the photolysis and some heterogeneous reactions. The rates of de-
struction and production of the chemical species linked to the chemical reactions are
calculated every 15 min.20

3.1.2 3-D model for the initial conditions

The initial atmospheric conditions of the 1-D simulations are determined using output
from the 3-D MOCAGE: a multi-scale Chemical Transport Model (CTM), computing
the chemical state in the atmosphere for several horizontal resolutions (see Josse
et al., 2004; Bousserez et al., 2007, for further details). MOCAGE is forced using25
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meteorological data from ARPEGE, an operational numerical weather prediction model
(Courtier et al., 1991).

The 3-D MOCAGE simulations calculating the initial conditions for the 1-D sensitivity
study presented here take into account different physical processes. The large scale
transport uses the semi-lagrangian advection scheme proposed by Williamson and5

Rasch (1989). For the convective transport, the numerical model uses the scheme of
Bechtold et al. (2001). The species are diffused by the turbulent mixing in the planetary
boundary layer (PBL) as described by the scheme of Louis (1979). Different param-
eterizations are used to describe the wet and dry depositions. The parameterization
of Wesely (1989) is for the dry deposition. Wet deposition by convective and large10

scale precipitation is based on Mari et al. (2000), Giorgi and Chameides (1986) and
Liu et al. (2001). The physical time step (transport, deposition, washout) is one hour.

3.2 Halogen chemistry

3.2.1 Chemical overview

The halogen cycle leading to the BrO production within a volcanic plume is similar to the15

so-called bromine explosion. This cycle is described in detail in Roberts et al. (2009),
Oppenheimer et al. (2006), Platt and Hönninger (2003), and Bobrowski et al. (2007).
Hereafter, there is a rapid description of the chemical reactions involved in this chemical
cycle.

Volcanic emissions contain halogen species and in particular HBr and HCl. HBr pro-20

vides the bromine atoms needed to initiate the cycle. The other halogen species HCl,
also contributes to bromine chemistry through heterogeneous reactions. HBr is ox-
idised by OH radicals, present in the volcanic plume (Reaction R1). Br then reacts
with O3 to produce BrO (Reaction R2). BrO reacts to produce the species HOBr and
BrONO2 via Reactions (R3) and (R4). These two species are involved in heteroge-25

neous reactions on sulphate aerosols, Reactions (R5a), (R5b), (R6a) and (R6b). Sul-
phate aerosols are also present in volcanic plumes. They provide the surface substrate
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where the heterogeneous reactions can take place.

HBr+OH → Br+H2O (R1)

Br+O3 → BrO+O2 (R2)

BrO+HO2 → HOBr+O2 (R3)

BrO+NO2 → BrONO2 (R4)5

HOBr+HBr (sulphate aerosol) → Br2 +H2O (R5a)

HOBr+HCl (sulphate aerosol) → BrCl+H2O (R5b)
BrONO2 +HBr (sulphate aerosol) → Br2 +HNO3 (R6a)10

BrONO2 +HCl (sulphate aerosol) → BrCl+HNO3 (R6b)

The notation for the heterogeneous reactions of “HBr (sulphate aerosol)” and “HCl
(sulphate aerosol)” means that the sulphate aerosol surface is needed for HBr and HCl
in the gaseous phase to react.

The heterogeneous Reactions (R5a) and (R5b) (resp. Reactions R6a and R6b) are15

in competition with one another, as they represent the same reaction (reactive uptake of
HOBr and BrONO2, respectively) but with alternative products. Br2 is a product of both
heterogeneous Reactions (R5a) and (R6a). Br2 is photolysed to provide Br radicals
(Reaction R7) and then these radicals react with O3. The same process occurs with
BrCl, which is photolysed and produces Br and Cl radicals (Reaction R8). The two last20

reactions, Reactions (R9) and (R10), convert Br to HBr and start again the cycle.

Br2 +hν→ 2Br (R7)

BrCl+hν→ Br+Cl (R8)
Br+O3 → BrO+O2 (R2)25

HCHO+Br → HO2 +CO+HBr (R9)

Br+HO2 → HBr+O2 (R10)

Initially the heterogeneous reactions preferentially produce Br2 (Reactions R5a and
R6a) rather than BrCl (Reactions R5b and R6b) (Roberts et al., 2009). This leads30
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to autocatalytic BrO formation: Reactions (R3), (R5a), (R7) and 2× (R2) can be con-
densed into a cycle whereby one molecule of BrO can produce two molecules of BrO
and the loss of one molecule of HBr. This consequently consumes two molecules of
ozone. The net reaction of this cycle is given by:

BrO+HO2 +HBr (sulphate aerosol)+2O3 → 2BrO+3O2 +H2O (R11)5

Condensing Reactions (R4), (R6a), (R7) and 2× (R2) leads to the same results.

BrO+NO2 +HBr (sulphate aerosol)+2O3 → 2BrO+3O2 +HNO3 (R12)

When HBr concentrations decrease, BrCl becomes the dominant product and Reac-
tions (R5b) and (R6b) start to predominate over Reactions (R5a) and (R5b). However,
in this case only one molecule of BrO is produced – the reaction scheme is no longer10

autocatalytic.
Once BrO formation has commenced, rapid cycling of reactive bromine via Reac-

tions (R2)–(R8) can thereby induce substantial ozone loss. In addition, the self-reaction
of BrO to yield 2 Br radicals Reaction (R13) followed by Reaction (R2) to re-form BrO
presents a further ozone-loss pathway.15

BrO+BrO → 2Br+O2 (R13)

The reaction rate of HOBr and BrONO2 on the aerosol surface (Reactions R5 and R6)
is given by the following equation:

− d[A]

dt
= γ ·

Crel

4
·Saerosol · [A] (1)

20

Where the parameter γ is the uptake coefficient and it is defined for each hetero-
geneous reaction. Crel is the average velocity of species A (cms−1) described by the

following equation: Crel =
√

8RT
πM , with R gas constant, T is the temperature and M is the
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molar mass of the species. [A] is the concentration of the species A (moleculescm−3).
Saerosol is the surface area (aerosols surface.cm−3 of air) of the aerosols. The rate
constant of the heterogeneous reactions is therefore written as:

k = γ ·
Crel

4
·Saerosol (2)

5

An important parameter in the rate constant equation is the surface area (Saerosol).
This surface area depends on several variables. The aerosols are assumed to have
a spherical shape. In this case, their surface is given by:

Saerosol = 4 ·π · r2 ·NDROP (3)
10

Where r is the mean radius of aerosol (cm) and NDROP is the number of droplets by
unit of volume. The expression of the number of droplets by unit of volume is calculated
by the following equation:

NDROP =
3 · Vaerosol

4 ·π · r3
(4)

15

Vaerosol is the aerosol volume (per cm3 of air). The sulphate aerosols within a volcanic
plume are distributed over a range of sizes that vary for each volcanic emission. Since
there is a large uncertainty on the characteristics of the aerosol size distribution and
because the final aim is to perform a global study of the volcanic emission where com-
putational constraints become a concern, we choose a constant value for the mean ra-20

dius leading to a simplification of the calculation of the total aerosol surface area. A few
studies give an estimate of the value of the sulphate aerosol radii within Mount Etna
plumes (Watson and Oppenheimer, 2000, 2001; and Spinetti and Buongiorno, 2007).
The size of the aerosols depends on the environmental conditions and the characteris-
tics of the emission. Watson and Oppenheimer (2000) measure a mean effective radius25

of 0.83 µm during mild strombolian activity of Mount Etna in October 1997. Another
2595
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study by Watson and Oppenheimer (2001) shows results of 1 µm for the mean effec-
tive radius during an activity period at Mount Etna in July 1999 including passive and
eruptive emissions. Spinetti and Buongiorno (2007) studied two emission periods of
Mount Etna: quiescent (June 1997) and eruptive (July 2001) periods. The data showed
small particles for the quiescent plume, with radii around 1 µm and for the explosive5

plume, larger particles with typical radii> 1 µm. In our case of an eruptive emission,
we choose a mean radius of 2 µm, consistent with the Spinetti and Buongiorno (2007)
observations. Since there is a large uncertainty on this parameter, sensitivity tests are
presented in Sect. 5.

An important variable controlling the total surface area is the composition of the10

aerosols since this composition has an impact on the aerosol volume, and hence the
radius. For this study, it is assumed that the aerosols are composed of only two species:
H2O and H2SO4 in aqueous phase (sulphate aerosol). The ratio of sulphuric acid to
H2O inside the aerosol droplet is called the sulphuric acid weight fraction, and this also
determines the volume of the sulphuric acid at a given temperature and water activity.15

The sulphuric acid weight fraction takes part in the calculation of the rate coefficient
of the Reactions (R5a), (R5b), (R6a) and (R6b) through the volume expression (Eq. 5)
then via the radius r (Eq. 4) to obtain the surface area expression (Eq. 3). Aerosol
volume (per cm3 of air) is given by the following equation:

Vaerosol =
NS ×MS

WS ×ρ(WS)
(5)20

NS is the number of moles per cm3 of sulphuric acid aerosol in each model grid box.
This includes H2SO4 produced via gas-phase oxidation of SO2 as a consequence of
ambient plume chemistry, but is dominated by the “direct” volcanic emission, deter-
mined by output from the HSC model of the near-vent high-temperature chemistry.25

Elevated SO3 (and to a lesser extent OH) in the HSC output lead to a volcanic H2SO4
emission. In addition to this volcanic contribution the total model sulphate includes the
background sulphate of MOCAGE. MS (98 gmol−1) is the molar mass of sulphuric acid.
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ρ is the density of the total aerosol (gcm−3). WS is the sulphuric acid weight fraction in
an aerosol.

In volcanic aerosol studies, in the stratosphere, the acid weight fraction is equal to
about 75 % (Chazette et al., 1995; Stothers, 2001). For volcanic eruptions not reaching
the stratosphere or for passive emissions, the plume remains mainly in the troposphere.5

In this part of the atmosphere, the meteorological conditions are different than in the
stratosphere and a value of 75 % cannot be applied. Tabazadeh et al. (1997) presented
a method to calculate the sulphuric acid content aerosol within an aerosol, i.e. the
sulphuric acid weight percentage. The weight fraction depends on the water activity,
which varies with the partial pressure and the temperature. The acid weight fraction is10

less important close to the ground due to the high relative humidity and temperature,
which both decrease with altitude, whilst the weight fraction increases. Thus, there is
a higher total aerosol volume (hence also surface area) in these lower levels, favouring
heterogeneous reactions.

3.2.2 Chemistry of MOCAGE15

The heterogeneous reactions of the bromine explosion cycle (Reactions R5a, R5b,
R6a and R6b), occurring within a volcanic plume, are not present within the chemical
schemes of MOCAGE. For the need of this study, we added these four heterogeneous
reactions within the chemical scheme. In MOCAGE, Br2 is not explicitly represented
because it is a very short-lived species. The chemical reactions, involving Br2 take20

place too rapidly to be described in a simulation time step. To overcome this issue, Br2
is assumed to be directly photolysed producing Br. In MOCAGE, BrO and Br are gath-
ered in the BrOx species. Thus the heterogeneous Reactions (R5a) and (R6a), produce
directly BrOx instead of Br2. The cycle passes from the Reactions (R5a) and (R6a) di-
rectly to Reaction (R8). During the night the reservoir of the BrOx family becomes BrO25

including also Br2 indirectly.
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The same rate constant equation (Eq. 2) is used for all the heterogeneous reactions
of the halogen cycle (Reactions R5a, R5b, R6a and R6b), with the uptake coefficients
γ assumed to be high (accommodation-limited) due to the very high aerosol acidity.
This follows Roberts et al. (2009) although recent work (Roberts et al., 2014a) has
proposed a re-evaluation of HOBr kinetics in acidic environments. Five other hetero-5

geneous reactions are presented in Roberts et al. (2009) involving HOCl, ClONO2 and
N2O5. But because the uptake coefficient for the chemical species involved in these
heterogeneous reactions is very low, they are not taken into account within the chemi-
cal scheme in MOCAGE.

Because Reaction (R5a) (resp. Reaction R6a) and Reaction (R5b) (resp. Reac-10

tion R6b) are competing, branching ratios need to be defined to know the proportion
of Br2 and BrCl produced by these reactions. After Fickert et al. (1999), the ratio of the
BrCl on Br2 concentrations is:

[BrCl]

[Br2]
= 7.2×10−5 [Cl−]

[Br−]
(6)

15

where the terms in brackets are concentrations in moleculecm−3 of air.
In this study, we assume that the concentrations of Cl− and Br− do not depend on

the concentration of the other ions in the volcanic aerosols, except H+.
[Cl−] and [Br−] can therefore be written using the effective Henry’s constant for strong

acids:20

[Cl−] =
KH.HCl ×KA.HCl

[H+]
×RTV × [HCl] (7)

[Br−] =
KH.HBr ×KA.HBr

[H+]
×RTV × [HBr] (8)

where [H+] is in molL−1, R = 0.082 is the gas constant in atm.mol−1 LK−1, T is the
atmospheric temperature, V is the aerosol volume by unit volume of air, KH.X and KA.X25

are respectively the Henry’s constant and the acidity constant of the X species.
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After Brimblecombe and Clegg (1988):

KH:HCl ×KA:HCl = 2×106 mol2 L−2 atm−1

KH:HBr ×KA:HBr = 1.3×109 mol2 L−2 atm−1

A dependency to the temperature is used with Henry’s law:5

KHX = KH.HX ×KA.HX ×exp
(
−
∆solnHHX

R

(
1
T
− 1

298.15

))
(9)

X is Br and Cl, ∆solnHHX is the enthalpy of dissolution (see Sander, 1999, for more
explanation).(
∆solnH

R

)
HBr

= −10000K and
(
∆solnH

R

)
HCl

= −9000K.10

This leads to:

[Cl−]

[Br−]
=

KHCl

KHBr
× [HCl]

[HBr]
(10)

and finally:

[BrCl]

[Br2]
= 7.2×10−5 ×

KHCl × [HCl]

KHBr × [HBr]
(11)15

The branching ratios XBr2
and XBrCl are derived from the last relation:

XBr2
=

[Br2]

[Br2]+ [BrCl]
(12)

XBrCl =
[BrCl]

[Br2]+ [BrCl]
(13)

20

In the presence of HBr, the branching ratio favours Br2 production. When HBr is de-
pleted the branching ratio will favour BrCl production.
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4 Setup of the simulations

4.1 General setup of the simulations

In order to achieve the general aim of this work to estimate the influence of the vol-
canic emissions on the chemical budget of the atmosphere, this study uses a one di-
mensional chemical model (vertical profile). In this way, the simulations are focused on5

the chemical reactions without horizontal and vertical transport. Due to the low com-
putational cost, this one dimensional configuration allows us to make a large set of
sensitivity tests on the many parameters that can modify the production and the loss
of chemical species within a volcanic plume (see the list of the different simulations in
Table 3).10

Each simulation calculates the chemical concentrations of all species in the vertical
levels of the model. The initial conditions of each simulation are the same. They corre-
spond to the 1-D profile of all the chemical species concentrations on 10 May 2008 at
14:00 UTC, extracted from the grid box that contains Mount Etna, in the 3-D MOCAGE
simulation started one month before (spin-up period). The 1-D simulations are run from15

the 10 May 2008 at 14:00 UTC until the 11 May 2008 at 12:00 UTC, the period encom-
passing satellite observations, by GOME-2, of BrO and SO2 in the Mount Etna plume
presented in Hörmann et al. (2013) (made the morning of the day after the eruption).
The results of our simulations are compared to these data. Moreover, the end time of
the eruption is very close to night-time. Thus the role played by photochemistry in the20

plume can only be assessed when light comes back the day after (morning of the 11
May).

The 10 May 2008 eruptive plume reached 5 kilometres in height, corresponding to
the 16 lowest levels of MOCAGE. The gaseous composition of the plume immediately
after its exit of the crater is given in Table 1. We assume a total eruptive SO2 output25

of 8000 tonnes (cumulative output of 4 h). The emission is distributed over the model
vertical levels evenly in such a way that the number of molecules injected at each level
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is proportional to each model grid box volume. The time step for the injection of the
emissions is 15 min.

The chemical scheme used in this model configuration is a combination of RACM
and REPROBUS with the additional heterogeneous Reactions (R5a), (R5b), (R6a) and
(R6b). In the model grid box, the chemical time step used to reach steady state is5

2.25 s. This time step is much larger than the MOCAGE time step used in standard
simulations. This is because the large emissions injected within the model grid require
more calculation steps to reach chemical equilibrium. The use of a short time step
increases the calculation time of each simulation compared to the standard MOCAGE
setup, but, for the present one dimensional study, this is not a limitation.10

We define a model configuration that corresponds to the reference simulation (called
hereafter “Ref”) based on the setup described above that uses the MOCAGE resolution
to 0.5◦×0.5◦ and the VM/VA ratio in the HSC model to 95/5. Other simulations are run
with different sets of parameters, which are summarised in Table 3. Firstly, a sub-grid-
scale parameterization is tested, which calculates the emission in a smaller volume15

than the grid box volume. Secondly, we tested variations of the parameter VM/VA in the
HSC model, which results in different compositions after the mixing at high tempera-
ture. Thirdly, we investigated the impact of the MOCAGE horizontal resolution on the
plume chemistry. Finally, the sensitivity to the mean radius of the sulphate aerosols
is tested. All the simulation characteristics are presented in Table 3 and detailed in20

Sects. 4.2–4.5.

4.2 Sub-grid-scale parameterization of the plume chemistry

The study is focused on a 1-D model, but using the characteristics of a 3-D numerical
model. Thus the resolution of the horizontal grid is larger than the plume scale. 3-D
chemical models resolve the chemical reactions at the grid box scale with the assump-25

tion that chemical species are homogeneously distributed within each grid box. How-
ever, within a volcanic plume, the bromine chemistry takes place within a smaller vol-
ume compared to the usual volume of MOCAGE grid boxes, with large concentrations
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of chemical species present due to the volcanic emission. Thus, at the grid scale of
global models, volcanic eruptions can be considered as a sub-grid scale phenomenon.
Processes occurring at sub-grid scales are typically represented via parameterizations
in atmospheric models.

Several studies (Karamchandani et al., 2002; Cariolle et al., 2009; Valari and Menut,5

2010) proposed parameterizations designed to improve the description of sub-grid
scale emissions and associated chemistry in models. They showed that such sub-
grid computations give a better description of the phenomenon studied. Karamchan-
dani et al. (2002) proposed a method to investigate the sub-grid scale effects of NOx
point sources on ozone formation using a Plume-in-Grid model (PiG). The principle10

of a PiG is to use a reactive plume model in addition to the 3-D model. This reactive
plume model is a representation of three-dimensional puffs. The model estimates the
transport and chemical reactions within the plume. Using this method requires running
the reactive plume model in addition to the 3-D model and is therefore costly. Cari-
olle et al. (2009) parameterized the chemical reactions in aircraft plumes due to the15

emissions of NOx from aircraft. They modify the relevant rate coefficients and take into
account the dispersion of the plume within the model grid boxes. An introduction of
additional tracers is needed with these approaches in the 3-D model. These additional
variables represent the chemical state variables within the plume. Valari and Menut
(2010) present a parameterization for air quality models that separates the different20

emissions present in the same grid box by activity sector. The computation is split for
the different types of emissions at each time step of the CTM. Thus, there are variabil-
ities due to the heterogeneous surface emissions. These three approaches cannot be
applied in our case because our long-term aim is to estimate the impact of the passive
and eruptive emission from all volcanoes at the global scale. Thus, the choice of the25

PiG and Cariolle et al. (2009) approaches would be computationally too expensive. In
our case, there are at least 15 species emitted. The method used by Valari and Menut
(2010) is not easily applicable to our situation since it treats of emissions with complex
spatial distributions but can not treat point or column emission as in a volcanic case.
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For studying the impact of volcanic eruptions or passive emissions we propose to test
a simple parameterization designed to be not too computationally expensive for further
use in a 3-D CTM framework.

The aim of this parameterization is to represent the chemical reactions that occur in
volcanic plumes. It consists of computing the chemical reactions defined by the model5

within a volume of 0.025◦ ×0.025◦ (called hereafter plume box) representative of the
plume, which is much smaller than the model grid volume. The first step is to include
the volume fluxes of the volcanic emissions within the plume box. The second step is
to calculate separately the chemical productions and losses within the model grid box
and within the plume box. In the third step, the volume fluxes of the chemical species10

calculated within the plume box are mixed with the concentrations calculated separately
within the model box in the second step. Figure 1 schematizes this parameterization.

Once the second step is done we propose two possibilities before the computation
of the third step. One is to mix the plume grid box and the model grid box at each
model time step. In this case, it is assumed that the plume undergoes complete mixing15

with the model grid box every 15 min. The name of the simulations that refer to this
case of dilution is “Plume 1”. The other possibility we explore is to mix the plume box
with the model grid box only at the end of the eruption. This means step 1 and step 2
are calculated in parallel throughout the eruption without interaction. The third step is
only undertaken at the end of the emission, the plume is diluted only at this moment.20

We refer to this case as “Plume 2”. These two approaches correspond to two extreme
assumptions for the dilution in the model grid box.

Since the concentrations of the emitted chemical compounds are very large in the
plume box, a shorter time step is used in the plume box compared to that used in the
model grid box. A 0.23 s time step is required to reach the chemical equilibrium in the25

plume box.
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4.3 Sensitivity to the volcanic gaseous composition

At the moment when the magmatic gases are released from the lava, they are mixed
with the atmospheric air at high temperature. During this mixing process, new chemical
species are produced. This phenomenon cannot be simulated by MOCAGE because
the temperatures are too high. Thus, we use the HSC model to estimate this new high-5

temperature gas composition, which is then used as a pseudo-emission in MOCAGE.
Inputs to the HSC model include the initial gaseous composition of the plume given

in Table 1 before the mixing, the gaseous atmospheric composition (O2: 21 %, N2: 78 %
and Argon: 1 %), the temperature (1100 ◦C following Métrich and Rutherford, 1998) and
the ratio VM/VA. This ratio represents the percentage of the magmatic gas volume over10

the percentage of the atmospheric gas volume. There is no exact value for VM/VA. It
depends of the strength of the emission, the atmospheric conditions, caldera geometry
and other factors relating to the plume dimensions. Three ratios have been used in the
HSC model: 95/5, 90/10 and 60/40. The compositions of the main species, calculated
by HSC, are presented in Table 2 for these three ratios. In Bobrowski et al. (2007), the15

ratio 60/40 was used to simulate the chemical reactions occurring in a volcanic plume
and it gave the best results with respect to the observations they presented compared
to the other ratios of VM/VA. But with the initial magmatic gas composition used here as
input in HSC (see Table 1), this ratio gives a larger H2SO4 (sulphate aerosol) mixing ra-
tio compared to the SO2 mixing ratio, and for this reason, the model study by Roberts20

et al. (2009) proposed higher VM/VA (e.g. 90/10). According to reported filter-pack
measurements (see discussions by Roberts et al., 2009, and von Glasow et al., 2009)
the sulphate aerosol content of volcanic plumes is typically between 0.5 and 2 % of
the total sulphur mass emitted. Thus, Table 1 clearly shows that for the initial gaseous
composition used for the eruption on the 10 May 2008, the ratio proposed by Bobrowski25

et al. (2007) cannot be used. The ratios 90/10 and 95/5 present a proportion of sul-
phate aerosols consistent with reported volcanic measurements showing that sulphate
aerosol composes 0.5–2 % of total sulphur emitted (0.99 % and 2.0 % respectively).
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Roberts et al. (2014b) recently highlighted how a modified operation of HSC (Martin
et al., 2009) causes higher VM/VA to also become suitable for atmospheric model ini-
tialisation e.g. VM/VA = 95/5. Here the ratio 95/5 is used in the reference simulation
and it is used by default. The other ratio 90/10 is used in the “HSC” simulations, used
to test the model sensitivity to this parameter.5

4.4 Sensitivity to the model horizontal resolution

Another sensitivity test is focused on the horizontal resolution and the behaviour of the
plume chemistry within a larger model grid box. Instead of the 0.5◦ ×0.5◦ resolution
used in the simulations described previously (and typical for regional model studies),
we set the MOCAGE resolution to 2◦ ×2◦ (identified as “Res”). This is the resolution10

usually selected for global simulations with MOCAGE. In this case, the initial profiles of
chemical species concentrations used for the simulation come from a global MOCAGE
run with a 2◦ ×2◦ horizontal resolution, started one month before the studied eruption
(as in the case of Ref simulation). For this global resolution, the meteorological data,
the pressure and the temperature, and the initial mixing ratio of the chemical species15

are averaged over a larger box than for the regional resolution (0.5◦ ×0.5◦ compared
to 2◦ ×2◦). Their values differ from those used for the other simulations. The aim of
this test is to evaluate the robustness of the results for possible further use in global
simulations. The parameterization presented in Sect. 4.2, is also tested with the 2◦×2◦

resolution setup.20

4.5 Sensitivity to the sulphate aerosol radius

The radius of the sulphate aerosol determines the effective surface area for the hetero-
geneous reactions. Therefore, it may have an influence on the BrO production cycle.
Our choice for the sulphate aerosol radius for the Ref simulation is 2 µm because the
case studied is an eruptive emission (see justification in Sect. 3.2.1). Because of the25

large uncertainty on this mean radius, we perform sensitivity tests on this parameter.

2605

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/2581/2014/gmdd-7-2581-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/2581/2014/gmdd-7-2581-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
7, 2581–2650, 2014

Towards a
representation of

halogens in volcanic
plumes

L. Grellier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Watson and Oppenheimer (2000) summarize the particle size distributions of volcanic
aerosols from several studies in their Table 1. This table presents more cases with fine
particles than with coarse particles. Therefore, in these sensitivity tests, we use mean
radii of 0.5 and 1 µm. We also tested 4 µm since it too can be characteristic of eruptive
emissions (Spinetti and Buongiorno, 2007). These configurations are tested for the Ref5

and Res simulations. These simulations were all run without the plume parameteriza-
tions and with a ratio of VM/VA = 95/5 in HSC.

5 Results

In the following sections we compare model results of the formation of reactive bromine
evolution from the different 1-D plume representations and emission compositions pro-10

posed to initialise the MOCAGE model (see Table 3).

5.1 Ref simulation

We start with the simulation called Ref where the emission is injected directly into the
model grid box of 0.5◦×0.5◦ resolution (emission injected over 0 and 5 km, continuously
for a 4 h period as for all simulations). For this Ref simulation, the composition of the15

emission is determined using a HSC VM/VA ratio of 95/5 (see the values in Table 2).
Figure 2a shows the comparison of the regional box initial conditions (i.e., background
atmosphere) and the quantities emitted during a 15 min for the main chemical species
of the emission. Figure 2b presents the comparison of the emission fluxes for the Ref
simulation to the other simulations. For the Ref simulation the bromine species (HBr,20

BrOx (family containing Br, BrO and indirectly Br2) and BrCl) have high emitted values
compared to the initial quantities and also for sulphur dioxide (SO2). Ox has already
a significant abundance arising from the background atmosphere in the model box,
and the contribution from the volcanic emission is small. The contribution due to the
emission of volcanic sulphate is similar to the background.25
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We now consider the Ref run (direct injection into 0.5◦ ×0.5◦ grid box) in detail. Fig-
ure 3 presents the temporal evolution of the partial column of BrO (also shown, the two
plume simulations that will be discussed later). The partial column shown in Fig. 3 is
only calculated within the levels in which the emission take place, i.e., 0–5 km altitude.
During the simulation BrO shows four distinct periods of evolution. Firstly, during the5

4 h period of the eruptive emissions, BrO increases to reach a maximum value of about
1.4×1014 moleculescm−2 around 17:15 UTC. Secondly, after this maximum, until the
end of the eruption and also at night-time, BrO decreases and remains at low values.
Thirdly, the day after, at dawn, BrO increases rapidly and strongly until reaching a max-
imum of about 4.6×1014 moleculescm−2 around 05:15 UTC. Finally, the last significant10

behaviour of BrO is a smooth decline during the day after the emission.
In the supplement of the article Hörmann et al. (2013), observations of BrO and SO2

in different volcanic plumes are presented. In particular we select those of the Mount
Etna eruption on 11 May, originating from the 10 May eruption. The overflight time of
GOME-2 above the volcanic plume was 08:40 UTC. The values of the observations and15

simulation results are both integrated columns in moleculescm−2. For GOME-2, the
data of BrO and SO2 correspond to slant column densities. Some uncertainties about
ash content within the volcanic plume can have an influence on the observed data. In
the case of the model, the results are the partial columns corresponding only to the
levels in which the emissions take place. At the time of the overflight of GOME-2, the20

observed BrO maximum value is around 2.3×1014 moleculescm−2. For the Ref simula-
tion, BrO is 3.5× 1014 moleculescm−2. At this same time, the observed value of SO2 is
about 1.6×1018 moleculescm−2. In the Ref simulation, SO2 is 3.0×1018 moleculescm−2

(not shown in a figure). The observed and simulated values of BrO and SO2 are reason-
ably close, although with somewhat higher values simulated by MOCAGE. The main25

explanation is the absence of transport and deposition in the 1-D MOCAGE simula-
tions, leading to no dilution of the plume or loss by deposition and thus to an expected
overestimation compared to observations. Moreover, the concentrations of the chemi-
cal species are representative of a larger surface area in the observations compared to
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the model grid size. The pixel size of the satellite observation is 40km×80 km and the
0.5◦ ×0.5◦ grid box for the numerical model is approximately 44km×55 km. Note also
that although we use the best estimates of the volcanic gas fluxes and their composition
in MOCAGE, and there is an uncertainty on these estimates.

Figure 4 shows an example of the 1-D profile at the time closest to the GOME-2 ob-5

servations. For the most part, the BrO profile shows an increasing trend with decreas-
ing pressure (greater altitude). This is due to the volcanic emission being proportional
to grid box volume across all model levels (whilst atmospheric density declines with
altitude), leading to greater mixing ratios (of all important volcanic species) at higher
altitudes. However, the BrO mixing ratio profile shows a different behaviour in the two10

levels closest to the ground compared to the other levels. The reason is a high aerosol
surface area caused by the sulphuric acid weight fraction being low because of the
high relative humidity at these levels. This leads to a larger volume and surface area
of volcanic sulphate aerosols. Thus, the heterogeneous reactions are more active in
these levels, promoting formation of BrO (via Br2 and BrCl) from HOBr and BrONO2.15

Because the grid box volume of the two last levels is relatively small compared to those
above, their contribution to the BrO column concentration is nevertheless only about
3–5 %. Relative humidity is generally high close to the surface and thus increases the
efficiency of the heterogeneous reactions and by this way the BrO production. This ef-
fect could be important in the case of a small eruption or a passive emission close to20

the surface.
During the 4 h period of the eruptive emission, Br atoms are provided to the model

via the volcanic injection (which greatly exceeds background bromine) mainly in the
form HBr, but also as Br, BrCl, BrO and Br2 in the at high temperature mixture as cal-
culated by the HSC model. These Br atoms act to accelerate the onset of the bromine25

chemical cycles within the plume. To analyse the plume chemistry during the 4 h erup-
tive emission period we present in Fig. 5 the time evolution of BrO, BrCl and HBr for
simulation Ref. The same quantity of HBr and HCl is emitted every 15 min between
14:15 and 18:15. The production of BrO chemistry acts to deplete HBr in the model. As
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long as HBr is present in high quantities the model HBr/HCl ratio continues to favour
the production of Br2 by the heterogeneous Reactions (R5a) and (R6a) instead of pro-
ducing BrCl via Reactions (R5b) and (R6b). But HBr is continuously depleted and its
concentration becomes low, and around 16:15 UTC the branching ratios start to favour
mainly the production of BrCl. Figure 6 presents the results of the partial columns of5

Br, BrO and BrCl in moleculescm−2 integrated over the levels in which the eruptive
emissions take place, and also of the evolution of the HBr/HCl ratio during the simu-
lation. The strong decrease of the HBr/HCl ratio during the emissions is linked to the
strong decrease HBr. The branching ratio is calculated for each level of the model at
each chemical time step. The contribution of each level is not similar because the vol-10

ume is different. The mean of the branching ratio during the beginning of the eruptive
event is 0.98 for the production of Br2. But after 16:15 UTC the branching ratio starts to
favour the BrCl production with less BrO production until the chemical regime changes
at 17:30 UTC. From this time, BrO decreases because of the reduction in BrONO2 and
HOBr (see Fig. 7) leading to less heterogeneous reactions while the chemical loss15

reactions for BrO remain active. BrCl increases at the end of the emission for two rea-
sons. First, the minor reason, because HBr is depleted and thus the Reactions (R6b)
and (R5b) take over Reactions (R6a) and (R5a). The other reason is because this is
the end of the day and so the photolysis becomes less important. BrCl loss is slow
compared to its production. A consequence of the BrO chemistry is the depletion of O320

during the production of BrO (see Fig. 8 for the partial columns of oxidants as O3).
At the end of the eruptive emissions, i.e., 18:15 UTC, the HBr partial columns are at

their smallest values. HCl is still present in a large quantity because it was emitted dur-
ing the previous hours during the eruption and because of its relatively slow chemical
loss compared to HBr. The decrease in HBr alters the branching ratio in their heteroge-25

neous reactions to favour BrCl instead of Br2 after 18:15 UTC leading to an increase in
the BrCl mixing column. The night starts at 18:30 UTC, it is only 15 min after the end of
the eruptive emission. The BrCl partial column remains high during the night because
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it cannot be photolysed (see Fig. 6). BrCl is the main reservoir of bromine compounds
during the night (Fig. 7).

At dawn, the day after the emission at 03:45 UTC, the bromine reservoir BrCl is
photolysed (see Figs. 6 and 7). Br atoms resulting from this photolysis feed the chem-
ical cycle of the bromine explosion. HBr is produced by Reactions (R9) and (R10) but5

does not accumulate to any great extent. This leads to a branching ratio that is slowly
reversed to favour mainly the production of Br2 at the end of the simulation. The parti-
tioning between the main reactive bromine species (BrO, HOBr and Br) is dependent
on heterogeneous reactions and also on the availability of oxidants. The partitioning
in the bromine compounds is in favour of BrO and HOBr. BrONO2 increases at the10

beginning of the day since NOx remains at high levels during the night and can react
with BrO (R4), but when NOx is depleted BrONO2 decreases (Fig. 8). As expected, the
plume BrO chemistry, specifically the cycling between reactive bromine species given
by Reactions (R2)–(R7), as well as cycling between Br and BrO, leads to a decrease
of O3 (see Fig. 8). HCHO that is another compound reacting with Br (Reactions R915

and R10) that decreases during the day after (see Fig. 8). O3 starts to decrease signif-
icantly when the sunlight comes back and HCHO decreases at around 05:00 UTC the
day after the emission.

Note that there is no transport in the 1-D model and thus there is no contribution
from the neighbouring grid boxes (entraining these gases from the background atmo-20

sphere), which would tend to counteract the impact of BrO-mediated depletion on their
declining gas abundances. For HO2, a slight decline appears after 10:00 UTC, as ex-
pected because of the normal variation during the day. Because the oxidant species
decrease, Br therefore becomes a reservoir species and increases. It is expected that
if further mixing with background atmosphere was included in this simulation (e.g. by25

mixing with adjacent grid boxes), the oxidant species would be (partially) replenished
and therefore act to counter or lessen to some degree this trend in Br. The decline in
BrO whilst Br increases is fundamentally linked to the decline in ozone, via the cycles
that interconvert Br and BrO, which contribute to ozone loss and also exert a control
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on the Br and BrO partitioning. The weak concentration of NOx species also has an
impact on BrO. NOx species (Fig. 8) and BrO (Fig. 3) are linked via the intermediate
BrONO2. Here the depletion of NOx, shortly after dawn, shows evidence of occurrence
of BrONO2 formation and heterogeneous reactive uptake.

5.2 Plume 1 and Plume 2 simulations5

The plume parameterization (described in Sect. 4.2) is used for both the Plume 1 and
Plume 2 simulations. The emissions only take place within a partial column of the
plume box (between the ground and 5 km in height). The concentrations of the emitted
species in the plume box (0.025◦ ×0.025◦) are naturally higher than in the case of Ref
where the emissions are emitted in the model grid box (0.5◦ ×0.5◦) as illustrated in10

Fig. 2a. The main differences between the simulations Ref, Plume 1 and Plume2 are
during the emission period when in fact the parameterisation functions. The simulation
without the parameterization (Ref) that simply injects the emission in the model grid
box presents weaker quantities of BrO during this period compared to when the plume
parameterization is added to the simulation.15

For Plume 1, the chemical production and losses are calculated within the two boxes
(model grid box and plume box) and then, at each emission time step (i.e., every
15 min), the plume and the model grid boxes are fully mixed with one another in such
a way as to account for the differences in volume between the two model compart-
ments. The results of BrO for Plume 1 are shown in Fig. 3 (blue line). The results20

show a stronger and faster production of BrO during the eruptive emission period in
the Plume 1 simulation compared to the Ref simulation. Despite these higher values,
the mixing of the plume box and the model box diminishes the impact of the eruptive
emission within the model box because of the change of volume. During the emission
period, HBr is continually exhausted in the volcanic plume and and a large part of this25

HBr injected is destroyed in favour of BrOx in one time step. Consequently there is only
a small amount of HBr that is transferred in the model box at each time step. This is
different to Ref where during the first hour HBr is increasing.
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The BrO increases due to the role of the heterogeneous Reactions (R5) to (R6).
Within the volcanic plume box the heterogeneous reaction of BrONO2 (Reaction R6)
is particularly important, as the uptake coefficient of BrONO2 onto sulphate aerosol
for the heterogeneous reactions is larger than that of HOBr; and the concentrations of
BrONO2 are higher than HOBr because of the high concentrations of NOx within the5

plume box. The consumption of HBr that occurs continuously throughout the emission
period means that it is a rate limiting compound in the cycle that leads to the production
of BrO.

During the eruptive emission period, the branching ratios of the heterogeneous re-
actions remains in favour of the production of Br2 until HBr is strongly depleted, then10

BrCl becomes the main product. The concentration of HOBr is linked to HO2 and BrO
by Reaction (R3) and the concentration of BrONO2 is linked to BrO and NOx by Reac-
tion (R4). During the eruptive emission period, HOBr concentrations are driven by HO2
which has a diurnal cycle, and HO2 therefore decreases. Meanwhile, NOx is strongly
reduced and slows the BrONO2 production. These reductions in HOx and NOx lead15

to a decrease of the efficiency of the heterogeneous reactions. Therefore, there is
a sharp reduction of BrO around 17:15 UTC (see partition figures of bromine com-
pounds Fig. 7).

When the eruptive emissions stop, the behaviour of the plume 1 simulation is very
similar to the Ref simulation. The heterogeneous Reactions (R5b) and (R6b) become20

more efficient than Reactions (R5a) and (R6a), and BrCl is mainly produced instead
of Br2. Therefore, at night time, BrCl becomes the main reservoir for bromine species.
At the onset of night time the production of BrO is reduced due to the diminishing
HOBr concentrations, linked to HO2, and particularly the lack of photolysis of BrCl,
the bromine reservoir. BrO formation recommences at dawn, and during the entire25

day after the emissions, BrO in the Plume 1 simulation has the same evolution as the
Ref simulation. The partitioning between the bromine compounds is very close to Ref
(Fig. 7) because the day after the emission, the main reservoir of bromine atoms is
BrCl in both simulations, and because both models now operate on the same model
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grid-box scale (noting that the plume parameterization is not used during this post-
eruptive period).

In the Plume 2 simulation, the mixing between the plume box and the model grid box
occurs only at the end of the emission, at 18:15 UTC. Prior to this, the emission due to
the volcanic eruption and its chemical evolution is contained within the plume grid box.5

Note that the BrO partial columns presented in Fig. 3 during the time of the eruptive
emissions represent those within the (regional) model grid box without emissions (the
hatched zone in Fig. 7 represents the BrO evolution of the model grid box without emis-
sion). Thus, only the values from the end of the emission are of interest, from when the
volcanic emission that has undergone some chemical evolution within the plume box is10

injected into the model grid box. Within the plume box, the heterogeneous Reactions
(R5a) and (R6a) proceed at high rates at the beginning of the eruption and BrONO2
and HOBr decrease sharply (see Fig. 9). Rapidly, the heterogeneous reactions cannot
occur and HBr becomes one of the two bromine reservoirs. In the same time O3 de-
creases rapidly and strongly. The emissions of Ox molecules are too weak compared15

to the background (Fig. 2) and to the BrO-mediated chemical destruction of ozone, and
therefore this does not allow to O3 to remain in large quantities. As a result, then the
reaction that produces BrO from Br and O3 (Reaction R2) cannot occur. Br is the sec-
ond reservoir of the bromine compounds. This evolution of HBr within the plume box is
a limitation of the method used in the Plume 2 simulation.20

Right after the molecules produced in the plume box are mixed into the model grid
box, the value of the BrO partial columns (green line in Fig. 3) increase rapidly and
are large compared to those in the Ref and Plume 1 simulations. As a reminder, BrOx
in the MOCAGE model includes BrO and implicitly Br2. Immediately after the mixing
at the end of the eruptive emission between the plume box and the model grid box,25

BrCl increases, but this occurs less rapidly than in the Ref and Plume 1 simulations
(see Fig. 7). This is due to the larger concentrations of HBr present immediately upon
mixing as compared to in the Ref or Plume 1 simulations at the same time. Thus
the change in the branching ratio in favour of BrCl is less fast. BrO increases rapidly
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because of the presence of BrONO2, HOBr and HBr, enabling heterogeneous reactions
that produce Br2, with photolysis and reaction with ozone leading to BrO. After the end
of the emission, during a period of around one hour, BrONO2 remains at significant
values compared to in the Ref and Plume 1 simulations, due to the high concentrations
of BrO. Also, HOBr increases slightly because of large BrO concentrations. However,5

when the night begins HO2 and NOx decrease due to the Reactions (R3) and (R4)
and their diurnal cycle. Therefore, BrO is not replenished and starts a decreasing trend
after 19:15 UTC.

During the night, starting at 18:30 UTC, as HBr declines the branching ratio begins
favouring the production of BrCl by the heterogeneous (Reactions R5b and R6b). In this10

case, BrCl cannot be photolysed and remains as a bromine reservoir. BrO decreases
because its loss Reactions (R3) and (R4) are more efficient than the production Re-
actions (R2), (R5a), (R5b), (R6a) and (R6b), but BrO still remains high compared to
Ref and Plume 1 simulations. Thus, at night-time BrO and BrCl are the reservoirs of
bromine compounds in the Plume 2 simulation (Fig. 7). This is, however, in part a re-15

flection of the model Br-chemistry scheme: BrO is a reservoir during the night because
of the absence of Br2 in the chemical schemes RACM and REPROBUS. Instead of
producing Br2 via the heterogeneous Reactions (R5a), (R5b), (R6a) and (R6b), the
chemical scheme forms BrOx. Within the model, the partitioning within the BrOx family
(Br+BrO) is completely in favour of BrO during the night-time period.20

At day-time on 11 May, starting at 03:45 UTC, BrCl photolyses and consequently cre-
ates Br atoms which can take part in the chemical cycles. BrO globally increases until
04:15 UTC. At this point, BrO decreases, the supply of HBr becomes exhausted and
the heterogeneous Reactions (R5) and (R6) produce more BrCl. However, photolysis
rates are high therefore these heterogeneous reactions simply lead to continued and25

rapid cycling of reactive bromine species. This chemical cycling (Reactions R2–R8)
leads to depletion of the atmospheric oxidants (Ozone, HCHO and NOx). Additional
cycling between BrO and Br radicals (the self-reaction of BrO, Reaction R13, followed
by reaction of Br with ozone to produce BrO, Reaction R2) may also enhance the rate of
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ozone loss. In particular, this BrO-mediated depletion of ozone itself causes a change
in the reactive bromine speciation within the model grid box. A decrease in O3 alters
the balance between BrO and Br defined by the Br–BrO cycling, such that BrO declines
and Br increases. Br begins to represent a greater proportion of the bromine atom bud-
get with time whilst BrO and HOBr decline. This is the same process that occurred in5

Ref and Plume 1.
The day after the emission, the three configurations (Ref, Plume 1 and Plume 2)

have a very similar BrO evolution. At the time of the observations of GOME-2, the
BrO partial columns are of the same order of magnitude but stronger in the case of
the simulations than for the observations. Likely explanations are provided in Sect. 5.1:10

e.g. the absence of transport within the simulations and because the size of the satellite
pixel retrieval and the model grid box are somewhat different.

5.3 The influence of the mixing of volcanic and atmospheric gases

Here we compare HSC_ Ref, HSC_Plume1 and HSC_Plume2 to Ref, Plume 1 and
Plume 2. The SO2 fluxes due to the emissions remain the same for each simulation,15

but the fluxes for the other chemical species depend on the gaseous composition cal-
culated by the HSC model. In the three simulations presented earlier, the VM/VA ratio
used in HSC was 95/5. Now we present equivalent simulations instead initialised using
HSC with a VM : VA ratio of 90/10. The new gaseous compositions of the emissions are
given in Table 2 and displayed in Fig. 2b. The comparison with the ration 95/5 shows20

that the differences are significant only for sulphate, NOx, BrCl and Ox in the plume box
and in the regional box.

During the eruptive emissions HSC and HSC_Plume1 are very close to Ref and
Plume 1 respectively (see Fig. 3 and Fig. 10). The differences are during the night for
Plume 2 and HSC_Plume2. At the time of the observations (08:40 UTC the 11 May25

2008), BrO in the three configurations with VM/VA = 90/10 is close to the three con-
figurations with VM/VA = 95/5. Globally the repartitioning of the bromine compounds
(Fig. 11) presents very similar temporal evolutions the day after the emissions.
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In the HSC simulations (with a ratio of VM/VA = 90/10), the quantities of sulphate
compounds emitted are larger than for the 95/5 ratio: 1 % for the 95/5 ratio and 2 %
for the 90/10 ratio (Table 2). In this case, the reaction rate coefficients of the hetero-
geneous reactions are faster because they depend on the available surface area of
the sulphate aerosol and thus their concentration. Nevertheless, even if SO2 and SO2−

45

are emitted in larger quantities, the rates of production of BrO from the heterogeneous
Reactions (R5a) and (R6a) are limited by the concentrations of the reactants BrONO2,
HOBr and HBr. The plots of the partitioning (Fig. 11) show weak values of HBr in the
three HSC simulations. The gaseous composition of the simulation using the 90/10
ratio is different compared to the 95/5 ratio than for the other chemical species (ac-10

cording to the mixing ratios of Table 2). This is particularly the case for the nitrogenous
species partial columns (data not shown) that are larger compared to those simulated
using the ratio of 95/5. However, these differences do not lead to an important vari-
ation in the bromine species mixing ratios the day after the eruption. Note that these
simulations have no horizontal or vertical transport, thus, there is no exchange of gases15

between the surrounding model grid boxes which could modify the chemical budget.
At the night period, Ref, HSC, Plume 1 and HSC_Plume1 have the same bromine

reservoir, BrCl. The bromine reservoirs during the night are BrCl and BrO for both the
Plume2 and HSC_Plume2 simulations (see Fig. 11) but with weaker values for BrO
in HSC_Plume2 simulation. This is due to the differences of emission fluxes between20

VM/VA = 90/10 and VM/VA = 95/5. Within the plume box the chemical reactions lead to
slight differences in the mixture at the end of the emissions therefore a slight different
behaviour during the night.

The behaviour of O3 for the three HSC simulations using a ratio of 90/10 is the
same as in the three Ref simulations (see Fig. 12 for the comparison between the Ref25

and HSC_ Ref for O3). In all of these simulations this is due to the presence of large
quantities of bromine compounds. O3 starts to decrease during the emission because
of the reaction with Br (Reaction R2).
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The HSC tests show that the model is not very sensitive to the VM/VA ratio used
in the HSC model even though this leads to higher sulphate aerosol concentrations
and significant differences in other species like NOx. However, the two VM/VA ratios
give equivalent proportions of HBr, and the one rate limiting compound for the BrO
chemistry is HBr because of the importance of the heterogeneous Reactions (R5a)5

and (R6a).

5.4 The sensitivity to the model grid box resolution

We now consider the potential influence of the model grid box size on the simulated
plume chemistry. In the case of a regional scale study, the resolution 0.5◦ ×0.5◦ is
well adapted to study the chemical budget of the atmosphere. However, at the global10

scale, the horizontal resolution has to be coarser in order to reduce the simulation
duration. The planned next step after this 1-D study is to use the 3-D model at a global
scale with volcanic emissions. Therefore, we also test here the sensitivity on the plume
evolution to the horizontal resolution. Note that the initial atmospheric conditions are
also slightly different between the two simulations using the regional (0.5◦ ×0.5◦) and15

the global (2◦ ×2◦) resolutions (see Sect. 4.4). One representation of this difference is
shown in Fig. 12, with the first value of O3, at 14:00 UTC, larger in the Res simulation
than in both the Ref and HSC_Ref simulations. The meteorological parameters are
also slightly different in the simulations using the two different resolutions because the
average of these variables is not calculated at the same location and with the same20

resolution. The emission fluxes used in the Res simulation are lower than in the Ref
simulation because of the larger grid-box size at the global resolution, as illustrated in
Fig. 2b.

Figure 13 presents the predicted temporal BrO evolution using the coarser model
grid resolution of 2◦ ×2◦ and assuming a VM/VA ratio of 95/5 in the initialisation (see25

Table 3). BrO partial columns are lower than those for the 0.5◦ ×0.5◦ resolution as
expected because the emissions become more diluted within the chemical background
of the larger grid box volume. At the time of the observation, 08:40 UTC, the simulations
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using the 2◦ ×2◦ resolution have a mean BrO value of 1.5×1013 moleculescm−2, and
the simulations using the resolution of 0.5◦ × 0.5◦ have BrO partial columns of 3.5×
1014 moleculescm−2. The ratio of the two surface areas between the resolutions is
16. Considering that the values of the 2◦ ×2◦ simulation are diluted by this factor, we
can compare them to the regional resolution by multiplying by this factor. Doing this,5

BrO reaches 2.4×1014 moleculescm−2. This value is lower than the Ref value but it is
reasonably close.

During the eruptive emission phase, the plots of the partitioning for the bromine
species (Fig. 14) in the Res simulations present different shapes compared to the Ref
simulations (Fig. 7). The differences are due to the low efficiency of the heterogeneous10

reactions because of the lower concentrations of the chemical species involved in
these reactions. This is shown by high quantities of HBr in the Res simulations. There-
fore, HBr is a bromine reservoir during almost the entire emission period. Res_Plume1
simulation shows a better efficiency of the heterogeneous reactions, and thus for the
bromine cycle because BrO is higher than in the Res simulation and HBr is in weaker15

quantities. This is because of the more efficient BrO production within the plume box
than within the model box. During the night, the main bromine species becomes BrCl
for these two simulations. For Res_Plume2 the quantities produced within the plume
box are diluted within the model grid box just before night. The production of BrO is
very slow and not as strong as in the Plume 2 simulation. The bromine reservoirs of20

Res_Plume2 during the night are HBr and BrONO2 at the beginning of the night and
then only BrCl as for Res and Res_Plume1. There are some variations in BrO in the
Res and Res_Plume2 simulations during the night due to the vertical variability of the
equilibrium between production and destruction of BrO (Reactions R6a and R4) linked
to the vertical variability of nitrogeneous species. The day after the emissions, the three25

Res simulations have almost the same partitions.
In Fig. 12 (comparison of Ref, HSC_Ref and Res O3), the depletion of O3 in the

Res simulation is smaller and occurs later than for the simulations with the finer reso-
lution, which is consistent with the smaller values of BrO. For the simulations with the
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resolution 2◦ ×2◦, the day after the emission, BrO is still increasing unlike in the finer
regional resolution simulations (0.5◦ × 0.5◦) where BrO, after reaching a maximum at
around 05:00 UTC, continuously decreases. The differences are mainly due to the non-
linearity of the chemical reactions linked to the change of the grid box volume between
regional and global resolutions. At the global resolution, the evolution of BrO is slower5

than at the regional resolution. BrO can continuously increase the day after the emis-
sion since the oxidant species such as O3 and also NOx are still present in significant
concentrations because of the larger grid box volume than in the 2◦ × 2◦ simulations.

In summary, the general behaviour of the coarse resolution (2◦ ×2◦) simulations
presents a different chemical regime compared to the finer resolution (0.5◦×0.5◦) simu-10

lations during both the periods of the emission and the day after. However, the values of
BrO and SO2 obtained at the time of the observations are reasonable given the coarser
model resolution. In the future 3-D simulations, the transport processes added to the
simulations may bring modifications in the chemical regime at both resolutions. The
exchange of gases between the model grid boxes surrounding the volcano will lead15

to an increase of oxidants species particularly for the more concentrated 0.5◦ ×0.5◦

resolution simulation.

5.5 The sensitivity to the sulphate aerosol radius

The mean radius of the sulphate aerosol is set as a constant value used in the aerosol
surface area calculation (Eq. 3). This surface area influences the rate constant of the20

heterogeneous reactions therefore the BrO cycle. To determine the influence of the
mean radius on the bromine chemistry, we choose 4 radius values consistent with
observations in volcanic plumes (Watson and Oppenheimer, 2000): 0.5, 1, 2 and 4 µm.

Figure 15 presents the time evolution of the BrO partial columns for a regional res-
olution (0.5◦ ×0.5◦) with the configuration of the Ref simulation and with the 4 different25

radius values. The results show a larger increase of BrO with the fine aerosols during
the emission period than with the large aerosols. This is because the assumption of
a smaller mean radius provides a larger total surface and thus a stronger efficiency of

2619

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/7/2581/2014/gmdd-7-2581-2014-print.pdf
http://www.geosci-model-dev-discuss.net/7/2581/2014/gmdd-7-2581-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
7, 2581–2650, 2014

Towards a
representation of

halogens in volcanic
plumes

L. Grellier et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the heterogeneous reactions. During the night, the behaviour is similar for all simula-
tions. The day after, the same differences for BrO evolution are also observed during
the emission, and the assumption of a distribution of fine aerosols leads to an increase
of the BrO production and for the large aerosols a slow down in the cycle. But right be-
fore the end of the simulation period, BrO partial column decreases in different ways,5

depending on the mean radius. With a radius of 0.5 µm, BrO partial columns are weaker
than the values with a radius of 4 µm at 12:00 UTC. The chemical reactions involved
in the BrO cycle are more efficient with the small aerosol assumption. Therefore the
oxidants species are more rapidly destroyed and the BrO production becomes less
efficient.10

With a global resolution (2◦ ×2◦), the results for the partial column of BrO with the
same radii present the same general behaviour compared to the regional resolution
(see Fig. 16). The BrO production is more efficient assuming fine particles compared
to large particles. The differences with the regional resolution occur at the end of the
simulations. With the global resolution, the BrO partial columns continue to increase15

for Res_05, Res_1 and Res. This is because the chemical species needed for the BrO
cycle are still present in the model grid box to continue the BrO production.

6 Conclusions

The formation of BrO in volcanic plumes is important in the budget, atmospheric
fate and impacts of volcanic bromine emissions. Because of its low solubility com-20

pared to HBr and HCl emitted by volcanoes, and through the occurrence of reactive
bromine cycles in the volcanic plume, BrO can remain longer in the atmosphere as
the plume disperses into the atmosphere, with the potential to undergo long-range
transport and have impacts further a field. The global atmospheric chemistry model
MOCAGE is used in a 1-D framework, with the aim to model BrO formation within25

a volcanic plume towards future global model investigations of the impacts of vol-
canic halogen degassing. We choose a one dimensional configuration to be able to
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make several sensitivity tests for the chemistry resulting from a volcanic eruptive emis-
sion. Different adaptations are made to the model to take into account volcanic con-
ditions within the plume, and to test methods for plume representation on a smaller
scale (0.025◦ latitude × 0.025◦ longitude) than the regional or global model grid-scale
(0.5◦ ×0.5◦ and 2◦ ×2◦, respectively).5

As a case study, the eruption of Mount Etna that occurred on the 10 May 2008 from
14:15 UTC to 18:15 UTC is used, which injected a total of 8000 tonnes SO2 (as well
as lesser quantities of HBr and HCl). The quantities of the species prescribed as the
resulting emissions in MOCAGE are determined from this reported SO2 gas flux, and
an estimate of the volcanic gas composition including halogens made during a qui-10

escently degassing period close to the eruption. Furthermore, the numerical model
(HSC) is used to represent the high-temperature chemistry that occurs upon mixing of
the magmatic gases with ambient air during the first moments of the eruptive emission
at the crater vent. Radicals produced during this high-temperature initialisation act to
accelerate the onset of downwind plume autocatalytic BrO chemistry (a process which15

includes photolytic reactions as well as heterogeneous chemistry).
The results obtained with a regional resolution (0.5◦ ×0.5◦), without any sub-grid

plume parameterization (Ref simulation), show an increase of BrO mainly the day after
the emission because night comes just after the end of the emission. This BrO pro-
duction is accompanied by a decrease in O3. This behaviour is expected according to20

the chemical cycle of the bromine explosion that is known to occur in volcanic plumes
(Oppenheimer et al., 2006; Bobrowski et al., 2007; Roberts et al., 2009, 2014b; von
Glasow et al., 2009; Kelly et al., 2013). Moreover the quantities of BrO and SO2 from
the model in the plume are close to the observations made by the satellite GOME-2
(supplement of Hörmann et al., 2013) on the morning the day after the eruption. At25

the levels closest to the surface, the high values of water vapour leads to an increased
sulphate aerosol surface area, thereby promoting the efficiency of the heterogeneous
reactions, which are important in the bromine explosion cycle. This may act to promote
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BrO formation and intercycling of reactive bromine species in volcanic plumes that re-
main at low altitudes, e.g. from passive degassing.

A simple parameterization was tested during the duration of the emissions in or-
der to represent the computation of the chemical reactions within the volcanic plume,
i.e. within a smaller volume than the model grid box. Two configurations were studied5

with the parameterization. The use of this parameterization together with the assump-
tion that the mixing of the volcanic plume with the wider atmosphere air only occurs
at the end of the emission (Plume 2) increases the rapidity and the rates of produc-
tion of BrO. The other case using a parameterization but with the mixing between the
volcanic plume and ambient air made at each emission time step, 15 min (Plume 1),10

presents higher values of BrO than for Ref during the emission but weaker than for
Plume 2. Since night comes less than one hour after the end of the emission, this
leads to differences between the Plume 2 simulation and the Ref or Plume 1 simu-
lations in the partitioning of the bromine compounds during the night. The night time
reservoirs of the bromine compounds are either BrO (which in the model chemical15

scheme represents both BrO and Br2) and BrCl (for Plume 2 simulation) or BrCl only
(Ref and Plume 1 simulations). This partitioning is due to the heterogeneous Reac-
tions (R5a), (R5b), (R6a) and (R6b). Note that the chemical scheme used in the 1-D
model does not directly simulate Br2. Rather there is a direct production of BrO by the
heterogeneous reactions instead of Br2. During daytime fast photolysis of Br2 will inject20

Br radicals in the bromine chemical cycles that can further react with ozone to form
BrO. However, during night the chemistry rather forms Br2 instead of BrO as shown
by the model. Nevertheless, the day after the emission the partitioning of these reac-
tive bromine species are all very similar in the simulations with and without the plume
parameterization. These one-dimensional simulations are computed without transport25

(i.e., dilution effects), washout and deposition. In a 3-D model framework including all
these processes, a different partitioning of the bromine compounds during the night
between Ref, Plume 1 and Plume 2 simulations might also occur, and could lead to
model grid-box different compositions at sun rise because of the different solubilities of
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the reservoir species. Because Br2 is less soluble than BrCl, the Br atoms will remain
longer in the atmosphere if Br2 is the main reservoir instead of BrCl.

Plume 1 configuration confines the emissions within a smaller box than the model
grid box. The chemical reactions occurring in the plume box are stronger than within
the model grid box. Each 15 min, the plume box is mixed to the model grid box. The5

chemical composition of the plume box during the next step depends on the chemical
composition of the model grid box. For the Plume 2 configuration, the mixing occurs
only at the end of the emissions. During the emission period, the plume box is confined
without interaction with the model grid box. Therefore, the oxidant species are not re-
plenished and thus limit the chemical reactions of the BrO cycle. This is an important10

limitation of the Plume 2 configuration.
Simulations were also performed using a grid box resolution typically used in global

model studies (2◦ ×2◦). In comparison to the regional model study (0.5◦ ×0.5◦), the
emissions become more diluted within the global model grid box. Even with this dilu-
tion the model still estimates reasonable BrO values compared to the values obtained15

with a regional resolution, and also in general agreement with the GOME-2 satellite
observations. Nevertheless, there are differences between the results at the 2◦ and
0.5◦ resolutions that mainly due to the combination of a different volume and the sec-
ond order rate kinetics. Some of the differences are also linked to the differences in
the initial meteorological and chemical conditions. In particular, in the morning after the20

emission, BrO increases in the simulations at the 2◦ resolution while it decreases at
the 0.5◦ resolution. This is because the oxidants species are still available in significant
concentrations in the simulations at the 2◦ resolution due to the larger supply in the
larger grid box volume. Therefore, the resolution issue needs to be further explored in
a 3-D global configuration.25

Another aspect of the model initialisation is the ratio between magmatic and atmo-
spheric air as a parameter in the HSC model, which is not known precisely. This param-
eter is tested for two reasonable values that estimate a reasonable quantity of sulphate
aerosol in the volcanic plume (estimated to be a small percentage of the total sulfur
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emission, e.g. typically up to 2 % see Roberts et al., 2009 and von Glasow et al., 2009).
The results of the 1-D MOCAGE framework present only small differences between the
two input values for the HSC model, except during the night where the Plume 2 con-
figuration shows larger differences. But as discussed before, this approach is limited
by the exhausted oxidants within the plume box. Simulations have been tested with5

data for the initial gaseous composition coming from the plume of Etna emissions in
1970 and 2007 (with different partitioning between the main gaseous species: H2O,
CO2 and SO2, not presented here). The HSC model estimated the gaseous composi-
tion after the high-temperature mixture. The compositions presented low HBr and HCl
quantities compared to those used in this study. These simulations predicted lower10

BrO abundances such that the partial column of BrO was too low compared to the re-
ported satellite observation the day after the eruption. This highlights the importance
of the halogen species content within the volcanic emission, mainly the HBr/SO2 and
HCl/SO2 ratios.

The mean radius assumed for the sulphate aerosols participates in the surface area15

calculation for the rate constant of the heterogeneous reactions. In the bromine cycle,
these reactions are necessary for the BrO production. They are more efficient when
the mean radius decreases since it increases the surface area. Four radius values
have been tested with the regional and global resolutions. For the two resolutions, the
conclusions are similar. In the simulation with the fine aerosols there is an increase of20

the BrO production because of the increase of the effective surface area. Conversely,
the larger particles are less efficient for the BrO production. For this 1-D study, the
differences between regional and global resolutions appear at the end of the simula-
tion. With the regional resolution the day after the emission, the BrO partial columns
decrease rapidly, which is unlike the BrO partial columns at the global resolution that25

continue to slowly increase.
The aim of these simulation runs in 1-D was to prepare a 3-D version of MOCAGE

for a global scale study. The 3-D simulations will include all physical and chemical pro-
cess in order to describe the chemical budget within a volcanic plume and its evolution
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with time in the atmosphere. The next step is to use the modifications tested in the
1-D framework of MOCAGE to study the chemistry and impacts of the same emis-
sion of Mount Etna as it disperses within 3-D MOCAGE. The ratio of magmatic and
atmospheric air of 95/5 tested in 1-D in this study will be used as a reference point.
The sensitivity on mean radius of sulphate aerosol will be tested in 3-D since the BrO5

concentrations depend on it and since there is limited information so far from measure-
ments on the sulphate distribution within volcanic plumes. 1-D simulations have shown
the need to use a short chemical time step compared to the usual MOCAGE setup
during the eruption, and also after when chemical compounds linked to the emissions
remain in large concentrations in the atmosphere. This can be an important limitation10

in 3-D simulations because of the computing cost of using short chemical timesteps.
Some planned future improvements include a more detailed chemical cycle of sul-
phur compounds within the numerical model MOCAGE to allow a better description
of the sulphate aerosols involved in the bromine chemical cycle by the heterogeneous
reactions. The direct simulation of the molecule Br2 within MOCAGE may also be in-15

cluded rather than simulating the immediate photolysis of Br2 upon BrO formation. Br2
is a short lived species during daytime, but may accumulate during the night, therefore
its direct simulation may alter the bromine partitioning between BrO, Br and Br2. Re-
garding plume processes occurring on scales smaller than the model grid-scale, we
have shown here that the plume parameterization provides a different partitioning of20

the bromine species during the eruption and subsequent night depending on whether
the model box and the plume box are mixed at the end of the emission. It will be neces-
sary to test this in the 3-D framework to further evaluate this effect. The comparisons
between the 3-D simulations of the Mount Etna emission and the satellite observations
will provide a quantitative evaluation of the 3-D MOCAGE simulations. The long-term25

goal is for MOCAGE to be used to simulate the atmospheric impacts from other erup-
tive events and passive emissions on a global scale.
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Table 1. Molar ratio of the main species emitted by Mount Etna volcano, the 14 May 2008.

Species Molar ratio (mol %)

H2O 90
CO2 8
SO2 0.7
HCl 0.21
HF 0.09
HBr 2.3×10−4

HI 5.4×10−6

H2S 4.45×10−3

H2 0.162
CO 2.18×10−3
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Table 2. Gaseous composition after the mixing, between magmatic and atmospheric air, calcu-
lated by the HSC model at 1100 ◦C and for the ratios of VM/VA: 95/5, 90/10 and 60/40.

Espèces 95/5 (VM/VA) 90/10 (VM/VA) 60/40 (VM/VA)

SO2 6.63×10−3 6.22×10−3 2.05×10−3

HCl 2.00×10−3 1.90×10−3 1.27×10−3

SO3 6.67×10−5 1.29×10−4 2.17×10−3

NO 2.56×10−5 3.60×10−5 7.14×10−6

OH 2.00×10−5 1.22×10−5 6.44×10−8

Cl 2.64×10−6 2.10×10−6 1.04×10−7

HBr 1.65×10−6 1.52×10−6 9.99×10−7

Br 5.50×10−7 5.56×10−7 2.47×10−7

CO 2.03×10−7 4.53×10−8 1.30×10−12

NO2 5.66×10−8 1.41×10−7 3.80×10−7

HOCl 5.49×10−8 6.90×10−8 5.33×10−8

HO2 3.90×10−8 3.94×10−8 1.55×10−9

O 2.96×10−8 1.55×10−8 7.05×10−12

Cl2 2.78×10−8 4.72×10−8 4.47×10−7

H2SO4 1.78×10−8 4.63×10−8 1.03×10−5

ClO 7.80×10−9 9.58×10−9 1.92×10−9

H2O2 4.99×10−9 4.39×10−9 1.69×10−10

BrCl 1.83×10−9 3.57×10−9 1.30×10−7

BrO 8.20×10−11 1.10×10−10 5.96×10−11

Br2 2.66×10−11 5.92×10−11 7.93×10−9

OClO 1.09×10−12 1.93×10−12 8.89×10−13

HNO3 8.38×10−13 2.82×10−12 3.55×10−11

O3 7.53×10−13 1.21×10−12 8.30×10−14

NO3 4.52×10−15 1.34×10−14 1.84×10−14
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Table 3. Characteristics of the different simulations.

Resolution of HSC ratio Use of the If parameterization : dilution
the model grid VM/VA parameterization of the plume box Radii (µm)

Ref 0.5◦ ×0.5◦ 95/5 No N/A 2
Plume 1 0.5◦ ×0.5◦ 95/5 Yes 15 min 2
Plume 2 0.5◦ ×0.5◦ 95/5 Yes 240 min 2
HSC_Ref 0.5◦ ×0.5◦ 90/10 No N/A 2
HSC_Plume1 0.5◦ ×0.5◦ 90/10 Yes 15 min 2
HSC_Plume2 0.5◦ ×0.5◦ 90/10 Yes 240 min 2
Res 2◦ ×2◦ 95/5 No N/A 2
Res_Plume1 2◦ ×2◦ 95/5 Yes 15 min 2
Res_Plume2 2◦ ×2◦ 95/5 Yes 240 min 2
Ref_0.5 0.5◦ ×0.5◦ 95/5 No N/A 0.5
Ref_1 0.5◦ ×0.5◦ 95/5 No N/A 1
Ref_4 0.5◦ ×0.5◦ 95/5 No N/A 4
Res_0.5 2◦ ×2◦ 95/5 No N/A 0.5
Res_1 2◦ ×2◦ 95/5 No N/A 1
Res_4 2◦ ×2◦ 95/5 No N/A 4
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Fig. 1. Schematic representation of the parameterization used to calculated the chemical reac-
tions during the emission.
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Fig. 2. In plot (A): the total mass in the partial column (0–5 km) of the eruption in grams for
the main chemical species of the emission for the regional (0.5◦ ×0.5◦) model box; the initial
conditions are shown in black and the mass of the emissions emitted during 15 min using the
VM/VA ratio of 95/5 are in blue (Ref simulation). In plot (B), the flux of the same chemical
species is presented for each emissions depending on the grid box size and the VM/VA ratio.
95/5 Plume box fluxes are used in Plume 1, Plume 2, Res_Plume1 and Res_Plume2 simu-
lations, representing the plume box size (sub-grid scale 0.025◦ × 0.025◦). 90/10 Plume box
fluxes are also for the plume size, it is used for HSC_Plume1 and HSC_Plume2 simulations.
95/5 regional box fluxes are used in Ref, Ref_ 0.5, Ref_1 and Ref_4 simulations, for the re-
gional boxes (0.5◦×0.5◦). 90/10 regional box fluxes are also for the regional boxes used by the
HSC simulation. And 95/5 global box fluxes represent the global boxes (2◦ ×2◦) used in the
Res, Res_0.5, Res_1 and Res_4 simulations.
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Fig. 3. Time evolution of the number of molecules of BrO by unit surface within the regional
model grid box (0.5◦ ×0.5◦), for the Ref (red line), Plume 1 (blue line) and Plume 2 (green
line) configurations. The quantities are integrated vertically on the emission levels (between the
ground and 5 km). The green zone corresponds to the emission time, and the grey zone is the
night-time.
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Fig. 4. Vertical profile of the mixing ratio (ppv) of BrO the 11 May 2008, the day after the
emission, at 08:45 UTC, for the Ref simulation.
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Fig. 5. Time evolution of the partial column of the emission levels for BrO, BrCl and HBr, in
moleculescm−2, during the emission period, for the simulation Ref.
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Fig. 6. Time evolution of the partial column of Br, BrO and BrCl of the emission levels in
moleculescm−2, for the simulation Ref. The yellow line is the HBr/HCl ratio used in the cal-
culation of the branching ratio. The green zone corresponds to the emission time, and the grey
zone is the night-time.
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Fig. 7. Time evolution of the partitioning of the bromine species present in MOCAGE for the
Ref, Plume 1 and Plume 2 simulations within the model grid box. The beginning of the Plume
2 simulation is hatched because those values are for the model grid box and remain without
the influence of the plume box until the end of the emission, thus it is not comparable to the
emission period of Ref and Plume 1 simulation.
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Fig. 8. Time evolution of the partial column of HCHO, HO2, NOx and O3 for the emission levels
in moleculescm−2, for the simulation Ref.
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Fig. 9. Time evolution of the partial column of the emission levels for NO2, BrONO2, HBr, HO2

and HOBr in moleculescm−2, during the emission period, for the simulation Plume 2. The partial
columns are obtained with the values within the plume box (0.025◦ ×0.025◦).
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Fig. 10. As Fig. 3 but for the simulations with the 90/10 ratio used for the emission in three
configurations: HSC_Ref (red line), HSC_Plume1 (blue line) and HSC_Plume2 (green line).
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Fig. 11. As Fig. 7, partitioning of the bromine species present in MOCAGE during all the simu-
lation, for the HSC_Ref, HSC_Plume1 and HSC_Plume2 within the model grid box.
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Fig. 12. Time evolution of the partial column of O3 species, in moleculescm−2, for the emission
levels. Ref is the red line, HSC_Ref in blue and Res in green.
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Fig. 13. As Fig. 3 but for the simulations with the model grid box resolution of 2◦ × 2◦ and with
the 95/5 ratio: Res (red line), Res_Plume1 (blue line) and Res_Plume2 (green line).
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Fig. 14. As Fig. 7, partitioning of the bromine species present in MOCAGE during all the simu-
lation, for the Res, Res_Plume1 and Res_Plume2 within the model grid box.
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Fig. 15. Partial column as for Fig. 3. The simulations are with the model grid box resolution of
0.5◦×0.5◦ and with the 95/5 ratio. The radius of the sulphate aerosols is 0.5 µm (red line), 1 µm
(blue line), 2 µm (green line) and 4 µm (black line).
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Fig. 16. Partial column as for Fig. 3. The simulations are with the model grid box resolution of
2◦ ×2◦ and with the 95/5 ratio. The radius of the sulphate aerosols is 0.5 µm (red line), 1 µm
(blue line), 2 µm (green line) and 4 µm (black line).
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