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Abstract. Volcanic activity is an important source of atmospheric sulfur dioxide (SO2), which, after conversion
into sulfuric acid, induces impacts on rain acidity, human health, meteorology and the radiative balance of the
atmosphere, among others. This work focuses on the conversion of SO2 into sulfates (SO2−

4(p), S(+VI)) in the mid-
tropospheric volcanic plume emitted by the explosive eruption of Mount Etna (Italy) on 12 April 2012, using
the CHIMERE chemistry transport model. As the volcanic plume location and composition depend on several
often poorly constrained parameters, using a chemistry transport model allows us to study the sensitivity of
SO2 oxidation to multiple aspects, such as volcanic water emissions, transition metal emissions, plume diffusion
and plume altitude. Our results show that two pathways contribute to sulfate production in the mid-troposphere:
(1) the oxidation of SO2 by OH in the gaseous phase (70 %) and (2) aqueous oxidation by O2 catalysed by
Mn2+ and Fe3+ ions (25 %). Oxidation in the aqueous phase is the faster process, but liquid water is scarce in
the mid-troposphere; therefore, the relative share of gaseous oxidation can be important. After 1 d in the mid-
troposphere, about 0.5 % of the volcanic SO2 was converted to sulfates via the gaseous process. Because of the
nonlinear dependency of the kinetics in the aqueous phase on the amount of volcanic water emitted and on the
availability of transition metals in the aqueous phase, several experiments have been designed to determine the
prominence of different parameters. Our simulations show that, during the short time that liquid water remains
in the plume, around 0.4 % of sulfates manage to quickly enter the liquid phase. Sensitivity tests regarding the
advection scheme have shown that this scheme must be chosen wisely, as dispersion will impact both of the
oxidation pathways explained above.
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1 Introduction

Sulfate aerosols resulting from the conversion of volcanic
sulfur dioxide (SO2) have substantial effects on air quality,
meteorology, rain acidity and the radiative balance of the
Earth’s atmosphere at local to global spatial scales, depend-
ing on the specific volcanic activity (e.g. Langmann, 2014;
Sellitto et al., 2017; Pattantyus et al., 2018; Sellitto et al.,
2191). SO2 is emitted from both anthropogenic and natural
sources, with volcanic emissions being the major contribu-
tors to the natural emissions. Volcanic emissions can be clas-
sified as coming from two broad classes of volcanic activity:
passive degassing and explosive events. Passive degassing
occurs permanently at many volcanoes. For example, Mount
Etna emits an estimated 530 ktyr−1 of SO2 annually, making
it the eighth largest contributor to SO2 emissions from pas-
sive degassing, with the strongest global contributor being
Mount Kı̄lauea (in Hawaii, USA), which emits an estimated
2740 ktyr−1 annually (Itahashi et al., 2021). Explosive erup-
tions emit massive quantities of SO2 into the atmosphere in a
short period of time. Unlike passive degassing, which gener-
ates emissions close to the surface, explosive eruptions may
emit SO2 high above the volcanic vent, with the possibility
of emissions reaching the stratosphere during massive erup-
tions such as El Chichón in 1982 (Pollack et al., 1983) Mount
Pinatubo (Philippines) in 1992 or even the more moderate re-
cent activity of volcanoes such as Raikoke (e.g. Kloss et al.,
2021).

While contributing to air quality on a local to regional
scale, sulfate aerosols produced as a result of explosive vol-
canic activity also represent an important natural radiative
forcing; therefore, they are significant for climate studies.
Pattantyus et al. (2018) give an extensive review of the ox-
idation processes of SO2 in the marine boundary layer for
the case of Mount Kı̄lauea, and they list two main oxidation
paths for this species: (1) oxidation by the hydroxyl radical
(OH) in the gas phase and (2) oxidation in the liquid phase
(including oxidation by H2O2, O3 and catalytic oxidation via
O2). However, the fate of SO2 in volcanic plumes in the free
troposphere still remains poorly understood, in part due to
the difficulty involved with measuring these events. Multi-
ple efforts have been carried out in order to understand and
model sulfate formation within volcanic plumes, mostly dur-
ing the first phases of eruption events (Hoshyaripour et al.,
2014, 2015; Roberts et al., 2019). Heard et al. (2012) mod-
elled the plumes from Kasatochi in 2008, Sarychev Peak
in 2009 and Eyjafjallajökull in 2010 using the Numerical
Atmospheric-dispersion Modelling Environment (NAME),
and they obtained encouraging results with respect to repro-
ducing the observed plumes of SO2 and sulfates. Specific
modelling work has also been carried out by Galeazzo et al.
(2018) using a 0D model, offering interesting insights into
main oxidation pathways of SO2: these authors highlight the
potential importance of the catalytic oxidation of SO2 by O2
with transition metals as catalysts. Pianezze et al. (2019) and

Sahyoun et al. (2019) explored the role of secondary sulfate
aerosols in the volcanic plumes from Mount Etna and Strom-
boli, showing that these secondary aerosols are initially nu-
cleated with very small diameters but that their size distribu-
tion evolves to a coarser distribution as time goes by; thus,
these sulfate particles can serve as cloud condensation nuclei
(CCN) far from the vent.

Regarding mid-tropospheric eruptions, the issue of aque-
ous chemistry and the potential contribution of volcanic wa-
ter emissions to the formation of an aqueous phase needs to
be considered, as there is the possibility that these emissions
have an impact on sulfate formation for this portion of the
atmosphere. In the case of boundary layer eruptions and pas-
sive degassing, the quantity of water vapour emitted by the
volcano is typically much smaller than the background water
vapour at that level; for stratospheric eruptions, in contrast,
temperatures are too cold to allow the presence of liquid wa-
ter. In particular, the question of the sensitivity of sulfate for-
mation to the volcanic emissions of water vapour is unan-
swered as of yet. In addition, the 0D study of Galeazzo et al.
(2018) argues that the aqueous oxidation of SO2 catalysed
by transition metals may be a substantial, or even dominant,
oxidation pathway and that explosive eruptions themselves
emit water vapour (possibly contributing to the formation
of an atmospheric liquid phase) and transition metals. An-
other effect, which is not taken into account in the present
study, is the potential depletion of OH radicals due to their
consumption by atmospheric halogen. Jourdain et al. (2016)
conducted a modelling study on the volcanic plumes of the
Ambrym volcano (Vanuatu) and concluded that, when tak-
ing halogen emissions into account, the lifetime of SO2 rel-
ative to oxidation by OH increases by 36 % compared with
the same simulation without halogen emissions; the authors
attribute this change to OH depletion.

Various pathways can lead to SO2 [S(+IV)] oxidation to
SO2−

4 [S(+VI)]. In the gaseous phase, SO2 can react with the
OH photochemically produced from ozone and water vapour.

O3(g)+hν→ O2+O(1D) (R1)

O(1D)+H2O→ 2OH (R2)

Gas-phase conversion of SO2 by OH follows Reac-
tions (R3)–(R5) (Seinfeld and Pandis, 2006).

SO2(g)+OH+M→ HOSO2(g)+M (R3)
HOSO2(g)+O2→ HO2+SO3(g) (R4)

SO3(g)+H2O→ H2SO4(g)+M. (R5)

Reaction (R3), the limiting step in this mechanism, is rela-
tively slow (the decay rate of SO2 through this mechanism
is estimated to be 2.9± 2.1 % h−1 during the daytime for the
remote marine conditions around Mount Kı̄lauea); therefore,
in the presence of an aqueous phase, liquid-phase conversion
tends to dominate gas-phase conversion.

As SO2 is a soluble gas, aqueous-phase oxidation is also a
possibility; the balance between liquid-phase and gas-phase
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concentrations is governed by the Henry law:

[SO2]aq = HSO2pSO2 . (1)

Here, [SO2]aq is the concentration of dissolved SO2 in the
aqueous phase; pSO2 is the partial pressure of SO2 in the
gas phase; and HSO2 is the Henry law constant for SO2, for
which the expression and numerical parameters can be found
in publications such as Sander (2015):

HSO2 (T )= H0
SO2

exp
[

B
(

1
T
−

1
T0

)]
,with (2)

H0
SO2
= 1.3× 10−2 molm−3 Pa−1, B = 2900K

and T 0
= 298.15K. (3)

Aqueous SO2 solution behaves like a weak acid, known as
“sulfurous acid”:

SO2(aq)+H2O 
 H++HSO−3 , (R6)

with

[H+][HSO−3 ]
[SO2(aq)]

= KH2SO3
a , (4)

with a weak acidity constant of pKH2SO3
a = 1.81.

For the sake of completeness, it should also be mentioned
that sulfurous acid can have a second acidic dissociation:

HSO−3 
 H++SO2−
3 , (R7)

with pK
HSO−3
a = 7.21; however, for pH values below 6 usu-

ally occurring in the atmosphere, this second dissociation
hardly has an impact. Under typical atmospheric conditions
(including those found in volcanic plumes) with a pH be-
tween 2 and 7, aqueous S(+IV) is seen mainly in the form of
HSO−3 (Seinfeld and Pandis, 2006). One pathway for oxida-
tion of S(+IV) to S(+VI) in the aqueous phase is the reaction
of HSO−3 with hydrogen peroxide H2O2 (e.g. Shostak et al.,
2019).

HSO−3(aq)+H2O2(aq)→ SO2OOH−(aq)+H2O (R8)

SO2OOH−(aq)+H+→ H2SO4(aq) (R9)

However, in situations resembling volcanic plumes where
SO2 is abundant, the availability of H2O2 is a limiting factor
for Reaction (R8); hence, other reaction pathways become
dominant (Pattantyus et al., 2018). In such cases, the oxida-
tion of HSO−3(aq) by O3 can become an important pathway
(Reaction R10; Lagrange et al., 1994; Seinfeld and Pandis,
2006; Pattantyus et al., 2018).

HSO−3(aq)+O3(aq) → H++SO2−
4(aq)+O2(aq) (R10)

Finally, oxidation of HSO−3(aq) by O2 with Fe3+ and Mn2+

as catalysts is another process that can be relevant in our case
(Reaction R11; Connick and Zhang, 1996).

HSO−3(aq)+
1
2

O2(aq)
Fe3+,Mn2+

−−−−−−→ SO2−
4(aq)+H+ (R11)

The aim of this work is to estimate the sensitivity of SO2
conversion via these pathways in a volcanic plume to several
parameters that remain poorly constrained.

From a modelling point of view, Lachatre et al. (2020b)
has shown that using the Després and Lagoutière (1999) anti-
diffusive advection scheme in the vertical direction rather
than the classical order-2 Van Leer (1977) scheme substan-
tially reduces plume diffusion, reducing plume volume and
increasing its concentration. With this anti-diffusive scheme,
the plume volume is reduced by a factor ranging from 1.5
to 6 relative to the Van Leer (1977) scheme (depending on
the model configuration; see Lachatre et al. (2020b) for de-
tails). Due to the many nonlinearities in the above-described
physicochemical mechanisms governing SO2 oxidation, the
effect of such a change in numerical diffusion on the way the
model represents sulfate formation is not straightforward: too
much numerical diffusion in a model may enhance certain
oxidation processes (such as oxidation by background tropo-
spheric species including OH or H2O2, which can be limited
by the availability of these oxidants when the plume remains
concentrated) and reduce others (such as aqueous-phase ox-
idation of SO2) which can be favoured by the simultaneous
presence of large concentrations of volcanic water and vol-
canic SO2. To examine these effects, it is also relevant to
quantify the impact of these advection choices on the various
oxidation paths of SO2.

The remainder of this paper is structured as follows: in
Sect. 2, we present the data used in the current study and the
modelling choices that have been made; Sect. 3 presents the
simulation outputs and their interpretation in terms of com-
parison to observations and in terms of sensitivity to multiple
parameters; and, finally, Sect. 4 draws conclusions and ex-
amines new perspectives that are not covered by the present
study.

2 Material and methods

2.1 The Infrared Atmospheric Sounding Interferometer
(IASI) instrument

The Infrared Atmospheric Sounding Interferometer (IASI;
Clarisse et al., 2014) instrument, aboard the Metop-A–C
satellite series, orbits 817 km above the surface and provides
a daily coverage of the Earth with a pixel resolution of 12 km
with respect to diameter. IASI retrievals are widely used to
observe and study SO2 in the Earth’s atmosphere (Clarisse
et al., 2012), including in volcanic plumes (Carboni et al.,
2012, 2016). This instrument has also recently been used to
measure the aerosol optical depth (AOD) of tropospheric vol-
canic sulfate particles (Guermazi et al., 2021).

2.2 The CHIMERE model

This modelling work has been performed using the
CHIMERE CTM (chemistry transport model) (derived from
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v2020r1; Mailler et al., 2017; Menut et al., 2021) including
new developments for vertical transport presented in Lacha-
tre et al. (2020b) and Mailler et al. (2021). The CHIMERE
simulation domain covers the central eastern Mediterranean
Basin and contains 874× 624 cells at 2.25× 2.25 km2 hori-
zontal resolution. The geometry of the domain (displayed in
Fig. A2 in the Appendix), which has a Lambert conformal
projection, was chosen to contain volcanic plume transport
for a day, with a sufficiently fine resolution to resolve the vol-
canic plume during the first hours of its atmospheric advec-
tion. At the model resolution, the cell containing the vent has
an average altitude of 2900 ma.s.l. The vertical distribution
of the domain contains 40 layers, with the top of the domain
being at 190 hPa. Horizontal advection in the CHIMERE
model has been represented using the classical Van Leer
(1977) second-order slope-limited transport scheme.

Anthropogenic emissions are generated using the Hemi-
spheric Transport of Air Pollutants (HTAP) 2010 inventory
(Janssens-Maenhout et al., 2015), boundary conditions for
dust are calculated from the Georgia Tech/Goddard Global
Ozone Chemistry Aerosol Radiation and Transport (GO-
CART) global model (Ginoux et al., 2001), and boundary
conditions for other species are calculated from the LMDZ-
INCA (the Laboratoire de Météorologie Dynamique general
circulation model with Zoom coupled with the INteraction
with Chemistry and Aerosols model) global model (Hauglus-
taine et al., 2004). The CHIMERE model has been forced
using version 3.7.1 of the Weather Research and Forecasting
model (WRFv.3.7.1; Skamarock et al., 2008), with an update
of the forcing meteorological variables every 20 min using
the WRF-CHIMERE online simulation framework (Briant
et al., 2017; Menut et al., 2021). The WRF model has been
run with 44 vertical levels starting from the surface to 50 hPa
with the same horizontal grid as that used for CHIMERE.
Large-scale meteorological fields used to force the WRF
model at domain boundaries as well as for spectral nudging
inside the simulation domain have been taken from the Na-
tional Centers for Environmental Prediction (NCEP) Global
Forecast System (GFS) dataset at a 0.25◦ resolution (NCEP,
2015). The chemical modelling is as described in Mailler
et al. (2017), and references therein, including the reduced
MELCHIOR2 chemical mechanism for inorganic chemistry,
SOx chemistry, OH chemistry and more (Derognat et al.,
2003; Menut et al., 2013). Gaseous oxidation pathways and
aqueous oxidation through O3 and H2O2 are included in this
mechanism, and no modifications have been made on this
aspect of the chemistry mechanism. For the present study,
retroaction from atmospheric composition onto the WRF
simulation is not activated, meaning that all of the chemistry
transport simulations are forced by the exact same meteoro-
logical fields, which allows one to isolate the physicochem-
ical effects of the volcanic eruption from the complex feed-
back that it may have on the meteorological fields.

For radiative processes, calculations are done online us-
ing the Fast-JX module (version 7.0b; see Bian and Prather,

2002). As described in Mailler et al. (2016), the CHIMERE
model includes the feedback of aerosol layers on photoly-
sis rates. The calculation of the aerosol optical depths is also
done by the Fast-JX module, using Mie calculations and as-
suming spherical shape for all particles and external mixing.

Oxidation of SO2 by O2(aq) catalysed by Fe and Mn is
also available in the model; the evaluation of [Fe3+

] and
[Mn2+

] has been adapted for the present study, as discussed
in Sect. 2.5.

2.3 Modelling volcanic eruption emissions

The time and altitude profiles for the injection of SO2 into
the atmosphere (Table 1) were obtained using SO2 emission
flux rate measurement data from the ground-based differen-
tial optical absorption spectroscopy FLux Automatic MEa-
surements (DOAS FLAME) scanning network (e.g. Salerno
et al., 2018). This method measures SO2 fluxes during pas-
sive degassing as well as during effusive and explosive erup-
tive activity using plume height inverted via an empirical re-
lationship between plume height and wind speed (Salerno
et al., 2009). In explosive paroxysmal events, such as in our
case study, the plume is ejected to higher altitudes, and the
linear height–wind relationship explained above cannot be
utilised; therefore, mass flux is retrieved in post-processing
using the plume height estimated by visual camera and/or
satellite observations.

On 12 April 2012, between 06:00 and 16:00 UTC, a total
SO2 emission of 8.6 kt was reported using this method. Emis-
sions are localised around 8 kma.s.l. Volcanic SO2 emissions
are injected in the CTM with a skewed Gaussian profile (Eck-
hardt et al., 2008; Mastin et al., 2009). The width of the Gaus-
sian is defined by the full width at half maximum (FWHM,
Eq. 5), and it equals 5 % of the centre of the injection’s alti-
tude (x̄). The Gaussian profile is constructed with 13 altitude
ranges, with widths corresponding to 1 % of the centre of in-
jection altitude.

σ =
FWHM
2.355

=
x̄× 0.05

2.355
(5)

Volcanic emissions from explosive activity are more likely
to be described with a skewed Gaussian profile (Eq. 6). In
our case, we have selected a coefficient of skewness of α =
0.5 m. The centre of the injection is localised at 8000 ma.s.l.
(x̄ value used to calculate the FWHM); thus, the FWHM
equals 400m and σ 2 equals 170m using Eq. (6). The verti-
cal distribution is then constructed within 13 altitude ranges,
with a width equal to 80 m (1 % of x̄). The centre of the injec-
tion is the centre of the seventh range. The entry for eruptive
material in CHIMERE, before it is adapted to the CHIMERE
vertical grid, is displayed in Fig. A1. Water, Fe and Mn are
emitted with an identical vertical distribution.
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Table 1. The SO2 hourly flux (kgs−1) estimates used as input for the CHIMERE model.

Date Time SO2 flux SO2 mass Fe mass Mn mass
(kgs−1) (t) (t) (t)

12 April 2012 06:00 UTC 249.9 899.6 0.78 0.077
12 April 2012 07:00 UTC 400.9 1443.4 1.26 0.124
12 April 2012 08:00 UTC 186.7 672.4 0.59 0.058
12 April 2012 09:00 UTC 234.7 844.9 0.74 0.072
12 April 2012 10:00 UTC 276.5 995.3 0.87 0.085
12 April 2012 11:00 UTC 173.0 623.0 0.54 0.054
12 April 2012 12:00 UTC 202.9 730.5 0.64 0.062
12 April 2012 13:00 UTC 321.7 1158.2 1.01 0.099
12 April 2012 14:00 UTC 199.1 716.9 0.63 0.061
12 April 2012 15:00 UTC 144.4 519.9 0.45 0.044

f (x)=

√
2

√
π (σ +α)

×

[
e
−(x−x̄)2

2σ2 × 1]−∞; x̄](x)+ e
−(x−x̄)2

2α2 × 1]x̄;∞[(x)

]
(6)

2.4 Volcanic water emissions

Volcanic eruptions inject significant amounts of water into
the atmosphere, particularly when considering the ambient
humidity in the middle and upper troposphere. In the exper-
iments containing volcanic water emissions, H2O is emitted
similarly to SO2 emissions, with identical temporal and ver-
tical profiles, as described in Sect. 2.3; to estimate the spe-
cific amount of the emitted H2O, a molecular ratio between
SO2 and H2O has been implemented. For passive degassing,
Shinohara et al. (2008) estimate the molecular H2O/SO2 ra-
tio to be around 45 when considering 27 events or around
26 when considering 13 events with the highest quality of
data sampling, with a large variability. Nonetheless, explo-
sive episodes eject significantly larger amounts of water, with
the H2O/SO2 molecular ratios likely reaching values of sev-
eral hundreds, and the H2O/SO2 ratios associated with these
events still carry large uncertainties. To assess the sensitivity
of our results to this ratio, we have tested several hypothe-
ses for the H2O/SO2 ratio. As observational information is
scarce for volcanic water emissions during explosive events,
a central hypothesis of 300 molecules of H2O per molecule
of SO2 has been retained, corresponding to 725.6 kt of H2O.

The addition of volcanic water in the mid-troposphere can
imply supersaturation. Consequently, in the model, water
is added as water vapour until the partial pressure of wa-
ter vapour reaches 105 % of the saturation vapour pressure
P sat

H2O. The remaining water emitted from the eruptive activ-
ity is added as liquid water or ice, depending on the ambient
temperature. Several studies have focused on the phase state
of water in the upper troposphere (Textor et al., 2003; Hu
et al., 2010; Kärcher and Seifert, 2016), and it is generally

agreed that liquid water is virtually nonexistent below the
temperature of' 235K. Based on Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) measurements, Komurcu
et al. (2014) evaluated the supercooled liquid water fraction
in clouds. Based on their Fig. 7, Eq. (7) gives a parabolic de-
pendance of the supercooled liquid water fraction H2O(s) on
temperature, to be used between 235 and 273 K (function is
plotted in Fig. A3 in the Appendix):

%H2O(s) =−22.49+ 0.2092× T − 0.0004649× T 2. (7)

2.5 Transition metal ion (TMI) dissolution into droplets
and the [Fe3+

](aq) and [Mn2+
](aq) threshold

In addition to SO2 and water, volcanic eruptions inject signif-
icant amounts of transition metals into the atmosphere, such
as Fe and Mn (Calabrese et al., 2011). These trace elements
can be contained in the emitted volcanic ash, which is more
relevant during volcanic eruptive activity and must be con-
sidered in our simulations because of their catalytic role in
the aqueous oxidation of SO2 by O2 (Reaction R11). In our
simulations, the amount of transition metals emitted by the
volcano are defined relative to SO2 emissions, with a molec-
ular ratio of 1/1000 (i.e. 7.5 t) and 1/10 000 (i.e. 0.73 t) for
Fe and Mn respectively.

The SO2 oxidation to sulfate is catalysed by Mn2+
(aq) and

Fe3+
(aq) ions. The fraction of Fe3+ in cloud droplets and avail-

able to the catalytic reaction is a complex matter that depends
of several factors, such as the H2S(g)/H2(g) ratio (Hosh-
yaripour et al., 2014), the halogen content [Cl−] (Maters
et al., 2017), the ashes’ surface and bulk compositions. In an
ideal situation, up to one-third of the total Fe on the ash sur-
face can dissolve into the liquid-phase coating volcanic par-
ticles, mostly in the Fe(II) oxidation state (Galeazzo et al.,
2018; Hoshyaripour et al., 2015). In our experiments, we
consider 5 % of the total iron and manganese in the plume to
be dissolved in the liquid phase (if clouds are produced) and,
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Figure 1. Columns of SO2 from CHIMERE simulations and IASI measurements. Unavailable IASI data are shown as crossed circles. Null
values are shown in light grey. The IASI sounding corresponds to 19:30 UTC (b). The CHIMERE Reference simulation is displayed for
19:00 UTC (a) and 20:00 UTC (c).

therefore, to be available as catalysts for Reaction (R11). In
the case of liquid water in the plume, the iron concentration
in droplets (molL−1) is calculated as follows:

[Fe3+
(aq)]i,j,l,t =

[Fe]i,j,l,t × 0.05× (1− icefraci,j,l,t )×Vi,j,l,t
MFe×VH2Oi,j,l,t

, (8)

where i, j , l and t are the cell coordinates and time steps,
MFe is the molar mass of iron (µgmol−1), VH2O is the vol-
ume of supercooled liquid water (SCLW; L), V is the volume
of the cell (m3), [Fe(g)] is the concentration of iron in the at-
mosphere (µgm−3) and icefrac is the fraction of ice cloud
compared with liquid water (cf. Sect. 2.4).

The second parameter that needs to be fixed is the up-
per limit for [Fe(III)]. Seinfeld and Pandis (2006) indicate
a range of iron concentrations from 0.1 to 100 µmolL−1 in
clouds, which is a large range compared with more recent
studies that estimate [Fe(III)] from 0.1 to 2 µmolL−1 (Maters
et al., 2016, 2017). Fe3+ is more likely to be dissolved in
an acidic cloud droplet (pH below 2; Ayris and Delmelle,
2012); this particular condition can lead to [Fe(III)] going up
to 10 µM (Ayris and Delmelle, 2012; Desboeufs et al., 2001).
In our experiments, volcanic cloud droplets are particularly
acidic, with a pH ranging from 1.5 to 3.5. As a consequence,
thresholds of 10 µ molL−1 for [Fe(III)] and 1 µmol L−1 for
[Mn(II)] were chosen.

2.6 Description of numerical simulations

Simulations have been organised into groups in order to ex-
plore various parameters of interest. First, the simulations fo-
cused on the significance of gas-phase conversion, aqueous-
phase conversion and transition metals as catalysts (Table 2).
We then focused on the impact of volcanic water emitted dur-
ing volcanic activity (Table 3). The next series of simulations
focused on evaluating initial parameters, such as the volcanic
plume height of injection (Table 4). Finally, we evaluated

the plume chemistry sensitivity to transport modelling pa-
rameters, comparing two vertical advection schemes. These
schemes are described and tested in Lachatre et al. (2020b);
however, the aforementioned article did not analyse their im-
pact on the chemistry of the modelled plume.

Simulations emphasised using bold font and labelled
“Background” in Tables 2, 3, 4 and 5 are simulations car-
ried out without emissions originating from volcanic events;
while they do not appear in the figures themselves, these
simulations are necessary to separate background informa-
tion from our other sensitivity tests. In addition, to better
understand the impact of ambient conditions alone on vol-
canic SO2 and SO2−

4(p) production, “Dry” simulations have
been conducted in several cases. These simulations only in-
clude SO2 as volcanic emissions: neither volcanic water nor
metals are considered in these cases. For better readability of
the results, a unique simulation labelled “Reference” is re-
tained in every panel of simulations. A table describing all of
the simulation has been added in Appendix (Table A1) along
with Fig. A5, which sums up the experimental results.

3 Results and discussion

3.1 Reference simulation compared with the IASI
instrument

The background simulation has been used to exclude non-
volcanic information from the Reference simulation and for
comparison with the time step surrounding the IASI sound-
ing for SO2 (Fig. 1).

Comparison of model outputs with satellite data from the
IASI instrument (Fig. 1) reveals that several aspects of the
simulation outputs are consistent with observations. First, the
general shape of the plume, with a NW–SE orientation, fits
the observations. The range of values for SO2 columns is also
consistent, as is their structure, with weaker values (around or
below 2×1017 molec.cm−2) in the southern part of the plume
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Table 2. Simulation parameters for sensitivity tests on chemistry parameters. Bold items indicate background simulations that are used to
retrieve background values. “Volcanic TM” stands for “volcanic transition metals”, “No SCLW stands” for “no supercooled liquid water”,
and “No TMaq” stands for “no transition metals in the aqueous phase”. The Reference simulation is the closest to a realistic case.

Sensitivity tests on chemistry parameters

Simulation label Volcanic SO2 Volcanic H2O Volcanic TM Volcanic clouds Injection height Vertical transport
scheme

Background 0.0 kt 0.0 kt 0.0 t Not applicable Not applicable DL99
Dry 8.6 kt 0.0 kt 0.0 t Not applicable 8.0 kma.s.l. DL99
No SCLW 8.6 kt 725.6 kt 0.0 t Not activated 8.0 kma.s.l. DL99
No TMaq 8.6 kt 725.6 kt 0.0 t Activated 8.0 kma.s.l. DL99
Reference 8.6 kt 725.6 kt 7.4 t Activated 8.0 kma.s.l. DL99

Figure 2. Sensitivity tests on chemistry parameters for (a) sulfate aerosols (SO2−
4(p), kt), (b) supercooled liquid water (kt), (c) the minimum

volume (km3) ⊂ 25 % of SO2−
4(p) mass and (d) the AOD for plume ⊂ 25 % of SO2−

4(p) mass. The Reference simulation is the closest to a
realistic case. All time series represent differences relative to the Background simulation (the simulation without volcanic emissions).

and stronger values (above 5× 1017 molec.cm−2) in the
north-eastern part of the plume, south of Greece. Differences
are also visible: the plume as represented by CHIMERE is
shifted to the north and to the east compared with the plume
as observed by IASI, and the modelled plume extends further
towards the southwest, which is not visible in the satellite
data. Due to the lack of spatial continuity in the IASI data, it
seems difficult to estimate a global mass of SO2 in the plume.
All in all, comparison with IASI data (Fig. 1) confirms a cor-
rect localisation and shape of the plume in CHIMERE (al-

though with a horizontal offset of a few hundred kilometres),
which is an indirect indication that the plume injection height
in the model is correct: due to substantial wind shear in the
troposphere, a large error in the injection height would result
in a larger error in the position of the plume.

3.2 Sensitivity tests for chemistry parameters

In the first group of tests (Table 2), the objective was to es-
timate the impact of various chemical pathways of SO2 con-
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Table 3. Simulation parameters for sensitivity tests on volcanic water emissions. Bold items indicate background simulations that are used
to retrieve background values. “Volcanic TM” stands for “volcanic transition metals”. WV200 stands for “water vapour 200” (a mass mixing
ratio of 200 / 1 between water vapour and SO2); similar acronyms are used for WV300 and WV400. The Reference simulation is the closest
to a realistic case.

Sensitivity tests on volcanic water emissions

Simulation label Volcanic SO2 Volcanic H2O Volcanic TM Volcanic clouds Injection height Vertical transport
scheme

Background 0.0 kt 0.0 kt 0.0 t Not applicable Not applicable DL99
Dry 8.6 kt 0.0 kt 0.0 t Not applicable 8.0 kma.s.l. DL99
WV200 8.6 kt 483.7 kt 7.4 t Activated 8.0 kma.s.l. DL99
Reference (WV300) 8.6 kt 725.6 kt 7.4 t Activated 8.0 kma.s.l. DL99
WV400 8.6 kt 967.5 kt 7.4 t Activated 8.0 kma.s.l. DL99

Figure 3. Sensitivity tests on volcanic water emissions for (a) sulfate aerosols (SO2−
4(p), kt), (b) supercooled liquid water (kt), (c) the minimum

volume (km3)⊂ 25 % of SO2−
4(p) mass and (d) the AOD for plume⊂ 25 % of SO2−

4(p) mass. The Reference simulation is the closest to a realistic
case. All time series represent differences relative to the Background simulation (the simulation without volcanic emissions).

version. As mentioned in Sect. 2.6, Background and Dry sim-
ulations have also been conducted. For these simulations, as
volcanic water is not emitted, supercooled water cannot be
formed in the model; therefore, the table has been filled with
“Not applicable” for relevant cases (e.g. volcanic clouds).
The “No SCLW” simulation is slightly different. In this sim-
ulation, volcanic water is emitted, but SCLW is not formed
from this water; therefore, only the additional water vapour
from the volcanic water is considered in the model chem-

istry, and only the gaseous pathway is evaluated. The next
experiment, labelled “No TMaq” (no transition metals in the
aqueous phase) is to evaluate the SO2 conversion into the
liquid phase without considering the pathway of oxidation
by O2 or catalysation by Fe and Mn; Galeazzo et al. (2018)
present this as the main pathway of SO2−

4(p) production. The
Reference simulation is considered to be the most realistic
simulation performed in this work; in this simulation, SO2
emissions are set to 8.6 kt, H2O emissions are set to 725.6 kt,
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Figure 4. The CHIMERE-modelled 200 nm AOD from volcanic sulfates.

transition metals emissions are set to 7.4 kt, volcanic super-
cooled liquid water clouds are activated, the mean injection
height is set to 8.0 km and the vertical transport scheme from
Després and Lagoutière (1999) is used.

Figure 2 summarises the results of simulations conducted
in Table 2. Figure 2 shows the hourly evolution of the vol-
canic sulfate mass (panel a), the volcanic SCLW (panel b),
the minimum volume containing 25 % of SO2−

4(p) mass (panel
c) and, consequently, the AOD corresponding to the plume
following the volume selection (panel d). It can be seen that,
when volcanic water is added (No TM(aq) and Reference sim-
ulations), SCLW is formed in the mid-troposphere, which is a
necessary element to evaluate aqueous chemistry paths. The
Dry simulation allows us to evaluate the production of sul-
fates from reaction to background OH, which appears to be
the main oxidation pathway in our experiment (70 %). The
addition of volcanic water vapour without the formation of
SCLW did not significantly increase the conversion of SO2
to SO2−

4(p). The same can be said about the addition of SCLW
without transition metals (No TM(aq) simulation). However,
the Reference simulation, which includes volcanic transition
metals, significantly increases the conversion of SO2 (25 %).
This additional formation of SO2−

4(p) is produced in a very
small volume containing the volcanic cloud and significantly
changes the optical properties of the plume (and eventually
the radiative forcing generated), as shown by the evolution
of the plume’s AOD. The comparison of the simulations con-
ducted to understand the impact of the various chemical path-
ways has shown that the conversion of SO2 mainly occurs
in the gas phase from reaction with ambient OH (70 %) and
then as a second pathway from oxidation with O2 catalysed
by transition metals in the aqueous phase (25 %).

Our work then focuses on the impact of various volcanic
SO2/H2O ratios (Table 3). Our Reference case takes a ra-
tio of 1 molecule of SO2 to 300 molecules of H2O emitted,
resulting in 725.6 kt of H2O and 8.6 kt of SO2. Two addi-
tional cases have been tested with volcanic SO2/H2O ratios
of 1/200 and 1/400, corresponding to 483.7 and 967.5 kt,
and labelled WV200 and WV400 respectively. The afore-
mentioned ratios are considered to be threshold values for
paroxysmal eruptions. The water apportionment between its

various physical states is displayed in Fig. A4 in the Ap-
pendix. Figure 3 summarises the results of simulations con-
ducted in Table 3. As cloud generation is a threshold pro-
cess, the amount of SCLW from a volcanic eruption is not
linearly linked to the volcanic water vapour emissions. In the
WV300 scenario, 1.3 kt of SCLW is formed at a peak time
interval (around 12 April at 12:00 UTC), compared with 2.9
and 0.5 kt of SCLW in the WV400 and WV200 scenarios
respectively. The formation of sulfate with WV400 is 80 %
stronger than in the simulation with no volcanic water and
40 % stronger than in the simulation with WV200. This re-
sults in an increase in sulfate production; however, this is not
a linear process either because the concentrations of SO2 and
transition metals are different in the aqueous phase in each
of the three cases. Thus, the amount of volcanic water im-
pacts the optical properties of the plume, as the plume’s AOD
significantly increases following SCLW mass. This aspect is
highlighted in the Fig. 4, which displays the AOD spatial dis-
tribution and summarises what is shown in Fig. 3c and d for
the 200 nm AOD.

Next, to evaluate the impact of the surrounding environ-
ment (Table 4), we have conducted sensitivity tests on the
plume’s injection height. In our reference simulation, the
plume injection is centred around 8.0 kma.s.l. A sensitivity
test with the injection centred around 8.5 kma.s.l. has been
realised. This second test will provide an environment with a
lower atmospheric pressure, lower temperature, dryer atmo-
sphere, and different wind speed and direction. Figure 5 sum-
marises the results of the simulations described in Table 4.
Comparing the simulations, Dry (8.0 km) and Dry 8.5 km
show differences in the results. In the Dry 8.5 km case, less
SCLW is generated because of lower humidity, but more SO2
is converted to sulfates. This is explained by the higher dif-
fusion of the plume at higher altitude, as it can be seen that
the minimum volume occupied by 25 % of the sulfate mass
is bigger than in Dry 8.0 km. Consequently, this higher dis-
persion allows a more efficient conversion from OH, which
is the limiting reactant in the gas-phase oxidation.

Finally, we investigate the impact of the plume disper-
sion on the computed chemistry (Table 5). Following the
work done in Lachatre et al. (2020b) on different transport
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Table 4. Simulation parameters for sensitivity tests on injection height. Bold items indicate background simulations that are used to retrieve
background values. “Volcanic TM” stands for “volcanic transition metals”.

Sensitivity tests on injection height

Simulation label Volcanic SO2 Volcanic H2O Volcanic TM Volcanic clouds Injection height Vertical transport
scheme

Background 0.0 kt 0.0 kt 0.0 t Not applicable Not applicable DL99
Dry 8.6 kt 0.0 kt 0.0 t Not applicable 8.0 kma.s.l. DL99
Reference 8.6 kt 725.6 kt 7.4 t Activated 8.0 kma.s.l. DL99
Dry 8.5 km 8.6 kt 0.0 kt 0.0 t Not applicable 8.5 kma.s.l. DL99
Reference 8.5 km 8.6 kt 725.6 kt 7.4 t Activated 8.5 kma.s.l. DL99

Figure 5. Sensitivity tests on injection height for (a) sulfate aerosols (SO2−
4(p), kt), (b) supercooled liquid water (kt), (c) the minimum volume

(km3) ⊂ 25 % of SO2−
4(p) mass and (d) OH radical (t). The Reference simulation is the closest to a realistic case. All time series represent

differences relative to the Background simulation (the simulation without volcanic emissions).

schemes, the Reference simulations have been conducted
using the Després and Lagoutière (1999) vertical transport
scheme (DL99), reducing the excessive plume diffusion that
has been observed in previous work (Colette et al., 2011;
Boichu et al., 2013; Lachatre et al., 2020a). In comparison,
simulations with the Van Leer (1977) (VL77) vertical trans-
port scheme have been conducted; this transport scheme is
expected to induce a larger spreading of the volcanic plume.
For this last case, it was again necessary to compute a back-
ground simulation using the VL77 vertical transport scheme.

Figure 6 summarises the results of the simulations outlined
in Table 5. A larger spread of the plume in the sensitivity
test with VL77 was expected compared with the Reference
simulation using the Després and Lagoutière (1999) verti-
cal advection scheme. Indeed, the volume of the plume sig-
nificantly increased, as shown in Fig. 6c. Consequently, less
SCLW was generated; however, on the other hand, more sul-
fates were produced. This is due to higher conversion from
ambient OH, as it can be seen that more radical has been
consumed (Fig. 6d). It can also be noted that the AOD of the
Reference VL simulation is lower than that of Reference DL,
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Table 5. Simulation parameters for sensitivity tests on vertical transport scheme. Bold items indicate background simulations that are used
to retrieve background values. “Volcanic TM” stands for “volcanic transition metals”, “Background VL” stands for “background with the
Van Leer (1977) advection scheme”, “Dry VL” stands for “dry with the Van Leer (1977) advection scheme”, and “Reference VL” stands for
“reference with the Van Leer (1977) advection scheme”.

Sensitivity tests on vertical transport scheme

Simulation label Volcanic SO2 Volcanic H2O Volcanic TM Volcanic clouds Injection height Vertical transport
scheme

Background 0.0 kt 0.0 kt 0.0 t Not applicable Not applicable DL99
Dry 8.6 kt 0.0 kt 0.0 t Not applicable 8.0 kma.s.l. DL99
Reference 8.6 kt 725.6 kt 7.4 t Activated 8.0 kma.s.l. DL99
Background VL 0.0 kt 0.0 kt 0.0 t Not applicable Not applicable VL77
Dry VL 8.6 kt 0.0 kt 0.0 t Not applicable 8.0 kma.s.l. VL77
Reference VL 8.6 kt 725.6 kt 7.4 t Activated 8.0 kma.s.l. VL77

Figure 6. Sensitivity tests on injection height for (a) sulfate aerosols (SO2−
4(p), kt), (b) supercooled liquid water (kt), (c) the minimum volume

(km3) ⊂ 25 % of SO2−
4(p) mass and (d) the OH radical (t). The Reference simulation is the closest to a realistic case. All time series represent

differences relative to the Background simulation (the simulation without volcanic emissions).

due to the significantly larger spreading of the Reference VL
plume. This result was slightly unexpected, as gaseous oxi-
dation appeared to be linear at first; still, this new observation
makes sense because more OH was mobilised to react with
the volcanic SO2 in excess.

4 Conclusions

In this study, we aimed to investigate volcanic plume chem-
istry in the mid-troposphere region using the CHIMERE
CTM. With the assistance of the IASI instrument’s SO2
sounding, we have determined that the CHIMERE model
is able to reproduce a realistic structure for the plume as
well as a correct intensity in terms of SO2 columns after
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a number of assumptions were made. Because of these en-
couraging preliminary observations, we gained confidence
in the subsequent results. We have then analysed the im-
pact of various oxidation pathways by selectively shutting
down these pathways to evaluate their contribution. For our
study case, these sensitivity tests suggest that the main oxi-
dation pathway is gas-phase oxidation by OH (about 70 %),
followed by liquid-phase catalysed oxidation by O2 (about
25 %). The fact that liquid-phase oxidation is dominated by
transition-metal-catalysed oxidation is in line with the re-
sults of Galeazzo et al. (2018), and it confirms that, unlike
what typically happens in polluted plumes, the availability of
H2O2 in such a volcanic plume rapidly becomes insufficient
to substantially contribute to SO2 oxidation. Therefore, our
conclusion is that this oxidation pathway should be included
in all modelling studies dealing with the aqueous oxidation
of volcanic SO2.

We have tested the impact of the H2O/SO2 ratio using the
following four hypotheses: no volcanic water, H2O/SO2 =

200/1, H2O/SO2 = 300/1 and H2O/SO2 = 400/1. These
tests confirm that, depending on the H2O/SO2 ratio and
on the background atmospheric condition, the presence and
quantity of volcanic water vapour potentially has a strong im-
pact on sulfate formation. In our case study, the formation of
sulfate with H2O/SO2 = 400/1 is 80 % stronger than in the
simulation with no volcanic water and 40 % stronger than in
the simulation with H2O/SO2 = 200/1; therefore, in some
cases, such as mid-tropospheric plumes, including volcanic
water may be necessary to correctly represent the conversion
of volcanic SO2 into sulfate aerosols. Apart from the above-
mentioned change in the overall quantity of sulfates formed,
the localised formation of a liquid-containing volcanic plume
may generate strong maxima in the sulfate AOD (∼ 0.1 in
our case study); in contrast, in the case devoid of volcanic
water sulfate, the AOD never exceeds ∼ 0.005, which is far
from any instrumental detection threshold. These sensitivity
tests suggest the strong sensitivity of liquid-phase SO2 ox-
idation to the injection height of the plume: if the plume is
too low, volcanic water input may not be sufficient to reach
saturation (due to the warm ambient temperature), but if the
plume is too high, temperatures will be too cold to permit the
formation of a liquid aqueous phase. Therefore, our conclu-
sion regarding the strong sensitivity of SO2 oxidation to the
H2O/SO2 ratio may hold only for mid-tropospheric plumes,
such as the one in our case study. This does not mean that
the impact of volcanic water on chemistry is not relevant at
higher altitudes; on the contrary, the influence of gas-phase
volcanic water vapour may still be of interest in the case of
upper-tropospheric or stratospheric plumes, where an addi-
tional input of water vapour would enhance the formation of
OH.

Apart from the sensitivity to uncertainties concerning the
physicochemical processes and the forcings that we have dis-
cussed above, representation of SO2 oxidation in volcanic
plumes is also sensitive to the discretisation strategies and to

the numerical schemes that are used. For example, our sensi-
tivity tests show that reducing excessive numerical diffusion
by using an anti-diffusive transport scheme such as Després
and Lagoutière (1999) can change the structure of the mod-
elled plume strongly and in a complex way. In our case, re-
ducing diffusion leads to a reduction in total production of
sulfates, although with sharper gradients and stronger peaks
in concentration and AOD. Due to chemical nonlinearities
(e.g. the reduced availability of OH in the plume), reducing
numerical diffusion can change the quantitative and qualita-
tive properties of the resulting sulfate plume in a much more
subtle way than just spreading the plume over a greater vol-
ume, as observed in Lachatre et al. (2020b) for an inert tracer.
This confirms that chemistry transport modellers should pay
attention to reducing the numerical diffusion in their model,
not only because excessive numerical diffusion will affect
the spread of the plumes but also, as we have shown here,
because it will affect chemistry in a nonlinear way, which in
turn affects the AOD and, therefore, the radiative effect of
particles.

This study shows the need to better constrain several pa-
rameters that we have shown to be crucial in the represen-
tation of the chemical behaviour of volcanic plumes in the
atmosphere. For example, it is critical to have better obser-
vational estimates of the H2O/SO2 ratio in an eruptive con-
text. We also confirm the box model results of Galeazzo et al.
(2018), which suggest that the impact of transition metals
in the liquid-phase oxidation of volcanic SO2 is substantial.
This highlights the need to better constrain volcanic emis-
sions of Fe(III) and Mn(II) in the atmosphere and their sub-
sequent repartition between volcanic ash and the aqueous
phase. As has been shown by Hoshyaripour et al. (2014),
emissions of these transition metals can vary greatly among
different volcanic environments. Therefore, our results call
for better constraints on the quantities of dissolved Fe(III)
and Mn(II) in volcanic cloud water via field measurements
and further experimental studies. In the case of Mount Etna,
this quantification could be performed with more sampling
and analyses of their contents in ash and plume samples
through the use of passive traps. To be comprehensive, this
sampling would have to be done at different distances from
the craters, both during passive degassing periods and dur-
ing eruptions. The present study also highlights the need to
find ways to reduce numerical diffusion in chemistry trans-
port models by not only using better numerical strategies, as
shown here, but also by examining other approaches such as
adaptive mesh refinement in both the horizontal and vertical
dimensions.
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Appendix A: Supplementary tables and figures

Figure A1. The SO2 vertical profile of emission for the 12 April 2012 Mount Etna volcanic eruption showing (a) the emission distribution
following a skewed distribution and (b) the emissions in the model after adaptation to the vertical grid used in CHIMERE (shown as red
boxes).

Figure A2. The CHIMERE simulation domain contains 874× 624 cells at a 2.25 km resolution.
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Figure A3. The SCLW and ice fraction depending on temperature.

Figure A4. Water apportionment between its various states: (a) SCLW, (b) ice and (c) water vapour.
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Table A1. Synthetic list of the 13 simulations performed in this study and their description.

Simulation label Description

Background Simulates the atmosphere as it would be without a volcanic eruption (no emissions of volcanic
SO2, volcanic water or volcanic transition metals).

Dry Simulates the atmosphere as it would be with emissions of volcanic SO2 but without emissions
of volcanic water and volcanic transition metals.

No SCLW Simulates the atmosphere as it would be with emissions of volcanic SO2 and volcanic water, but
volcanic water is not allowed to contribute to a liquid phase. No emissions of transition metals.
“No SCLW” stands for “no supercooled liquid water”.

No TMaq Simulates the atmosphere as it would be with emissions of volcanic SO2 and volcanic water.
Volcanic water is allowed to contribute to a liquid phase. No emissions of transition metals.
“No TMaq” stands for “no transition metals in aqueous phase”.

Reference Reference simulation, including emissions of volcanic SO2, volcanic water and volcanic tran-
sition metals. Volcanic water is permitted to contribute to a liquid phase. The H2O/SO2 mass
emission ratio is set to 300.

WV200 Same as Reference but the H2O/SO2 mass emission ratio is set to 200.
“WV200” stands for “water vapour 200”.

WV400 Same as Reference but the H2O/SO2 mass emission ratio is set to 400.
“WV400” stands for “water vapour 400”.

Dry 8.5 km Same as Dry but the volcanic plume is released at 8500 m a.s.l instead of at 8000 m a.s.l.

Reference 8.5 km Same as Reference but the volcanic plume is released at 8500 m a.s.l instead of at 8000 m a.s.l.

Background VL Same as Background but using the advection scheme of Van Leer (1977) instead of that of
Després and Lagoutière (1999)

Dry VL Same as Dry but using the advection scheme of Van Leer (1977) instead of that of Després and
Lagoutière (1999).

Reference VL Same as Reference but using the advection scheme of Van Leer (1977) instead of that of Després
and Lagoutière (1999).
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Figure A5. Results from the various simulations performed with respect to (a) SO2−
4(p)(kt), (b) supercooled liquid water (kt), (c) the minimum

volume (km3) ⊂ 25 % of SO2−
4(p) mass, (d) the AOD for plume ⊂ 25 % of SO2−

4(p) mass and (e) the OH radical (t). The Reference simulation
is the closest to a realistic case.
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