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Abstract: We investigated the role of the passive volcanic plume of Mount Etna (Italy) in the formation
of new particles in the size range of 2.5–10 nm through the gas-to-particle nucleation of sulfuric
acid (H2SO4) precursors, formed from the oxidation of SO2, and their evolution to particles with
diameters larger than 100 nm. Two simulations were performed using the Weather Research and
Forecasting Model coupled with chemistry (WRF-Chem) under the same configuration, except for the
nucleation parameterization implemented in the model: the activation nucleation parameterization
(JS1 = 2.0 × 10−6 × (H2SO4)) in the first simulation (S1) and a new parameterization for nucleation
(NPN) (JS2 = 1.844 × 10−8 × (H2SO4)1.12) in the second simulation (S2). The comparison of the
numerical results with the observations shows that, on average, NPN improves the performance
of the model in the prediction of the H2SO4 concentrations, newly-formed particles (~2.5–10 nm),
and their growth into larger particles (10–100 nm) by decreasing the rates of H2SO4 consumption
and nucleation relative to S1. In addition, particles formed in the plume do not grow into cloud
condensation nuclei (CCN) sizes (100–215 nm) within a few hours of the vent (tens of km). However,
tracking the size evolution of simulated particles along the passive plume indicates the downwind
formation of particles larger than 100 nm more than 100 km far from the vent with relatively high
concentrations relative to the background (more than 1500 cm−3) in S2. These particles, originating
in the volcanic source, could affect the chemical and microphysical properties of clouds and exert
regional climatic effects over time.

Keywords: new particle formation; nucleation; CCN; volcanic passive plume; Mount Etna; WRF-Chem

1. Introduction

Volcanic eruption and passive degassing are among the main natural sources of several
atmospheric gaseous species and particles, primarily emitted or secondarily newly-formed
particles [1]. The annual global volcanic emission flux of sulfur dioxide (SO2) reaches
9.2 Tg/year [2]. For sulfates from volcanic SO2 and sulfates such as ammonium bisul-
fate (NH4HSO4), this value reaches 10 and 21 Tg/year, respectively [3,4]. Although the
anthropogenic SO2 source intensity is about five times greater than volcanic emissions,
the radiative effects of volcanic sulfates are only slightly weaker than those induced by
anthropogenic sulfates. This potential impact on climate arises from the higher efficiency of
volcanic sulfur at producing sulfate aerosols, which is thought to be 4.5 times higher than
that of anthropogenic sulfur because volcanic SO2 molecules released at high tropospheric
altitudes feature a longer residence time; this is mainly due to their appreciably lower dry
deposition rate compared to that of anthropogenic SO2 emitted at surface level [5,6]. Natu-
ral variability in the composition of the atmosphere related to volcanic activity, especially
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the emission of ash and SO2 flux (which further transforms to sulfuric acid (H2SO4) and
water vapor (H2O)), changes the atmospheric albedo and solar radiation budget (direct
effect). Gaseous volcanic emissions also contribute to increasing the number of aerosol
particles through gas-to-particle conversion processes, and therefore impact the concen-
trations of potential cloud condensation nuclei (CCN) and ice nucleating particles (INP),
with a subsequent effect on cloud properties, resulting in local or regional climate change
(the so-called indirect effect of aerosols) [7–12]. An increase in CCN, for clouds of equal
liquid water content, enhances the concentration of cloud droplets and reduces their size.
This results in an increase in cloud albedo. Aerosols also affect cloud thickness and lifetime,
leading to precipitation [13–15].

The New Particle Formation (NPF) process is an atmospheric phenomenon including
the formation of nanometer-sized clusters through the gas-to-particle chemical mecha-
nisms and their subsequent growth to larger sizes [16,17]. These clusters may grow via
condensation to sufficiently large sizes (~100 nm) to act as cloud condensation nuclei
(CCN) [18]. NPF is an effective source of CCN in both the free troposphere (FT) and the
planetary boundary layer (PBL) [19,20]. A review of previous studies shows that up to 50%
of global CCNs are attributable to nucleation [21]. Evidence of new particle formation has
been reported in highly polluted urban areas and even in fresh plumes with sufficient OH
concentrations [22]. In field studies across Asia, new particles (3–4 nm) have been observed
in both anthropogenic and volcanic plumes with high H2SO4 concentrations [23]. From
the numerical approach, a new aerosol model representation with 20 size bins between
1 nm and 10 µm and activation-type and kinetic nucleation parameterization is introduced
into the Weather Research and Forecasting Model coupled with chemistry (WRF-Chem
model; [24]). The results of this study indicate that NPF contributed 20–30% of the conden-
sation nuclei concentrations (>10 nm in diameter) in and around the urban environment of
Beijing, on average. NPF suppresses the increases in both the size and hygroscopicity of
pre-existing particles through the competition of condensable gases between new particles
and pre-existing particles [25]. Lupascu et al. [26] found that at a supersaturation of 0.5%,
the freshly nucleated particles could explain up to 20–30% of predicted CCN, depending
on location and the specific nucleation parameterization. In a similar study, the WRF-Chem
model, which represents an aerosol size distribution between 1 nm and 10 µm, is used
for the study of the frequency of new particle formation and concentrations of aerosols
including both condensation nuclei and cloud condensation nuclei within the boundary
layer in East Asia in spring 2009. The results of this work show that the nucleation process
depends on the availability of SO2 and H2SO4, and atmospheric conditions (high-pressure
systems) [27]. The investigation of the NPF in the urban boundary layer using CERN
CLOUD chamber (Cosmic Leaving Outdoor Droplets, [28]) and mixtures of anthropogenic
vapors (H2SO4, ammonia, dimethylamine, NOx, ozone, water, and several anthropogenic
volatile organic compounds) indicates that the formation of sulfuric acid-base clusters is
the first stage in the NPF process [29].

Two processes determine the NPF process: (1) the formation of molecular clusters by
nucleation, and (2) subsequent growth of clusters to CCN aerosols (larger than 100 nm) [30].
Sulfuric acid, formed from the oxidation of SO2 through different chemical reactions, in-
cluding OH-SO2 reaction [31], catalytic oxidation of SO2 inside the volcanic dome [32],
high-temperature chemistry in the gas phase [33], and aqueous production from SO2 [34],
is known to be a key species in these processes [35]. The formation of sulfuric acid and
its concentration depends on the oxidation rate of SO2 and its concentration, which can
be significant in volcanic plumes, both during eruptions and in passive plumes [35,36].
Volcanoes are usually viewed as a source of stratospheric aerosols. This is true of major
explosive eruptions, but degassing volcanoes are continuous sources of SO2 in the tropo-
sphere. Emissions of gaseous species may remain significant, likely to contributing to the
formation of new particles [37]. Global modeling studies of new particle formation indicate
that volcano eruption can be an important source of new particles in the troposphere, at
least on a regional scale [38]. Volcanic aerosols include components either directly released
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or formed over a seconds–minutes time scale after the release of the hot gas mixture from
the vent. This contrasts with the secondary sulfate aerosols that are formed by atmospheric
oxidation of SO2 over typically hours to days [15]. Evidence of “volcanically” induced
NPF from volcanic emission is reported in previous field studies, which show the essential
role of sulfuric acid in this process [37,39–41]. A significant contribution of the particles
formed in the piton de la Fournaise volcanic plume to the budget of potential CCN at the
Maïdo observatory (La Réunion Island), located ~40 km from the vent of the volcano is
demonstrated [42]. Similarly, several NPF events triggered by air masses coming from
volcanic emissions were reported at Chacaltaya mountain station in Bolivia, and it was
proven that all the nucleation events observed during the volcano activity were triggered by
sulfuric acid and ammonia [43]. From the numerical approach, the formation and evolution
of particles in volcanic plumes were studied using an aerosol microphysics model [38].
Simulation results indicate that newly-formed particles can grow to CCN-sized within
about one day because of relatively high precursor gas concentrations in the volcanic
plume. Numerical simulations using the two-moment version of the Global Model of
Aerosol Processes (GLOMAP-mode; [44–47]) with binary homogeneous H2SO4-H2O nucle-
ation scheme [48] show that tropospheric volcanic degassing increases global annual mean
cloud droplet number concentrations [49]. Similarly, numerical results using the Mesoscale
Non-Hydrostatic model (Meso-NH [50]), with the implementation of the homogeneous
binary nucleation scheme developed in [51], showed that volcanic passive plumes have a
significant impact on CCN formation and increase the number of CCN, and depending on
the plume location, the aerosols act as CCNs at different distances from the vent [52]. In this
study, particle numbers are evaluated in two different modes: Aitken mode (particles with
diameters less than 50 nm) and accumulation mode (aerosols with diameters between
50 and 300 nm), which do not cover particles with diameters less than 20 nm. However,
in these studies, the number of new particles (2.5–10 nm) and their climatic impacts are
underestimated due to the deficiencies in applied nucleation schemes.

The simulation of new, ultra-fine particle concentrations with acceptable accuracy is
the first step in the reliable prediction of volcanic particles’ role in CCN concentrations.
Current mesoscale models coupled with chemistry with default configuration are not
practical for the main purpose of the current project. For instance, the default nucleation
rates in the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) in WRF-
Chem (version 3.9) are the Wexler binary H2SO4-H2O nucleation scheme [53] and ternary
H2SO4-H2O-NH3 nucleation rates [54,55]. It is proven that these nucleation schemes show
deficiencies in the simulation of newly-formed particles with diameters less than 10 nm.
The binary nucleation scheme underestimates the magnitude of the observed particle
formation rate by 7 to 8 orders [39,56,57]. The activation nucleation parameterization
based on H2SO4 concentration can be used for the evaluation of new particle formation
rates in numerical models (for example, [58] (coupled with the NCAR CAM3 atmospheric
circulation model [59], and the LLNL/Umich IMPACT aerosol model [60]); [61] (GLOMAP
aerosol microphysics model); [62] (the global aerosol-climate model ECHAM5-HAM); [63]
(GEOS-Chem-TOMAS model)). In this scheme, J is the formation rate of clusters at 1 nm:
Activated-type nucleation: J = 2.0 × 10−6 × (H2SO4) [64,65]. Similarly, a simple power-law
model for the 3 nm ultra-fine particles formation rate (J = K × (H2SO4)P) was tested in
diverse continental and marine atmospheric environments. p = 2 and K ranges from 10−14

to 10−11 cm3 s−1 were suggested to be used in global climate models [66]. However,
in these studies, the nucleation rate is validated in the boundary layer and for anthro-
pogenic emission sources, but not in the FT and volcanic emission conditions with the high
temperatures and complex chemical reactions inside the plumes.

In this study, numerical results using new parameterization of nucleation (NPN) ([37];
J = 1.844 × 10−8 × [H2SO4]1.12) are evaluated against the activation parameterizations
of nucleation (J = 2.0 × 10−6 × (H2SO4)) in the passive plume of Etna volcano with
considerable observed SO2 emission flux and sulfuric acid concentrations. The WRF-Chem
model is applied for high-resolution numerical simulations (Section 2.2). This is the first
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step in the numerical assessment of the passive volcanic plume’s role in new particle
formation rate and evolution and growth of these particles. The NPN for the activation
nucleation is derived from new field measurements of SO2, H2SO4, and particles through
different size distributions using equipped and up-to-date tools (Section 2.1). The access
to these data provides an opportunity to evaluate the performance of the WRF-Chem
mesoscale numerical model in a volcanic passive plume for the first time, especially in
terms of newly-formed ultra-fine particles with diameter less than 10 nm through the gas to
particles nucleation process, which is not well documented from the numerical perspective
in previous literature. In addition to the continuous source of SO2 emission, lower removal
sinks for new particles in FT relative to PBL [37] make Etna passive plume a suitable
case study to carry out a comprehensive numerical analysis of the new particle formation
processes and their growth to CCNs.

This paper is organized as follows. Section 2 describes the observation data, the model
set-up, and the numerical experiments. The results are presented in Section 3. Section 4
provides conclusions and the outlook for future studies.

2. Materials and Methods
2.1. An Overview of the Case Study, Measurements and New Parameterization of Nucleation

Etna volcano (3330 m above the sea level, located at 37.748◦ N, 14.99◦ E; Italy) is the
largest regional source of gas and particles that are transported in the FT by winds for long
distances covering a significant portion of the Mediterranean Sea [67]. A study performed
in the context of the Aerosol Comparisons between Observations and Models (AEROCOM)
program [68], reported that when considering the daily SO2 emissions and plume heights
above the vent for 1167 volcanoes from 1 January 1979 to 31 December 2009, Etna was the
largest contributor, with more than 45 Tg. This was also evidenced by the NASA Modeling,
Analysis, and Prediction (MAP) program [69,70].

The particle formation rate as a function of sulfuric acid concentration under volcanic
plume conditions was examined by [37] from the aircraft measurements performed dur-
ing the STRAP (Synergie Transdisciplinaire pour Répondre aux Aléas liés aux Panaches
Volcaniques) project in the period of 15–16 June 2016 over Etna and Stromboli volcanoes.
The French research aircraft (ATR-42) was equipped with a range of instrumentation equip-
ment, allowing the measurement of particle number concentrations over a broad size range
and the monitoring of several gaseous species with a time resolution of 1 s. In particular,
measurements from two particle counters, with cut-off diameters of 2.5 nm (Condensation
Particle Counters (CPC); TSI 3788; [71]) and 10 nm (the Condensation Particle System
(COPAS) CPC [72]) were used in this study, together with the particle number size dis-
tributions retrieved by a passive cavity aerosol spectrometer probe (PCASP100X V3.11.0,
Droplet Measurement Technologies, boulder, CO, USA) in the range between 100 nm and
3 µm. In the gas phase, specific attention was paid to SO2 mixing ratios measured with a
UV fluorescence analyzer (Teledyne API T100U, San Diego, CA, USA) and sulfuric acid
concentrations obtained from an atmospheric pressure interface time-of-flight mass spec-
trometer (APi-TOF, Aerodyne Research Inc. and TOFWERK AG, Thun, Switzerland; [73])
equipped with a specific inlet dedicated to airborne measurements. For more details about
the deployed airborne instruments, see [37], Section 2.3.

The NPN was derived from the comprehensive investigation of the new particle
formation rate based on the measurements of SO2, H2SO4, and particles in natural passive
plumes of Etna and semi-active Stromboli and defined as J = 1.844× 10−8 × (H2SO4)1.12 [37].
This NPN shows reliable accuracy for predicting the role of sulfuric acid on observed newly-
formed particles.

2.2. Model Configuration
2.2.1. Domain Characteristics

The WRF-Chem, model version 3.9, was used for high-resolution numerical sim-
ulations over three nested domains (with increasing spatial resolution: 9, 3, and 1 km
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resolution for d01, d02, and d03, respectively; Figure 1). The topography data for the inner-
most domain were extracted from a high-resolution SRTM dataset (the NASA Shuttle Radar
Topographic Mission 90 m Digital Elevation Data) at 3 s (about 100 m) horizontal resolution
(https://srtm.csi.cgiar.org/, accessed on 15 December 2020) and the land use data used a
CORINE (coordination of the information on the environment) Land Cover inventory with
33 different land use/land cover classes. For the two outermost domains (d01 and d02), the
USGS (United States Geological Survey) land cover dataset was used. Meteorological initial
and boundary conditions were taken from the ERA5 reanalysis data [74] with a temporal
resolution of 6 h. The chemical boundary conditions for d01 and initial conditions for the
three domains were produced from the Model for Ozone and Related chemical Tracers,
version 4 (MOZART-4) [75]. The data from the coarse domains were used for inner domain
boundary conditions. The model configuration details are available in Table 1.

Figure 1. The extent of three domains with horizontal resolution of 9 (d01), 3 (d02) and 1 km (d03) and
terrain heights (in meters), and the location of Etna (37.748◦ N, 14.99◦ E; Italy) in the third domain.

Table 1. WRF-Chem Configuration.

13 June 2016 (00:00 UTC)–15 June 2016 (13:00 UTC)
2 days spin-up (13 June 13 (00:00 UTC) to 15 June (00:00 UTC))

Horizontal spacing (grid points)Vertical spacing d01: 9 km (223 × 223), d02: 3 km (232 × 256), d03: 1 km (385 × 304)
72 full Eta levels/Model top level: 50 mb

Time steps Meteorology (seconds): 45 (d01), 15 (d02), 5 (d03); Chemistry: 5 min;
Photolysis: 30 min

Microphysics Morrison 2 moment scheme [76]

Radiation Long Wave: RRTM [77]; Short Wave: Dudhia scheme [78]

Planetary Boundary Layer Yonsei University scheme [79]

Land Surface Model Noah Land Surface Model [80]

Surface Layer Revised MM5 Monin–Obukhov scheme [81]

Cumulus parameterization Kain -Fritsch (new Eta) scheme [82] only for domain 1

Aerosol model Developed MOSAIC scheme (12 bins aerosol size distribution; see Table 2)

https://srtm.csi.cgiar.org/
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Table 1. Cont.

Gas-phase Chemistry SAPRC99 [83]; no aqueous phase chemistry

Photolysis Madronich F-TUV [84]

Initial condition (meteorology)
Initial condition (chemistry)

ERA5 (forcing every 6 h)
MOZART-4 [75]

Model Experiments
NO-VOLCANO: does not include volcano-related SO2 flux
S1. Activated-type parameterization (JS1 = 2.0 × 10−6 × [H2SO4])
S2. New parameterization of nucleation (JS2 = 1.844 × 10−8 × (H2SO4)1.12)

Observation (ETNA13) [37]

Date: 15 June 2016
Take-off—landing time (UTC): 10:43–11:17
Latitude: 37.651 N–37.868 N
Longitude: 14.969 E–15.515E
Altitude range (m): 1917–3625 (free troposphere)

Table 2. The 12 modified sectional aerosol bins (1 nm–10 µm) in the MOSAIC scheme in WRF-Chem,
and the size distribution of available observations (flight ETNA13); dp refers to particles’ diameter.
The size ranges indicated in bold are used for the model validation.

Modified 12 Sectional Aerosol Bins (1 nm–10 µm)
Observations Name (Unit)

Bin Lower Edge Diameter (µm) Upper Edge Diameter (µm) Center (µm)

01 1.0 × 10−3 (1.0 nm) 2.15 × 10−3 (2.15 nm) 1.47 × 10−3 -
02 2.15 × 10−3 (2.15 nm) 4.64 × 10−3 (4.64 nm) 3.16 × 10−3

~2.5 nm < dp < 10 nm N2.5-10 (cm−3)03 4.64 × 10−3 (4.64 nm) 1.00 × 10−2 (10 nm) 6.81 × 10−3

04 1.0 × 10−2 2.15 × 10−2 1.47 × 10−2

10 nm < dp < 100 nm N10-100 (cm−3)05 2.15 × 10−2 4.64 × 10−2 3.16 × 10−2

06 4.64 × 10−2 0.100000009 6.81 × 10−2

07 0.100000009 0.215443417 0.14678 ~100 nm < dp < 200 nm N100-200 (cm−3)
08 0.215443417 0.464158833 0.316228 200 nm < dp < 400 nm
09 0.464158833 1.00000012 0.681292 400 nm < dp < 1 µm
10 1.00000012 2.15443444 1.467799 1 µm < dp < 2 µm
11 2.15443444 4.64158869 3.162277 2µm < dp < 3 µm
12 4.64158869 10 6.812921 -

2.2.2. Emissions

WRF-Chem has proven to be an excellent candidate for the prediction of the forma-
tion, transport, dispersion, and sedimentation of different types of natural emissions [85].
A small number of recent studies focused on the effects of volcanic emissions within the
atmosphere for eruptions or passive degassing at various volcanoes: Kasatochi volcano,
2008 [86], Eyjafjallajökull volcano, April–May 2010 [87], Etna volcano, 2015 [8], Grimsvötn
volcano, 2011 [88], Eyjafjallajökull volcano, 2010 [89], and Mount Redoubt volcanic ash
clouds using coupled PUFF and WRF-Chem dispersion models, 2009 [90]), as well as gas-
phase species, aerosol, and cloud properties [9,91]. In some of these studies, a module [85]
was implemented to WRF-Chem to generate volcanic ash and sulfur dioxide emitted during
the volcanic eruptions and passive degassing from a global emission database [92], based
on field regional observations.

The work described hereafter is focused on the passive degassing of the Etna volcano
observed on 15 June 2016 (as described in Section 2.1; Table 1) where only the products
of passive emissions (no ash) could be recorded [37]. To accurately represent the level of
sulfur dioxide emission, we did not use the global emission database [92]. Nevertheless,
in a similar way, a continuous source of SO2 mass flux was introduced to the model at
the nearest grid point to the real Etna coordinates (located at 37.748◦ N, 14.99◦ E; 3330 m
above the sea level) at every meteorological time step. However, due to the spatial reso-
lution of the model and the mismatch between the topography heights considered in the
model and the real values, the location of the simulated volcanic plume showed horizontal
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and vertical shifts (see Section 2.3 for more details). A series of test runs (not shown)
were performed with various SO2 emission mass fluxes (including 5.47 × 105, 4.1 × 105,
3.485 × 105 and 2.87 × 105 mol km−2 h−1) according to the values reported in previous
research for Mount Etna (0.6–2 kt/day: [93,94]). The results were evaluated to access the
reliable agreement between the simulated SO2 concentrations and the available obser-
vation data (as the first chemical species in the loop of reactions results in new particle
formation inside the volcanic plume). Finally, SO2 emission from Etna was considered a
continuous mass flux of 2.87 × 105 mol km−2 h−1. To accurately characterize the formation
of volcanic new particles, both anthropogenic and biogenic emissions are ignored in the
model configuration.

2.2.3. Aerosol Properties

The MOSAIC aerosol module was used for aerosol-related processes. Since the default
8 bin structure in this module features a diameter range of 39 nm –10 µm, which is much
larger than the reported sizes of newly-formed particles (~1–2 nm), the default module
was developed into a 12 bin aerosol size distribution (1 nm–10 µm) in the modified version
of the model (following the approach in [25–27]) to explicitly track the formation and
evolution of simulated new particles with diameters less than 10 nm (see Table 2 for more
details). The aerosol species in MOSAIC included sulfate, nitrate, ammonium, sodium,
chloride, calcium, carbonate, other inorganics (i.e., dust), methane sulfonate, elemental
carbon, primary organic aerosols (POAs), and aerosol water [95]. Secondary organic
aerosols (SOAs) are represented by the simplified volatility basis-set (VBS) approach of [96],
with additional updates for biogenic SOA yields [97].

2.2.4. Chemical Reactions

For the Statewide Air Pollution Research Center (SAPRC-99) chemical mechanism, no
aqueous phase chemistry is used in the model configuration. Since this study is focused on
the NPF, and the reported cloud content was close to zero during the STRAP campaign,
no aqueous phase chemistry was applied, but in future works, this option needs to be
activated (see Section 4 for more details). The SAPRC-99 detailed atmospheric chemical
mechanism for VOCs (volatile organic compounds) and NOx (nitrogen oxides) represents
a complete update of the SAPRC-90 mechanism of [83]. The chemical reaction for H2SO4
production in this module is the OH-SO2 reaction:

OH (hydroxyl radical) + SO2 → HO2 (hydroperoxyl radical) + H2SO4 + “biogenic VOC precursors”

The production of OH begins with the generation of excited states of atomic oxygen
from the ozone and diatomic oxygen via photolysis during the day [98,99] or direct emission
from the vent [31]. The initial background and boundary condition concentrations of OH,
HO2, hydrogen peroxide (H2O2), and ozone (O3) as the key chemical elements in the chain
of reactions related to the consumption and production of OH in the SAPRC-90 mechanism
chemical mechanism were updated using MOZART-4.

2.2.5. Model Experiments

The simulation period included three days (two days of spin-up between 13 June 2016
(00:00 UTC) and 15 June 2016 (00:00 UTC) and lasted until 15 June 2016, 13:00 UTC). In the
following sections, the analysis is focused on the period between ~10:45 and 11:15 UTC
(15 June), during which measurements are available for the model validation (Table 1;
Section 2.1).

Two simulations were performed with different expressions of the nucleation rate (J)
from (H2SO4). In the first simulation (S1), JS1 was considered activation-type [64,65] and
follows the expression: JS1 = 2.0 × 10−6 × (H2SO4). In the second simulation (S2), the
newly-developed NPN parameterization [37] was applied: JS2 = 1.844× 10−8 × [H2SO4]1.12.
Note that another simulation named NO-VOLCANO was performed, using the same
configuration as S1 but without considering volcanic SO2 emission, to assess the numerical
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performance of the model and track the temporal variations of the precursor background
concentrations (underlying chemistry) and the number of pre-existing particles.

Note that due to the computational constraints for performing the simulations with
high spatial (1 km) and temporal (5 s meteorological time step) resolutions as well as
using a 12 bin aerosol scheme (instead of the default 4 or 8 bin) with considerable extra
computational time, a higher time step for the chemistry (5 min) relative to meteorology
(45 s in the third domain) was considered, which further affected the atmospheric advection
and transportation of chemical species.

2.3. Model Validation Method: Observations vs. Simulations

For the detailed analysis of the numerical results, the WRF-Chem outputs were saved
with a high temporal resolution of 5 min between 10:45 and 11:15 (UTC). For the model
validation, first, numerical results were interpolated over measurement heights (horizontal
interpolation) and then over times in the geographical locations (latitude/longitude) of
observation points along the ETNA13 aircraft flight path in [37] (see Figure 2). The results of
S1 and S2 were evaluated against the observations for SO2, H2SO4, and particle concentra-
tions in different size ranges. Since no aircraft measurements are available for particles with
diameters less than 2.15 nm (bin01 of the size distribution in the model; see Table 2), three
distinctive ranges were considered for the model validation to access the main purpose of
this study: ~2.5–10 nm newly-formed particles (N2.5–10; corresponding to bin02 + bin03),
particles in the range between ~10 and 100 nm, corresponding to nucleation and Aitken
mode particles (N10–100; corresponding to bin04 to bin06), and ~100–200 nm CCN-sized
particles (N100–200; corresponding to bin07) (see Table 2 for more details). Statistics such
as minimum, maximum, first quartile (Q1), median, and third quartile (Q3) were used to
assess the mean and the spread for the mentioned chemical species and particle size ranges
(Table 3).

Figure 2. Vertical (a) and horizontal (b) tracks of the ATR-42 ETNA13 flight (STRAP project) showing
the measured SO2 (ppbv) concentrations. In addition to (b), the sub-panels in (c) illustrate the three
distinctive legs (flight parts) of the aircraft’s trajectory (see Section 2.3 for more details). The black
lines are geographical borders of the Sicily Island, Italy.
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Table 3. Statistical comparisons of measured and simulated key species concentrations in S1 and S2
(Approaches 1 and 2 are described in detail in Section 2.3 and 3.2.2).

SO2 (ppbv)
(Approach 1)

H2SO4 (Molecules cm−3)
(Approach 1)

H2SO4 (Molecules cm−3)
(Approach 2)

OBS S1 S2 OBS (×108) S1 (×108) S2 (×108) S1 (×108) S2 (×108)
Mean 21.30 15.93 16.92 3.34 6.60 7.79 3.20 3.38

Q1 5.26 3.96 4.82 1.43 3.48 3.71 1.58 1.58
Median 12.75 12.25 13.14 3.71 5.72 6.46 3.85 3.85

Q3 26.05 21.64 22.50 4.93 7.14 9.12 4.73 5.23
Max 92.41 110.88 106.74 6.78 28.5 31.7 5.55 6.98
Min 1.36 0.15 0.15 0.86 0.31 0.31 0.34 0.35

~2.5–10 nm sized particles (cm−3)
(Approach 2)

10–100 nm sized particles (cm−3)
(Approach 2)

~100–200 nm sized particles (cm−3)
(Approach 2)

OBS (×103) S1 (×103) S2 (×103) OBS (×103) S1 (×103) S2(×103) OBS S1 S2
Mean 5.78 17.67 7.43 6.83 20.63 15.73 831.29 569.38 599.69

Q1 0.49 6.39 2.86 0.69 5.61 4.14 582.66 511.11 521.50
Median 1.21 11.21 5.79 2.09 19.75 14.52 929.71 559.42 589.95

Q3 6.08 40.0 11.17 10.07 31.17 25.57 1189.22 608.39 672.56
Max 95.50 93.40 26.46 31.33 64.32 39.72 2200.74 802.16 851.53
Min 0.00113 0.037 0.003 0.13 2.47 2.42 19.36 430.86 437.05

The accurate detection of degassing volcanic plumes is a challenging process through
field measurement because these diluted plume feature no distinctive boundaries to catch
easily. However, it is completely traceable through simulations because of the significantly
higher SO2 and H2SO4 concentrations in the plume relative to the ambient air (Figure 3).
As shown in Figure 2, the aircraft flight can be divided into three legs. The first was
performed at an almost constant altitude (2700 to 2900 m) in a sinuous trajectory to discover
the plume core and its boundaries (corresponding to flight part 1 in Figure 2)’; the second
leg included the aircraft ascent and turning around the vent at about 3500 m (flight part 2
in Figure 2); and the last leg included the descent of the aircraft down to altitudes lower
than 2100 m (flight part 3 in Figure 2). From these figures, the Etna passive plume seems
to be extended vertically between 2000 and 3600 m, and horizontally to more than 50 km
far from the vent. The minimum observed value for the SO2 concentration was 1.36 ppb,
outside the plume, which contrasts with the maximum of 92.4 ppb reached at an altitude
above 3 km (flight part 3), when the aircraft was likely in the center of the plume (see also
Table 3). As reported by Sahyoun et al. [37], sampling was not performed in the center of
the plume at the location of the vent, where the highest amounts of SO2 are expected; the
maximum concentration was instead observed at a distance of 13 km from the vent.

The true detection of the shape and structure of the simulated volcanic plume and
visualizing the aircraft flight trajectory inside the horizontally and vertically extended
plume were the first steps in this study. Mainly due to the difference between the vent height
considered in the model (2620.62 m) and its real height (3330 m), the simulated passive
plume showed a vertical shift to lower altitudes relative to the observations. To accurately
match the vertical extension of the observed and simulated plumes, the model outputs
were shifted by −700 m. More specifically, in leg 1, the numerical results were interpolated
over a horizontal plate at an altitude of 2100 m (corresponding to the almost constant
altitude of observations minus a vertical shift of 700 m). For legs 2 and 3, where the
flight altitude changed, the documented heights minus the same vertical shift than for
leg 1 were considered. Besides, the wind field and the topography (Figure 3) rotated the
simulated plume to the southeast direction. Indeed, the dominant wind direction during
the day was mainly from the west during the three days of simulations, which resulted
in the eastward transfer of SO2 (Figure 3a,b) and H2SO4 (Figure 3c,d) and volcanic plume
formation. Therefore, the interpolation path was modified horizontally to correctly match
the horizontal extent of the observed plume. As further discussed in the next section, this
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method (hereafter referred to as Approach 1) made it possible to correctly simulate the
levels and spatial variations of the observed SO2.

Figure 3. Simulated SO2 (a,b) and H2SO4 (c,d) concentrations on 15 July 2016 (11:00 UTC) over the
2100 m horizontal cross-section in the third domain (left panels) and downwind zoomed area (right
panels) in simulation S2. Black contours show terrain height (in meters). The arrows on right panels
show wind properties: speed (m s−1) and direction.

3. Results and Discussion
3.1. Sulfur Dioxide Concentrations

The predicted SO2 concentrations are validated against the observations along the
ETNA13 aircraft trajectory in Figure 4a–c, and the spatiotemporal variations (10:45–11:15;
UTC) of the observed SO2 concentrations (black line) are additionally compared with the
simulated values (blue (S1) and red (S2) lines) in Figure 5a. This period was selected as it
included the highest concentrations of newly-formed particles measured during ETNA13
flight ([37]; Figures 2 and 3).

As reflected by the statistics reported in Table 3, the model, on average, reasonably
predicts the SO2 concentrations in both simulations, since the relative difference reached up
to +3.9% for the median (MeanObs = 21.30 ppbv; MeanS1 = 15.93 ppbv; MeanS2 = 16.92 ppbv;
MedianObs = 12.75 ppbv; MedianS1 = 12.25 ppbv; MedianS2 = 13.14 ppbv; note that the
relative difference for the mean reached higher values (−25.2%) because it was more
affected by the few highest values; Table 3). In addition, Figures 4 and 5 show that the
model reasonably captured the extent of the passive plume at more than 50 km from the
vent. In leg 1, the temporal/spatial variations of predicted SO2 concentrations were in
good agreement with the observed values, and, in particular, both simulations show similar
values outside the plume boundaries (<5 ppbv), in an acceptable agreement with observed
values. Although the model tends to underestimate the concentrations in leg 3 (Figure 5a),
the magnitude for the maximum values inside the plume was also well captured by the
model, with higher accuracy in S2 in comparison to S1 (Table 3).
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Figure 4. Evolution of SO2 concentrations (a–c), (H2SO4) (d–i), ~2.5–10 nm-sized newly-formed
particles (N2.5–10) (j–l), 10–100 nm-sized particles (N10–100) (m-o), and ~100–200 nm CCN-sized
particles (N100–200) (p–r) along the aircraft trajectory, using the analysis Approaches 1 or 2 (see
Section 2.3). OBS corresponds to the measurements obtained during the flight ETNA13 (10:45–11:15
UTC). S1 and S2 correspond to simulations that respectively use the activation parameterization for
nucleation and the NPN.

The fast rate of SO2 oxidation, which caused deficiencies in the SO2 advection process
along the simulated plume (see Section 3.2 for more details), an underestimation of wind
speed (MeanObs = 18.76 m s−1 vs. MeanS1&S2 = 11.23 m s−1; MedianObs = 19.29 m s−1 vs.
MedianS1&S2 = 11.9 m s−1), and the temporal delay in the transfer of the accumulated SO2
content close to the vent along the plume, was likely the main source of the differences
between observations and model results. In addition, the mismatch between the time steps
in the meteorology and chemistry parts (as described in Section 2.2.5) and the lower tem-
poral and spatial resolutions in the modeling system relative to the measurements caused
inevitable temporal and spatial shifts relative to the observations in capturing the exact
location of the maximum and minimum values (Figure 5a). Despite these discrepancies,
however, the previous comparison between the observed and simulated SO2 indicates that
the plume’s horizontal thickness, its vertical structure and the bounds of the SO2 values
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were overall well simulated in both simulations, considering the 700 m vertical shift used
for this comparative analysis (described in Section 2.3).

Figure 5. Spatiotemporal variations of simulated SO2 concentrations (a), (H2SO4) (b,c), ~2.5–10 nm
sized newly-formed particles (N2.5–10) (d), 10–100 nm-sized particles (N10–100) (e), and ~100–200 nm
CCN-sized particles (N100–200) (f) obtained using the analysis Approaches 1 or 2 (see Section 2.3).
OBS corresponds to the measurements obtained during the flight ETNA13 (10:45–11:15 UTC), which
can be divided into 3 legs. The white, blue, and grey areas are referred to legs 1, 2, and 3, respectively.
NO-VOLCANO does not include volcano-related SO2 flux; S1 and S2 correspond to simulations,
which, respectively, use the activation parameterization for nucleation and the NPN. Considering the
speed of the aircraft (360 km h−1), 10 s averaged observation data are used in these plots to compare
with the simulation results obtained in 1 km horizontal resolution. The dashed line in plot (a) refers
to altitudes (in meters) during the flight ETNA13.

There are different pathways for the oxidation of SO2 in a passive volcanic plume,
such as OH–SO2 reactions and reactions with H2O2, O3, O2 and halogens such as HOBr.
Some of these reactions are not yet included in global or regional numerical models due
to uncertainties over reaction rates and a lack of reliable observations through which to
extract valid empirical functions [98,100,101]. In this work, the main daytime chemical
reaction that consumes SO2 within a short time is the production of sulfuric acid through
OH-SO2. Therefore, SO2 concentrations follow similar spatiotemporal patterns in S1
and S2 (considering that the emission sources of SO2 feature identical properties and
meteorological factors such as dispersion, dilution, turbulence, and vertical mixing in the
free troposphere are the same in S1 and S2).

It is worth noting here that the amount of initial SO2 injection and temporal variations
of initial SO2 flux, as well as the updraft of the volcanic plume and the vertical resolution
of the model, could be interesting in the future to perform sensitivity tests to quantify their
impacts on the nucleation process and newly-formed particle concentrations, since these pa-
rameters directly affect the evolution of aerosols in the model [102,103]. Uncertainties in the
oxidation rate of SO2 [57,98,104,105] and the OH production rate as the secondary product
of photochemical reactions of ozone could be other deficiencies in numerical simulations.

3.2. Sulfuric Acid Concentrations
3.2.1. Chemical Sources of Sulfuric Acid

The performance of the model in predicting (H2SO4) variations is presented in
Figures 4d–f and 5b. On average, tracking the predicted sulfuric acid concentrations along
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the aircraft trajectory indicates that H2SO4 concentrations were overestimated in both simu-
lations (up to two times higher for the Mean; see Table 3). The minimum observed (H2SO4)
(~0.86 × 108 molecules cm−3) were not well captured, and there was a clear shortcoming in
the prediction of the spatiotemporal variations of sulfuric acid. The assessment of statistics
features such as Q1, median and Q3 calculated from the observations and simulations also
supports the overestimation of sulfuric acid (Table 3). The largest differences were observed
in legs 2 and 3, where (H2SO4) reached more than ~2.5 × 109 molecules cm−3 close to the
vent in both simulations, while the measurements did not exceed ~7 × 108 molecules cm−3

during this part of the flight (Figure 5b and Table 3; MaxObs = 6.78 × 108 molecules cm−3;
MaxS1 = 28.5× 108 molecules cm−3; MaxS2 = 31.7× 108 molecules cm−3). Furthermore, the
highest concentrations were located on the east side of the vent in the model, as expected
considering the eastward wind field; as a probable consequence of this eastward wind,
(H2SO4) seemed to be underestimated on the west side of the vent in both simulations
((H2SO4) < 0.4 × 108 molecules cm−3 compared to the observations in the range between
4.0 × 108 and 5.6 × 108 molecules cm−3). By contrast, at the lower altitude of leg 1, the
simulated concentrations show better agreement with the observations, even though the
minimum values were not well captured (as mentioned before).

Mount Etna is one of the most important continuous emitters of gases such as H2O,
SO2 and less reactive carbon dioxide [106,107], hydrogen sulphide (H2S) [108], and volcanic
bromine monoxide (BrO) [109–111], as well as high-temperature volcanic products such as
Br, OH and NO [110,112]. In a natural volcanic environment, within minutes of emission,
primary volcanic plume aerosols catalyze the conversion of co-emitted HBr and HCl into
the highly reactive halogens BrO and OClO (chlorine dioxide) through chemical cycles,
which cause substantial ozone depletion within the dispersing downwind plume [111,113].
These chemical processes increase the atmospheric lifetime of SO2 and decrease sulfuric
production [112,114]. The sources of the above-mentioned overestimation of (H2SO4) in
our simulations could be the lack of some key volcanic species in model settings such
as halogens, or near-vent high-temperature products, such as OH and Br [112,115]. This
might have resulted in the unrealistic abundance of ozone concentrations and the fast
consumption of SO2 close to the vent, and, in turn, a significant overprediction of (H2SO4)
in the numerical results using the WRF-Chem model, which is also reported by [56].
However, comparing the results with the observations in our case (Figure S1) did not
confirm high concentrations of ozone.

As noted in the previous section, the predicted concentrations of SO2 transported by
wind inside the extended plume were significantly lower than the observations, partic-
ularly in leg 3 (up to ~40 ppbv; Figure 4a–c), which could support the aforementioned
fast rate of SO2 oxidation close to the vent. Furthermore, the underestimation of the wind
speed, as reported in the previous section, could have helped the accumulation of H2SO4
close to the vent. Another reason for the overestimation of (H2SO4) in the model was the
underestimation of the condensational sink compared to observations (Figure S2), as the
simulations included particles originating from NPF in the volcanic plume and ignored
all other possible aerosol sources (for instance, volcanic primary particles that may still
be emitted in low amounts during passive degassing [85], marine aerosols that are likely
present in the surroundings of Sicily [116,117], as well as anthropogenic or biogenic parti-
cles). Furthermore, NPN is validated under (H2SO4) lower than 4.6 × 108 molecules cm−3

when the coagulation process is negligible compared to the strength of the nucleation
rate [37].

3.2.2. Sulfuric Acid: NPF Gas Precursor

Since the accurate prediction of (H2SO4) is a key factor in the analysis of new particle
formation through nucleation processes in volcanic environment (as the main objective
of the current work) and considering the above-mentioned discrepancies between the
observed and simulated H2SO4) (both in terms of absolute values and spatial variability),
we chose to slightly shift our H2SO4 model/observation comparisons, vertically, and search
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for the best match between them. This approach (hereafter referred to as Approach 2) was
applied to be able to quantify the impact of solely the new parameterization of nucleation
without important discrepancies in the main precursor gas species. The resulting new
altitude considered in the model was found at 1500 m for leg 1, i.e., corresponding to
a vertical shift of 1200 m (instead of 700 m, as in Approach 1, described in Section 2.3),
and the same shift of 1200 m was also applied to legs 2 and 3. With Approach 2, the
agreement between the simulated and observed spatiotemporal variations of sulfuric acid
concentrations significantly improved (Table 3; Figures 4g–i and 5c).

Therefore, Approach 2 was used for the investigation of the particle number concentra-
tion reported in the next sections, as, in the absence of other possible sources in the model
set-up, the simulated particles originate from NPF in the plume and are in turn closely
related to the prediction of H2SO4. As shown in Figure 5c, however, slight discrepancies
remained between the simulated and measured (H2SO4) when using Approach 2; in par-
ticular, (H2SO4) tended to be underestimated in the plume core in S1 compared to both
S2 and observations. As discussed below, this was likely related (at least partly) to the
parametrization of the nucleation rate in S1.

Figure 6a shows the differences in in (H2SO4) between S1 and S2 at 2100 m (where the
core of the plume was detected in the simulations by comparing the mean and median of
(H2SO4) over the third domain). The negative values indicate that sulfuric acid concentrations
were higher in S2 (i.e., the simulation with the NPN). NPN (JS2 = 1.844 × 10−8 × (H2SO4)1.12)
decreased the rate of sulfuric acid consumption, which les to higher values for this chemical
species in comparison to S1 (JS1 = 2.0 × 10−6 × [H2SO4]) (considering that sulfuric acid
production rates are the same in both simulations), therefore suggesting that the use of
NPN already contributes to improving the predictive ability of the model with respect
to (H2SO4).

Figure 6. The same as Figure 3b,d, except for differences (S1–S2) in simulated values for (H2SO4) (a),
concentrations of ~2.5–10 nm sized particles (N2.5-10) (b), and concentrations of 10–100 nm-sized
particles (N10-100) (c).

3.3. Impact of New Parameterization on Volcanic Newly-Formed Particles and Their Growth

The results in the previous section indicate that the median of the simulated H2SO4
concentrations was 3.85 × 108 molecules cm−3 using Approach 2. As reported by [99,118],
under these concentrations, new particle formation is expected to occur and is indeed
observed in the passive plume of Etna [37]. According to [31], there are two main sources
of secondary particles inside a dense passive volcanic plume:

1. Secondary sulphate particles generated by the daytime oxidation of SO2 by the OH
radical in the ambient air;

2. Secondary aerosols that form immediately after emission from the vent by the oxida-
tion of SO2 by volcanogenic OH.



Atmosphere 2022, 13, 15 15 of 25

Since volcanic OH is not considered in this study, secondary particles are only gen-
erated by sulfuric acid formed from the volcanic SO2 that reacts with background OH
for oxidation.

The simulated newly-formed particle number concentrations (i.e., N2.5–10) in S1
and S2 were compared with the available observations (derived from CPC and CO-
PAS measurements; see Section 2.1) through Approach 2. As reported in Table 3, on
average, N2.5–10 was overestimated in both simulations (MedianObs = 1.2 × 103 cm−3;
MedianS1 = 11.21 × 103 cm−3; MedianS2 = 5.79 × 103cm−3), but S2 led to more accurate
predictions, with significantly lower differences to the observations relative to S1 (which
was on average one order of magnitude higher than the observations). From the observa-
tions (Figure 5d), the largest N2.5–10, which reached more than 6 × 104 cm−3, were reported
at altitudes between 2700 and 2900 m (corresponding to leg 1). At higher altitudes close
to the vent, this number declined to lower than 1 × 104 cm−3. In terms of magnitude,
the maximum simulated values for these particles (occurring during leg 1) showed an ac-
ceptable agreement with the maximum observed values in S1 (MaxObs = 95.50 × 103 cm−3;
MaxS1 = 93.4 × 103 cm−3), but, as evidenced in Figure 5d, there was a slight shift in the
location of the observed maxima compared to the observations. By contrast, there was
an underestimation of these maxima in S2 (MaxS2 = 26.46 × 103 cm−3), but their location
appeared to be better reproduced. Similarly, the minimum values were captured better
by S2 than by S1 (MinObs =1.13 cm−3; MinS1 = 37 cm−3; MinS2 = 3 cm−3) (see Table 3 for
more details). As the modeling set-up was the same in S1 and S2, except for the expression
for the nucleation rate, the overestimation of particles in S1 relative to S2 suggests an
overprediction of the nucleation rate in S1. This is consistent with the faster rate of H2SO4
consumption, and, in turn, the lower (H2SO4) in S1 discussed in the previous section.
These results confirm the faster rate of H2SO4 consumption, nucleation rate, and overpre-
diction of particles in S1 relative to S2 that is described in detail in the previous sections.
As mentioned, the detailed evaluation of the model performance in the prediction of N2.5–10
(Table 3) demonstrated that these particles were overpredicted (MeanObs = 5.78× 103 cm−3;
MeanS1 = 17.67 × 103 cm−3; MeanS2 = 7.43 × 103). This overprediction can be explained
by an overestimation of the nucleation rate (J) and particle loss by absorption into the
pre-existing aerosol particles in the natural environment [23,119]. These results confirm the
fact that the NPN significantly improved the predictive ability of the model with respect to
NPF in a passive volcanic plume, with a better agreement between the model predictions
and observations for both the number concentration of the newly-formed particles and the
concentration of their precursor H2SO4.

Figure 6 shows a numerical comparative study at 2100 m. The difference (S1–S2) in the
simulated N2.5–10 reached up to 2.5× 105 cm−3 and 1× 105 cm−3 inside the volcanic plume
and close to boundaries, respectively. This pattern is consistent with the results obtained for
sulfuric acid (Figure 6a), and further confirms the conclusions drawn from the comparison
of the model predictions and observations along the flight path. Indeed, a higher nucleation
rate in S1 led to lower concentrations of H2SO4 and higher N2.5–10 concentrations.

Subsequently, to study the growth of newly-formed particles in the passive plume
of Etna, the simulated concentrations of N10–100 were compared with the observations
(Figures 4m–o and 5e). The observations were derived from the difference between CPC
and PCASP measurements (see Section 2.1). It is worth noting that, according to the NO-
VOLCANO simulation (Figure 5e), where the concentrations of these size-ranged particles
were constantly low (equal to ~2000 cm−3) compared to S1 and S2, volcanic degassing was
the main source of particles with diameters less than 100 nm in this study (no primary
volcanic particles were considered in the simulations).

Figures 4m–o and 5e show that the spatiotemporal features in the concentration fields
for N10–100 obtained with both simulations were close to the observations. In particular, the
core of the plume, where the concentrations reached higher values, was well captured. How-
ever, these figures also highlight the fact that the concentrations were overestimated in two
simulations, especially in S1. The detailed statistics presented in Table 3 permit us to quan-
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tify the overestimations of these concentrations in S1 and S2 (MedianObs = 2.09 × 103 cm−3;
MedianS1 = 19.75 × 103 cm−3; MedianS2 = 14.52 × 103 cm−3). The complementarity of
Figure 5d,e illustrates the size evolution of newly-formed particles with diameters less
than 10 nm (with the volcanic source) to larger particles inside the plume. In S1, the
concentrations of N2.5–10 particles were, on average, overestimated by one order of mag-
nitude (as described before), and an equivalent overestimation for larger particles (i.e.,
N10–100) is obtained after the growth processes. However, in S2, the concentrations of the
newly-formed particles were on average only overestimated by a factor of 2, whereas the
overestimation of the concentrations of larger particles reached approximately one order
of magnitude compared to observations. This may have been due to the fact that as a
lower amount of H2SO4 is necessary for the nucleation process in S2 (due to the use of the
NPN parameterization, which decreases the nucleation rate compared to the activation
mechanism used in S1) (Figure 6a), more H2SO4 is available to condense on pre-existing
particles, making the condensation process on particles smaller than 10 nm more efficient.

3.4. Impact of NPN on CCN-Sized Particles

In this section, the influence of the representation of the nucleation on the concen-
trations of the CCN-sized particles (N100–200) is evaluated. Specific attention is paid to
this size range (corresponding to bin07 in the model, see Table 2), as activation diameters
around 100 nm were reported in several earlier studies (e.g., [120], at a supersaturation
of 0.24%; [121], at a supersaturation 0.20%). Note that the assumed minimum size for
CCN can vary according to different studies, and the smallest particles that are able to
activate into cloud droplets are usually assumed to be in the range of 50–150 nm for the
typical supersaturations found in natural clouds ([122] and references therein). Similarly,
Schmidt (2013) assumed that CCNs correspond to particles with a dry diameter of more
than 70 nm [123]. Therefore, with an identical assumption, a subset of 10–100 nm-sized
volcanic particles (N10–100) studied in Section 3.3 would feature the potential ability to act
as CCNs as well.

Figures 4p–r and 5f show the spatiotemporal evolution of the CCN-sized particles
(hereafter referred to as CCNs for simplicity) observed and simulated in S1 and S2. Accord-
ing to these figures, the CCN concentrations were underestimated in both simulations (on
average by a factor of lower than 2, MedianObs = 9.3× 102 cm−3; MedianS1 = 5.6 × 102 cm−3;
MedianS2 = 5.9 × 102 cm−3; Table 3), and the spatial variabilities of the CCNs concentra-
tions in the model also did not match those of the observations.

Figure 5f also represents the spatiotemporal evolution of the CCN concentrations
obtained in the NO-VOLCANO simulation (i.e., without any volcano-related SO2 flux).
Clearly, the difference between the simulated CCNs concentrations inside the plume
relative to the ambient air was less than 200 cm−3 in both simulations, indicating the weak
role of the volcanic emission in the concentrations of CCN-sized particles in the vicinity
of the volcano’s vent and a few tens of kilometers downwind. In addition, unlike the
results obtained for particles with diameters less than 100 nm (Figure 5d–e), there was no
clear difference between simulated CCNs concentrations in S1 and S2 (Figure 5f), and the
differences were also insignificant relative to the background concentrations. These could
lead to the conclusion that measured particles with diameters greater than 100 nm were
not produced in the plume (i.e., not from the evolution of volcanic nucleated particles) and
were likely emitted as primary particles by the volcano. Since these primary particles were
not considered in the volcanic emission file in the first place, the model underestimates
the number concentrations of CCN-sized particles. Another potential explanation for this
underprediction and of the differences between the observed and simulated spatiotemporal
distributions of the CCN concentrations is that there were also various non-volcanic sources
of particles with diameters greater than 100 nm in natural environments, such as marine,
anthropogenic, and biogenic particles ([57] and references therein; [124]) which were not
considered in the current simulations. Furthermore, nucleated particles in the plume do not
grow into CCNs within a few hours (tens of km) of the vent, but this does not mean that
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they do not have the ability to grow later along the passive plume over time [38]. In fact, as
evidenced in Figure 7 for S2, the highest number of volcanic CCN-sized particles relative to
the background (more than 1500 cm−3) was observed in the core of the simulated plume
more than 100 km from the vent. This confirms the potential regional-scale climatic forcing
effects of grown-up volcanic particles (from the evolution of volcanic nucleated particles)
in the free troposphere, which is in agreement with the results described in [52,125].

Figure 7. The same as Figure 3b,d, but for CCN-sized particles (N100–200).

Finally, note that, because simultaneous condensation is a competitive process, the
formation of new particles by nucleation is not easily identifiable. Once sulfuric acid
has been produced from the oxidation of SO2, it condenses onto pre-existing particles in
the plume, and distinction between these two processes is not practically possible using
numerical approaches [52]. On the other hand, newly-formed particles may collide with
larger particles and be removed from the nucleation cycle. Specifically, current numerical
results estimate that the number of pre-existing CCN-sized particles (~100–200 nm) from
the NO-VOLCANO simulation reaches more than 500 cm−3 (Figure 5f), and this number
is not insignificant compared to the simulated values. Therefore, model validation in the
case of CCN-sized particles, which is not the scope of this paper, shows high uncertainty.
Nevertheless, this illustrates the necessity to modify the model set-up to focus on this
specific question, now that we have been able to assess the nucleation and growth of
volcanic-origin particles from a punctual SO2 source.

4. Conclusions

Volcanic passive degassing in the troposphere has long-lasting impacts on the safety
of air traffic, air pollution, and local/regional climates through the emission of gases
and particles at both local and regional scales [126]. Among these, the emission of SO2
and the subsequent production of sulfuric acid and fine particles are of the most concern
since these new particles can grow up and act as CCNs. Numerical assessment of the
effect of volcanic SO2 emission on the formation of new particles and further tracking
the evolution of these particles to CCN-sized are challenging issues, since the available
numerical models feature deficiencies in the prediction of these processes at both local
and regional scales. From the general overview of available research described above, the
main reasons for these uncertainties are: a lack of adequate measurement data for fine
particles to extract empirical nucleation schemes for further implementation in chemical
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numerical models and the validation of the model performance for this process; and
limitations in the default coupled meteorological/chemical modeling configurations (such
as WRF-Chem or Meso-NH), which do not allow the study of ultra-fine particles with
diameters less than 3 nm. In addition, a complex dynamical volcanic degassing system with
a variety of chemical species, high temperatures, and fast chemical reactions (including
photochemistry, oxidation, and aerosol formation) that are radically different from the
background ambient air, and even from the area near the emission source and inside the
extended plume, due to the thermo-dynamical differences in these volcanic environments,
increase the uncertainty in the numerical models in this case. Besides, meteorological
parameters such as temperature, relative humidity, and wind speed and direction directly
affect the dispersion, transportation, and dilution of volcanic plumes [127], which could
also have affected the final results. Any improvement in the performance of the current
numerical models at local, regional, and global scales helps us to increase the reliability of
the prediction of climatic effects of volcanic eruptions or passive degassing.

The observations acquired during the STRAP campaign at Mount Etna and a modified
version of the WRF-Chem model with 12 bins (1 nm–10 µm) allows the simulation of ultra-
fine particles and a numerical assessment of the formation and evolution of newly-formed
particles in passive volcanic plumes. The main objectives of this study were to simulate the
spatiotemporal evolution of the volcanic plume using high-resolution simulations with a
coupled meteorological/chemical numerical model (WRF-Chem) and, more specifically, to
evaluate the impact of a new parameterization for nucleation on the prediction of particle
concentrations in different size ranges. For this purpose, two simulations, including the
activation nucleation rate of 2.0 × 10−6 × (H2SO4) (named S1) and the newly derived
parameterization of 1.844 × 10−8 × (H2SO4)1.12 (named S2) were performed.

Our results illustrate the suitable ability of the modified WRF-Chem model to simu-
late new nucleated particles with diameters less than 10 nm through the gas-to-particle
nucleation process inside a dense volcanic plume with high concentrations of SO2 and
sulfuric acid and their subsequent evolution. A comparison of the results obtained from S1
and S2 showed that the new parameterization for nucleation improved the performance
of the WRF-Chem model in the prediction of newly-formed 2.5–10 nm particles and their
growth to 10–100 nm by reducing the rate of nucleation compared to the activation pa-
rameterization. Nevertheless, due to the absence of volcanic and non-volcanic sources for
primary CCN-sized particles (with diameters greater than 100 nm) in the model and the
necessary time for the growth of these particles from newly-formed particles, the number
concentrations of these particles are underestimated in both simulations, and it was not
possible to truly validate the results against the available measurements in this case. How-
ever, tracking the size evolution of volcanic particles along the simulated passive plume
shows that newly nucleated particles can grow into CCNs over time and relatively far from
the vent (more than 100 km), with possible climatic effects due to the participation in cloud
formation processes. Generally, the prediction of particle evolution in a passive volcanic
plume with the WRF-Chem model and the new parameterization is reliable whenever
simulations result in acceptable estimations of SO2 and sulfuric acid in the first place. This
demonstrates that the accuracy of the emission mass flux of SO2 and other reactive chemical
species is a substantial step in volcanic numerical simulations.

The results reported in this study can be used for similar studies in the future to
understand the processes involved in volcanic plume dispersion, downwind particle
formation and evolution, and the possible impact of volcanic emissions on local and
regional climate more comprehensively. Considering the spatiotemporal limitations of
aircraft measurements in such harsh environments, and the high-temperature region of
the plume near the vent, which is difficult to observe through field measurements, using
mesoscale models makes it possible to reconstruct and assess these processes for desired
long-term periods, close or far from the vent. It should be mentioned here that deficiencies
in the empirical nucleation schemes need to be considered before the implementation of
the NPN in numerical models for other studies. Very fast rates of nucleation in most parts
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of the troposphere (and the overestimation of particles) are reported for similar empirical
parameterizations (for example J = 3.5 × 10−7 × (H2SO4) and J = 5.5 × 10−14 × (H2SO4)2),
with the main reason for this overprediction being suspected to be the effect of temperature,
which is not considered in these empirical formulas [128]. Since current simulations are
performed in the same period in which the NPN was derived from observations and at the
same location (Mount Etna), they did not include the possible impact of temperature, but
this issue needs to be considered when using the NPN in other cases.

The effect of volcanic emissions on CCN numbers, clouds’ microphysical properties,
and the mechanism of aerosol–cloud interactions during degassing volcanic events are
investigated in several studies through different methods, such as atmospheric modeling,
satellite retrievals, and reanalysis products [49,129–133]. As explained in detail earlier
in this paper, while there was clear evidence of new particle formation in passive and
active volcanic plumes, and their impact on the number of CCN particles was investigated
to some extent, this process was not comprehensively documented from a numerical
perspective. The main reason for this is that the nucleation process for reproducing new
ultra-fine particles and their early growth is not well validated against real data in a
volcanic environment. In this work, we tried to suggest the most appropriate nucleation
scheme for these processes in a volcanic environment that will be used in future studies to
evaluate the influence of newly formed and grown-up volcanic particles on cloud formation
and properties.
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