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Abstract

Explosive volcanic eruptions emit particles and gases into the atmosphere, which can influence the

Earth’s climate by disturbing the radiation budget. The strength of the impact on the radiation bud-

get primarily depends on the amount of sulfate aerosols produced from the volcanic sulfur dioxide (SO2)

emissions. However, plume processes that influence the formation of sulfate particles are not yet fully

understood. Most modeling approaches assume highly simplified volcanic emissions and neglect plume

dynamics and gas–ash interactions. This leads to a gap between the source conditions during the emis-

sion and the atmospheric dispersion with impacts on weather and climate.

This thesis investigates the emissions and the interaction of volcanic ash and chemical species during

the early plume evolution in the atmosphere. Therefore, the ICON-ART (ICOsahedral Nonhydrostatic

model – Aerosol and Reactive Trace gases) modeling system is coupled with the one-dimensional vol-

canic plume model FPlume to calculate the eruption source parameters (ESPs) online. Two recent vol-

canic eruptions are simulated and validated against available observations to study physical and chemical

processes in the early stage of volcanic plumes: the 2019 Raikoke and the 2021 La Soufrière eruption.

The emissions of both eruptions are characterized by multiple eruption phases, which need to be resolved

in order to link the complex eruption dynamics to volcanic plume dispersion forecasts.

The modeled ash and SO2 dispersion after the Raikoke eruption is compared with satellite retrievals.

Results of numerical experiments confirm that resolving the eruption phases significantly improves the

ash burden and dispersion of the plume in the first two days. Further improvements are achieved by

calculating the mass eruption rate with FPlume instead of commonly used empirical relationships.

In the next step, modeled aerosol aging following the La Soufrière eruption is validated with observa-

tions from the Multiangle Imaging SpectroRadiometer (MISR) Research Aerosol (RA) algorithm and

the Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument directly for the first time.

The aerosol aging modeled with ICON-ART is in very good agreement with observations from MISR

RA near the emission source and with CALIOP at larger distances to the volcano. The simulation shows

that particle aging occurs faster in the troposphere than in the stratosphere due to the availability of water

vapor and hydroxyl radicals. Nevertheless, a layer of coated ash appears at the plume top due to faster

oxidation of SO2 and lofting by aerosol–radiation interaction.

Simulations with a complex chemistry mechanism including aqueous-phase chemistry for coated aerosols

and SO2 adsorption on fresh ash are conducted to investigate the fate of volcanic SO2 in the early stage

of the plume. The results suggest that aqueous-phase chemistry plays a negligible role. However, ad-

sorption of SO2 accelerates ash aging, which increases the aerosol liquid water content (ALWC) due to a



higher hygroscopicity of the particles. Whether this increase in ALWC can enhance the role of aqueous

reactions beyond the early stage needs to be evaluated in further studies.

This thesis links the ESPs and in-plume aerosol dynamical processes and chemistry to the dispersion of

early volcanic plumes. Considering the influence of these factors in models can enhance our understand-

ing of plume effects on weather and clouds and the impacts on climate after large volcanic eruptions.



Zusammenfassung

Explosive Vulkanausbrüche emittieren Partikel und Gase in die Atmosphäre, welche das Klima der Erde

beeinflussen können, indem sie den Strahlungshaushalt stören. Die Stärke des Einflusses auf den Strah-

lungshaushalt hängt in erster Linie von der Menge der Sulfataerosole ab, die durch die Emissionen von

vulkanischem Schwefeldioxid (SO2) entstehen. Die Fahnenprozesse, die die Bildung von Sulfatparti-

keln beeinflussen, sind jedoch noch nicht vollständig verstanden. Die meisten Modellierungsansätze ge-

hen von stark vereinfachten vulkanischen Emissionen aus und vernachlässigen die Fahnendynamik und

Gas-Asche-Wechselwirkungen. Dies führt zu einer Lücke zwischen den Quellbedingungen während der

Emission und der Ausbreitung in der Atmosphäre mit Auswirkungen auf Wetter und Klima.

Diese Arbeit untersucht die Emissionen und die Wechselwirkung von Vulkanasche und chemischen Stof-

fen in der frühen Fahnenentwicklung in der Atmosphäre. Dazu wird das ICON-ART (ICOsahedral Non-

hydrostatic model – Aerosols and Reaktive Trace gases) Modellsystem mit dem eindimensionalen Vul-

kanfahnenmodell FPlume gekoppelt um die Parameter der Eruptionsquellen (ESPs) online zu berechnen.

Zur Untersuchung der physikalischen und chemischen Prozesse in der Anfangsphase von Vulkanfahnen

werden zwei aktuelle Vulkanausbrüche simuliert und anhand verfügbarer Beobachtungen validiert: die

Eruption des Raikoke im Jahr 2019 und die des La Soufrière im Jahr 2021. Die Emissionen beider

Eruptionen sind durch mehrere Eruptionsphasen gekennzeichnet, die aufgelöst werden müssen um die

komplexe Eruptionsdynamik mit Vorhersagen zur Ausbreitung der Vulkanfahne zu verknüpfen.

Die modellierte Asche- und SO2-Ausbreitung nach dem Ausbruch des Raikoke wird mit Satelliten-

messungen verglichen. Die Ergebnisse der numerischen Experimente bestätigen, dass die Auflösung

der Eruptionsphasen die Aschemasse und die Ausbreitung der Aschefahne in den ersten beiden Tagen

deutlich verbessert. Weitere Verbesserungen werden durch die Berechnung der Masseneruptionsrate mit

FPlume anstelle der üblicherweise verwendeten empirischen Gleichungen erzielt.

Im nächsten Schritt wird die modellierte Aerosolalterung nach dem Ausbruch des La Soufrière direkt

mit Beobachtungen des Multiangle Imaging SpectroRadiometer (MISR) Research Aerosol (RA) Algo-

rithmus und des Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) Instruments validiert. Die

mit ICON-ART modellierte Aerosolalterung ist in sehr guter Übereinstimmung mit den Beobachtungen

von MISR RA in der Nähe der Emissionsquelle und mit CALIOP in größeren Distanzen zum Vulkan.

Die Simulation zeigt, dass die Partikelalterung in der Troposphäre aufgrund der Verfügbarkeit von Was-

serdampf und Hydroxyl-Radikalen schneller erfolgt als in der Stratosphäre. Allerdings tritt eine Schicht

gealterter Asche an der Oberkante der Fahne wegen der schnelleren Oxidation von SO2 und Anhebung

durch Aerosol-Strahlungs-Wechselwirkung auf.



Simulationen mit einem komplexen chemischen Mechanismus einschließlich der Chemie der Flüssig-

phase auf gealterten Aerosolen und SO2-Adsorption an frischer Asche werden durchgeführt, um das

Abbauverhalten von vulkanischem SO2 in der Anfangsphase der Fahne zu untersuchen. Die Ergebnisse

deuten darauf hin, dass die Flüssigphase in der frühen Phase der Vulkanfahne eine vernachlässigbare

Rolle spielt. Die Adsorption von SO2 beschleunigt jedoch die Alterung der Asche, wodurch sich der

Flüssigwassergehalt des Aerosols (ALWC) aufgrund einer höheren Hygroskopizität der Partikel erhöht.

Ob dieser Anstieg des ALWC die Rolle der Reaktionen in der Flüssigphase über das Anfangsstadium

hinaus verstärken kann, muss in weiteren Studien untersucht werden.

Diese Arbeit stellt eine Verbindung der ESPs und den aerosoldynamischen und chemischen Prozessen

zu der Ausbreitung der frühen Vulkanfahne her. Die Berücksichtigung des Einflusses dieser Faktoren in

Modellen kann unser Verständnis der Auswirkungen von Vulkanfahnen auf das Wetter und die Wolken

sowie der Auswirkungen auf das Klima nach großen Vulkanausbrüchen verbessern.
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1. Introduction

In Europe and North America, the year 1816 is often described as the year without summer. In that

year, reduced temperatures and increased precipitation over Western Europe as well as frost and snow

in northern New England and Canada led to crop failures. This resulted in famines, diseases, and social

distress on large parts of the Northern Hemisphere (e.g., Stommel and Stommel, 1979; Stothers, 1984;

Luterbacher and Pfister, 2015). Nowadays, we know that sulfate aerosols in the stratosphere produced

from sulfur dioxide (SO2) emissions by the eruption of the Tambora volcano in 1815 increased the

scattering of sunlight. This reduced surface temperatures (e.g., Robock, 2000; Schurer et al., 2019)

and affected atmospheric dynamics (Schurer et al., 2019). The eruption took place on the island of

Sumbawa in Indonesia (Stothers, 1984) and was among the most explosive eruptions in the recorded

history (Stothers, 1984).

The example of the Tambora eruption demonstrated how volcanic eruptions affect human life even at

global scales by changing surface weather and climate. However, the impacts of volcanic eruptions on

weather and climate are more complex and not yet fully understood. This increases uncertainties of

climate predictions following volcanic eruptions.

Figure 1.1.: Schematic illustration of important processes in volcanic plumes and the impact on the atmosphere.
The lengths are not to scale.
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1. Introduction

Figure 1.1 summarizes the most important processes happening in volcanic plumes and the effects on the

atmosphere. Explosive volcanic eruptions emit solid particles, also called tephra, and gases such as water

vapor, sulfur-containing gases, and halogens into the Earth’s atmosphere. In the atmosphere, volcanic

compounds are dispersed and undergo various transition processes. The emitted gases are involved

in chemical reactions and the formation of secondary volcanic aerosols such as sulfate particles from

emitted SO2. Volcanic ash particles, defined as tephra with a diameter <2 mm (Rose and Durant, 2009),

are affected by particle aging. Both volcanic ash and sulfate particles can drift away several thousand

kilometers from the eruption point when emitted into the lower stratosphere or higher. Volcanic ash can

remain airborne for up to a few months before being removed by sedimentation (e.g., Robock, 2000;

Niemeier et al., 2009; Jensen et al., 2018). Sulfate aerosols can stay in the atmosphere even up to two

years and are then removed by the residual stratospheric meridional circulation (Robock, 2000).

By scattering and absorbing shortwave (SW) and long-wave (LW) radiation, volcanic aerosols modify

the Earth’s radiation budget, which affects surface temperatures and atmospheric dynamics for up to

two to three years (e.g., Robock, 2000; Marshall et al., 2022, and references therin). Additionally, vol-

canic aerosols provide surfaces for stratospheric heterogeneous chemistry, which destroys ozone (O3)

in the stratosphere (Solomon et al., 1996; Solomon, 1999). On shorter time scales and more regionally

constrained, volcanic aerosols can serve as cloud condensation nuclei (CCN) or ice nucleating parti-

cles (IN) and influence the formation and appearance of clouds (e.g, Twomey, 1974; Malavelle et al.,

2017; Haghighatnasab et al., 2022). Furthermore, the dispersion of ash particles matters for aviation

safety (Casadevall, 1994), regional public health (Horwell and Baxter, 2006), and local environment and

infrastructure (e.g., Spence et al., 2005; Stewart et al., 2006; Wardman et al., 2012). Therefore, the in-

terest in both modeling the plume dispersion within the first days after the eruption and the prediction of

climate impacts is large.

In most weather and climate models, the dispersion of the erupted material is entirely decoupled from

the physical and chemical development of eruption plumes. The main physical and chemical processes

in volcanic eruption plumes include cooling and dilution due to interaction with the atmosphere, aggre-

gation, cloud microphysics, gas-phase chemistry, gas–aerosol partitioning, and aerosol chemistry and

dynamics. These processes modify the amount of gases in the plume and the physiochemical properties

of ash particles (e.g., hygroscopicity, radiative properties, cloud formation characteristics). Thus, the

decoupling of volcanological processes from dispersion and climate models leads to a huge gap. This

gap causes uncertainties in the forecast of the short-term dispersion, in simulations of volcanic effects on

clouds, and in the prediction of modeled climate impacts of volcanic eruptions (e.g., Timmreck, 2012;

von Savigny et al., 2020).

In this thesis, I aim to link the processes occurring in the first hours and days after volcanic eruptions to

the further plume development, which becomes relevant when predicting the climate impact of volcanic

eruptions. In the following, I present the existing literature on modeling volcanic eruptions in general

and the role of aerosols and chemistry in (volcanic) plumes. Throughout this thesis, I use the term

2



1.1. Eruption source parameters

’plume’ or ’volcanic plume’ to describe the part of the volcanic material dispersed in the atmosphere as

commonly used in the meteorology instead of ’volcanic cloud’ to maintain a clear distinction from the

meteorological clouds.

1.1. Eruption source parameters1

Forecasting the dispersion of volcanic aerosols in the atmosphere relies on the representation of the

source and sink parameters as well as related processes. It has been shown that eruption source parame-

ters (ESPs) such as the mass eruption rate (MER), the initial plume height, the emission profile, and the

duration of the eruption can strongly influence the quality of the forecast of the spatial distribution of the

volcanogenic gases and particles (e.g., Scollo et al., 2008; Harvey et al., 2018). The plume height can

be estimated instantaneously by visual, radar, and lidar based or satellite observations. Until a few hours

after the onset of a volcanic eruption when such plume height observations become available, the MER

usually remains uncertain. Estimates of the MER include empirical parametrizations based on plume

height (e.g., Mastin et al., 2009) partially corrected by wind effects (e.g., Degruyter and Bonadonna,

2012; Woodhouse et al., 2013) or are derived with one-dimensional (1-D) volcanic plume rise mod-

els (e.g., Folch et al., 2016). Further uncertainties arise from the choice of the emission profile (e.g.,

de Leeuw et al., 2021), i.e., the vertical distribution of mass. Different approaches exist to parameterize

the emission profile, e.g., idealized profiles (Stuefer et al., 2012), plume-theory-based profiles (Marti

et al., 2017), Gaussian-shaped profiles derived from backward trajectory modeling (Rieger et al., 2015),

constant profiles (e.g., Beckett et al., 2020; Muser et al., 2020), or more complex ones derived from the

observations (e.g., de Leeuw et al., 2021).

However, in all parametrizations of the ESPs the volcanic plume dispersion remains decoupled from

unresolved volcanic eruption dynamics including also the influence of the atmosphere on the emission

height. This accounts for large uncertainties in modeling studies at regional to global scales (Textor

et al., 2005; Timmreck, 2012; von Savigny et al., 2020). Marti et al. (2017) overcame this issue by cou-

pling the NMMB-MONARCH-ASH transport model (Nonhydrostatic Multiscale Model on the B-grid

– Multiscale Online Nonhydrostatic AtmospheRe CHemistry model – ASH) with the 1-D plume model

FPlume, which calculates the MER and the mass distribution in the column online. Another example

is the study by Collini et al. (2013), who combined the WRF/ARW (Weather Research and Forecasting

Model / Advanced Research WRF) forecast system with FALL-3D and highlighted a good agreement

in ash transport simulations with satellite observations for the Cordon Caulle eruption 2011. Plu et al.

(2021) simulated the 2010 Eyjafjallajökull eruption with the MOCAGE model (Modèle de Chimie At-

mosphérique de Grande Echelle) and hourly changing MERs from FPlume. They highlighted more

1This section is adapted from: Bruckert, J., G. A. Hoshyaripour, Á. Horváth, L. O. Muser, F. J. Prata, C. Hoose, and B.
Vogel, 2022: Online treatment of eruption dynamics improves the volcanic ash and SO2 dispersion forecast: case of the 2019
Raikoke eruption. Atmospheric Chemistry and Physics, 22 (5), 3535–3552, doi:10.5194/acp-22-3535-2022.
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1. Introduction

concentrated ash concentrations in the horizontal and vertical scale, which more realistically represents

the horizontal dispersion compared to parameterized MERs.

Only ash particles smaller than 32 µm (hereafter referred to as very fine ash) are relevant for long-range

transport in the atmosphere (Rose and Durant, 2009). Nevertheless, the amount of very fine ash emitted

by a volcanic eruption is uncertain and depends on different parameters such as the strength and height

of an eruption (Gouhier et al., 2019), the composition of magma (Rose and Durant, 2009), and the

availability of water (e.g., van Eaton et al., 2012; Prata et al., 2017). Gouhier et al. (2019) analyzed

data of past volcanic eruptions with respect to the fraction of very fine ash in the whole mass erupted.

They found that strong volcanic eruptions are less efficient in emitting very fine ash into the atmosphere

possibly due to higher sedimentation within the plume. Most forecast models assume a fixed value for

the fraction of very fine ash between 1% (e.g., Muser et al., 2020) and 5% (e.g., Webster et al., 2012;

Beckett et al., 2020) regardless of the strength of the eruption and lava composition.

1.2. Aerosol dynamics and aerosol–radiation interaction2

Aerosols are removed from the atmosphere by sedimentation as well as wet and dry deposition. Sed-

imentation of particles describes the removal due to gravity, and it depends on their shape, size, and

density (Seinfeld and Pandis, 2006). Further aerosol dynamic processes include nucleation and coagula-

tion as well as condensation, evaporation, and sublimation of gases on or from aerosols. These processes

generate new particles and modify the size and composition of existing particles (particle aging) and,

thus, their optical properties and lifetime in the atmosphere (Riemer et al., 2003; Seinfeld and Pandis,

2006; Eriksson et al., 2017). Kahn and Limbacher (2012), Scollo et al. (2012), and Flower and Kahn

(2020) investigated particle aging by applying the Multiangle Imaging SpectroRadiometer (MISR) Re-

search Aerosol (RA) algorithm to the plumes of the 2010 Ejyafjallajökull eruption, multiple Etna plumes

between the years 2000 and 2008, and the plumes of three Iceland volcanoes (Eyjafjallajökull 2010,

Grímsvötn 2011, and Holuhraun 2014 – 2015), respectively. Scollo et al. (2012) found that particle type

parameters from MISR RA such as the fraction of non-spherical and fine-mode particles well reflect the

style of explosive activity, i.e., distinguish between ash-dominated and sulfate- or water vapor-dominated

plumes. Kahn and Limbacher (2012) further demonstrated that MISR RA is suitable to investigate plume

structures and plume particle evolution. Flower and Kahn (2020) used downwind changes in retrieved

effective particle size, shape, and light-absorption to infer processes such as size-selective and size-

independent gravitational settling, new particle formation, and particle oxidation or hydration.

Several modeling studies have investigated the impact of aerosol dynamics on the formation, proper-

ties, and lifetime of volcanic sulfate particles (e.g., Timmreck, 2012). Nevertheless, only a few studies

have considered volcanic ash in their model. Niemeier et al. (2009, 2021) studied the effect of aerosol–

2This section is adapted from: Bruckert, J., L. Hirsch, Á. Horváth, R. A. Kahn, T. Kölling, L. O. Muser, C. Timmreck,
H. Vogel, S. Wallis, G. A. Hoshyaripour, 2023: Dispersion and Aging of Volcanic Aerosols after the La Soufrière Eruption in
April 2021, Journal of Geophysical Research: Atmospheres, 128(8), e2022JD037694, https://doi.org/10.1029/2022JD037694.
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1.3. Volcanic plume chemistry

radiation interaction on the ash and SO2 dispersion assuming externally mixed aerosols, i.e., both pure

ash and pure sulfate aerosols exist in the plume. The results of Niemeier et al. (2009) showed that addi-

tional heating and cooling caused by the radiative effect of very fine ash particles modify the evolution

of the volcanic cloud. Niemeier et al. (2021) demonstrated that the volcanic emissions of very fine ash in

the Northern Hemisphere change the wind patterns in the stratosphere by radiation interaction, influence

the burden and lifetime of sulfate, and alter the radiative forcing. Muser et al. (2020) used the ICON-

ART (ICOsahedral Nonhydrostatic model with Aerosol and Reactive Trace gases) model in which the

volcanic aerosols (ash and sulfate) were internally mixed for the first time. Internally mixed means that

particles can consist of different components, e.g., ash coated with sulfate. The results of Muser et al.

(2020) revealed that aerosol dynamics led to faster removal of volcanic ash from the atmosphere follow-

ing the Raikoke eruption in June 2019. Similarly, Abdelkader et al. (2017) found increased wet and dry

deposition of aged dust particles due to increased hygroscopicity and particle size.

Muser et al. (2020) showed that aerosol–radiation interaction can lift the volcanic plume top even above

the maximum height of emissions by absorbing SW and LW radiation, which is in agreement with

observations (Chouza et al., 2020). This effect extends especially the lifetime of ash particles in the

accumulation mode. Stenchikov et al. (2021) studied a Pinatubo-size eruption in the equatorial belt by

including the radiative effects of SO2, ash, sulfate, water vapor, and hydrometeors. Their simulations

showed that the volcanic cloud rises by 1 km day−1 during the first week, primarily due to the ash-

induced heating and lofting. Zhu et al. (2020) showed that the ash particles controlled the chemistry

and optical properties of volcanic clouds in the first days to weeks after the Mt. Kelud eruption in 2014.

They concluded that persisting volcanic ash particles affected the stratospheric SO2 lifetime and aerosol

optical properties.

Despite the significant advancements made by these studies, the near-source evolution of volcanic aerosols

and their impact on the early stage development of volcanic plumes are not well understood (Marshall

et al., 2022).

1.3. Volcanic plume chemistry

Most dispersion models only consider the oxidation of SO2 in the gas phase. However, comparisons of

modeled and observed lifetimes of SO2 indicate a too slow removal of SO2 in early volcanic plumes (e.g.,

Feinberg et al., 2019; Zhu et al., 2020) and discrepancies between the simulated and observed sulfate

aerosol removal (e.g., Dhomse et al., 2014; Mills et al., 2017; Dhomse et al., 2020). Recent studies

highlighted the importance of scavenging by ash and liquids in removing SO2 from the atmosphere (e.g.,

Tabazadeh and Turco, 1993; Textor et al., 2003) and aqueous-phase chemistry to oxidize SO2 to sulfate

(e.g., Liang and Jacobson, 1999; Hoshyaripour et al., 2015; Lachatre et al., 2022). Furthermore, ash

and dust particles can take up SO2 on the particle surfaces by adsorption and thereby reduce the SO2
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concentration in the gas phase (e.g., Usher et al., 2002; Maters et al., 2017; Urupina et al., 2019; Zhu

et al., 2020).

Oxidation by hydroxyl radicals (OH) in the gas phase converts SO2 to sulfuric acid (H2SO4), which

rapidly forms sulfate aerosols. This can reduce OH levels in the stratosphere (e.g., Bekki, 1995) and

troposphere (e.g., Jourdain et al., 2016; Pattantyus et al., 2018, and references therein) and lead to signif-

icant stratospheric dehydration as suggested by model calculations (Bekki, 1995). Jourdain et al. (2016)

found that a reduction of OH by SO2 and halogens from volcanic emissions in the troposphere can reduce

the oxidizing capacity of the troposphere, which increases the lifetime of methane (CH4).

Water vapor (H2O) is the most abundant gas emitted during explosive volcanic eruptions and ambient

water vapor can additionally be transported upwards due to air entrainment into the volcanic plume. Such

direct injections are confirmed by modeling and observations (Sioris et al., 2016a,b). Although Sioris

et al. (2016b) found in model and observational data that moderate-size volcanoes (volcanic explosivity

index (VEI) 4 – 5) do not provide an effective mechanism for large-scale hydration of the stratosphere,

water vapor can locally change atmospheric chemistry by forming OH (Bekki, 1995; LeGrande et al.,

2016) or provide liquid solutions for scavenging (Tabazadeh and Turco, 1993; Textor et al., 2003) and

aqueous-phase chemistry on water droplets in the troposphere (Lachatre et al., 2022). Abdelkader et al.

(2023) performed simulations of Pinatubo-size volcanic eruptions. They found a quick deposition of

injected water vapor in the lower stratosphere, which sediments as ice crystals and is irrelevant for chem-

istry. Nonetheless, at higher altitudes the injected water vapor accelerates the oxidation of SO2 due to

the production of OH.

Previous studies highlighted the importance of aqueous-phase chemistry in clouds on the oxidation path-

way of SO2. Liang and Jacobson (1999) found that the major sink of SO2 in the aqueous phase is the

oxidation by O3 when the liquid water content (LWC) is large and pH>4. Harris et al. (2013) performed

Lagrange-type experiments with measurement sites upwind, downwind, and within an orographic cloud.

They showed that the SO2 oxidation catalyzed by natural transition metal ions (TMI) from mineral dust

surfaces is the dominant oxidation pathway in clouds. In their experiments, hydrogen peroxide (H2O2)

is consumed early in the lifetime of a cloud and the oxidation by O3 in cloud droplets is very slow at low

pH (<5.5).

Motivated by the finding of SO2 oxidation in clouds, the aqueous-phase oxidation of SO2 in volcanic

plumes was investigated in model experiments. Figure1.2 gives an overview on the chemical processes

in volcanic plumes. Textor et al. (2003) examined the scavenging of hydrogen chloride (HCl, very

high solubility in water), SO2, and hydrogen sulfide (H2S, lower solubility in water) by liquid and solid

hydrometeors and by aggregates in a Plinian eruption plume with the Active Tracer High-Resolution

Atmospheric Model (ATHAM) including microphysics and water vapor emissions. They found that

despite scavenging, more than 25% of HCl and 80% of the sulfur gases reach the stratosphere because

frozen hydrometeors dominate. Hoshyaripour et al. (2015) performed box model simulations considering

also the temperature decrease with height in the plume. They found that liquid-phase reactions on coated
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1.3. Volcanic plume chemistry

Figure 1.2.: Schematic illustration of the chemical processes in the gas- and liquid phase occurring in tropospheric
volcanic plumes. Taken from Galeazzo et al. (2018).

ash particles scavenges more than 95% of HCl due to its high solubility in water, but only 3 – 20% of

SO2 is scavenged. Furthermore, they argued that SO2 scavenging is enhanced in the presence of iron (Fe)

ions (oxidation by TMI). Galeazzo et al. (2018) implemented an aqueous-phase sulfur oxidation module

into a box model with an oxygen isotopic scheme to explore the absence of anomalous oxygen mass-

independent fractionation (O-MIF) in volcanic sulfate in the troposphere. Their simulations revealed that

oxidation by OH would cause a significant positive O-MIF in sulfate-rich volcanic plumes, which is in

contradiction to measurements. However, cases where sulfur oxidation by dissolved oxygen (O2) and

TMI is dominant can explain the isotopic measurements of volcanic sulfate in the troposphere (Galeazzo

et al., 2018). Lachatre et al. (2022) used a chemistry–transport model to investigate the 2012 Mt Etna

eruption. They showed that the two main pathways contributing to sulfate production are the oxidation of

SO2 by OH in the gas phase (70%) and the aqueous oxidation by dissolved O2 catalyzed by TMI (25%).

Nevertheless, they also found that although the oxidation of SO2 in the aqueous phase is faster than in

the gas phase alone, less liquid water is available in mid-troposphere.

Bagnato et al. (2013) performed leaching experiments for 20 ash samples from the 2010 Eyjafjallajökull

eruption and found major elements, such as sulfur, chlorine, and fluorine, on the surfaces of freshly

fallen ash. The amount of these elements increased with increasing distance from the vent, indicating a

gas adsorption on ash surfaces within the horizontal umbrella part of the plume. Further measurement

experiments by Maters et al. (2017), Urupina et al. (2019), and Lasne et al. (2022) derived values for the

uptake efficiency for ash particles sampled at different volcanoes globally (Maters et al., 2017) and for

Icelandic dust sampled at different volcanoes (Urupina et al., 2019; Lasne et al., 2022). In all three studies

the uptake efficiency depends on the composition of the particles. Zhu et al. (2020) studied the lifetime

of SO2 after the Mt Kelud eruption in 2014, and they found that the initial SO2 lifetime is determined by

SO2 adsorption on ash rather than SO2 oxidation by OH in the gas phase. Heterogeneous chemistry of
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adsorbed sulfur with gaseous O3 can lead to the formation of sulfate on various types of aerosol surfaces

as it has been shown for dust (Usher et al., 2002) and calcium carbonate (Li et al., 2006), and evidence

is also given for volcanic ash (Maters et al., 2017).

Although these studies significantly enhanced our understanding of gas–aerosol interaction by aqueous-

phase chemistry and adsorption, the effect on the fate of SO2 in the early plume development remains

uncertain.

1.4. Research questions and outline

This thesis aims to close the gap between volcanic plume dynamics in the first days and further plume

dispersion beyond this early period. This is relevant to reduce uncertainties when simulating the impact

of volcanic eruptions on weather and climate. First, I coupled ICON-ART to the 1-D volcanic plume

rise model FPlume to better represent the influence of the eruption dynamics on the ESPs. My devel-

opments enable simulating individual eruption phases of complex non-continuous eruptions and allow a

comparison of modeled plumes to observations close to the volcano. This also permits to directly vali-

date simulated and observed ash aging for the first time. Secondly, I extended a comprehensive gas-phase

chemistry mechanism by aqueous-phase chemistry on aged ash and SO2 adsorption on fresh ash surfaces

to study the interaction of chemistry and aerosols beyond ash aging by condensation and nucleation with

subsequent coagulation in the plume. Using these new developments, I address the following research

questions:

1. How large is the influence of resolving the eruption phases on the predicted ash mass loading?

2. Can an online treatment of volcanic ESPs improve the predicted mass loading and dispersion of

ash and SO2 plumes?

3. What controls the near-source distribution of ash particles?

4. Which processes drive particle aging near the volcano and during the further transport?

5. What is the effect of aqueous-phase chemistry and gas adsorption by ash surfaces on the removal

of gaseous SO2 from the atmosphere in the first days?

6. How large is the effect of in-plume chemistry on background O3, OH, and CH4 concentrations?

Along these research questions, this thesis is structured as follows. Chapter 2 gives information on the

theoretical background relevant for this thesis. Afterwards, the ICON-ART modeling system including

the new implementations regarding the ESPs and chemistry is introduced in Chapters 3. Chapter 4 de-

scribes the simulates cases and observational data to validate the model. The results on the importance of

representing eruption phase-dependent ESPs, the analysis and validation of modeled aerosol aging, and

the influence of different sulfur oxidation pathways are presented in Chapters 5, 6, and 7, respectively.

Finally, Chapter 8 concludes the results and gives an outlook.
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2. Volcanic ejection

Chemical reactions and aerosol dynamical processes in the early plumes of explosive volcanic eruptions

are known to alter the formation and distribution of climate relevant secondary aerosol particles. Fig-

ure 2.1 gives an overview of the processes relevant for volcanic plume development in the first days.

The components of this figure are explained in the next sections, starting with an overview on explosive

eruptions (Section 2.1) and the plume dynamics (Section 2.2). Afterwards, Section 2.3 provides infor-

mation on chemical reactions transforming volcanic SO2 into other species. Finally, Section 2.4 contains

details on the aerosol dynamical processes leading to secondary aerosol formation, aerosol aging, and

their implications for aerosol–radiation interaction in the volcanic plume.

Figure 2.1.: Schematic illustration displaying the processes relevant for volcanic aerosols. The sections for back-
ground information are given in brackets. The box on the right side zooms into the processes happening on coated
aerosol particles. The lengths are not to scale.

2.1. Volcanic eruptions from the volcanological perspective

Volcanic eruptions release lava, tephra, and gases from vents or fissures (Schmincke, 2004). Lava is

defined as magma that reaches the Earth’s surface through a volcanic eruption. Tephra is a general term

for all solid materials ejected into the atmosphere during a volcanic eruption. It ranges from very fine ash

particles up to large fragments of rocks such as volcanic bombs. The composition of the gaseous mixture
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2. Volcanic ejection

that is released during an eruption strongly depends on the tectonic setting and the volcanic activity.

Usually, the most abundant gases are water vapor (35 – 90 mol%), carbon dioxide (CO2, 5 – 50 mol%),

SO2 (2 – 30 mol%), HCl, and hydrogen fluoride (HF) (Schmincke, 2004).

Magma is formed by partial melting of rocks in the Earth’s mantle or in the lower crust, typically at

depths from 10 to 200 km (Jain, 2014). It is a mixture of minerals and a small amount of dissolved gases.

Any magma found on Earth consists to 99% of the ten elements silicon (Si), tritanium (Ti), aluminium

(Al), iron, magnesium (Mg), calcium (Ca), sodium (Na), potassium (K), hydrogen (H), and oxygen (O).

However, the main difference of magma from different sites is the amount of silica (SiO2) and dissolved

gases. According to the SiO2 content, magma can be divided into four main types: basaltic (48 – 52%

SiO2), andesitic (52 – 63% SiO2), dacite (63 – 68% SiO2), and rhyolite magma (68 – 77% SiO2). With

increasing SiO2 content of the magma, the exit temperature decreases. The magma becomes less viscous,

which influences also the plume dynamics (Section 2.2) by an exit velocity increase. Magmas with a

high SiO2 content are richer in sodium and potassium, but contain less iron, magnesium, and calcium

compared to magmas with lower SiO2 content (Jain, 2014). Beside the impacts on the plume dynamics,

the composition of magma is directly linked to the composition of the dispersed ash particles with effects

on the radiative properties (e.g., Pollack et al., 1973) and adsorption of gases (Maters et al., 2017).

There exist three volcanic eruption mechanisms (Schmincke, 2004): Magmatic, phreatomagmatic, and

phreatic eruptions. In the magma reservoir, gases are usually dissolved under high pressures, and the

magma is undersaturated in volatile compounds. During magmatic eruptions, magma ascents, which de-

creases the pressure of the rising magma. Moreover, the partial pressure of volatile compounds increases

until supersaturation with respect to one or more gas species. Additionally, decreasing temperatures

during the ascent lead to crystallization of the melt and, thus, the volatile compounds become more con-

centrated in the melt. In the following, gas bubbles start to grow. The growth of bubbles is complex and

depends on the viscosity of the magma, the diffusivity, temperature, lithostatic pressure, concentration

of volatiles, and the separation of bubbles from the melt. The presence of bubbles decreases the density

of the melt, which increases the buoyancy and the ascent velocity of the magma. However, the viscos-

ity increases with the loss of volatiles in the melt, which counteracts the increase of ascent velocity by

buoyancy. Tephra and volcanic gases are finally released by an explosive decompression at the surface.

During phreatic (or steam-blast) eruptions, magma heats ground or surface water, which evaporates wa-

ter almost instantaneously and results in a steam explosion. Besides steam, the explosion ejects solid

materials from fracturing the surrounding rocks, but no new magma. Phreatomagmatic eruptions are

governed or triggered by contact of magma with water. Different from phreatic eruptions, phreatomag-

matic eruptions can contain magmatic fragments (Schmincke, 2004). The mechanisms which trigger

volcanic eruptions are diverse. An overview is given in Schmincke (2004).

In this thesis, the 2019 Raikoke and 2021 La Soufrière eruptions are investigated, which were both

magmatic eruptions. The magma compositions of the Raikoke and the La Soufrière volcanoes are basaltic

and basaltic-andesite, respectively (McKee et al., 2021; Joseph et al., 2022).
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2.2. Plume dynamics of explosive volcanic eruptions

Figure 2.2.: Plume regions for large volcanic eruptions and dynamic processes relevant for plumes to reach the top
height. The lengths are not to scale.

2.2. Plume dynamics of explosive volcanic eruptions

The development of an explosive volcanic eruption plume is driven by both volcanic and atmospheric

conditions. During explosive eruptions, volcanoes release hot tephra and gases at high velocities into the

atmosphere. The exit velocity, exit temperature, exit volatile fraction, and the vent radius determine the

MER. The higher the exit velocity and the larger the vent radius, the higher is the MER. A larger exit

temperature or a higher exit volatile fraction reduce the MER due to a lower density of the mixture. The

total MER Etot at the vent can be expressed by

Etot = πr2
v ρ̂ve (2.1)

with rv the vent radius, ρ̂ the mixture density at the vent, and ve the exit velocity (e.g., Folch et al., 2016).

The volcanic eruption plumes consist of three main regions (Sparks et al., 1997). The dynamics are

explained by using Figure 2.2. In the lowest region, the jet or gas-thrust region, the remaining momentum

is the main driver of the upward motion of the mixture. In the atmosphere, ambient air is entrained into

the plume by turbulent mixing. The entrained air heats and expands and thereby reduces the density of

the plume until it becomes buoyant, i.e., the plume density is lower than the atmospheric density, and

convection drives the plume upward. This part of the plume is called the convective region. The mixture

rises and further cools until the height of the Neutral Buoyancy Level (NBL) is reached. This is where

the plume density equals the ambient air density. The umbrella region forms above the NBL up to the

plume top due to overshooting of the plume (Sparks et al., 1997). Here, the plume spreads horizontally

by gravity currents and winds (e.g., Costa et al., 2013).

The atmosphere influences the plume by entrainment of air (e.g., Tate and Middleton, 2000; Carazzo

et al., 2006, 2008) and wind effects (Bursik, 2001). The entrainment of less dense air, i.e., moist and / or
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2. Volcanic ejection

Figure 2.3.: Vertical profiles of temperature in ◦C, velocity in m s−1, plume (solid line) and air (dashed line) density
in kg m−3, and fraction of air in % obtained from the FPlume model for the 2019 Raikoke eruption. The dotted
line indicates the NBL.

warmer air, reduces the mixture density of the plume faster and increases the buoyancy. Hence, the

plume can reach higher altitudes or in other words, a smaller MER is needed to drive the plume up to a

certain altitude. The wind has two opposite effects on the plume dynamics. On the one hand, stronger

winds and especially a large radial and vertical wind shear increase the entrainment of ambient air into

the plume, which increases the buoyancy. On the other hand, plume bending is larger in case of a higher

wind velocity, which results in a lower plume top. Further important processes within volcanic plumes

are the aggregation of particles (Brown et al., 2012), particle fallout, and the re-entrainment of particles

(Ernst et al., 1996). Latent heat release by water-phase changes is an important source of energy that can

drive the plume higher up in the atmosphere (Woods, 1993).

Figure 2.3 shows examples of vertical profiles of the temperature, the vertical velocity, the density of the

plume and the atmospheric air and the fraction of entrained air for the 2019 Raikoke eruption derived

from the 1-D volcanic plume rise model FPlume. The NBL is indicated by the dotted line. The tempera-

ture decreases quickly with height as the fraction of entrained colder air increases. This also reduces the

plume density. The transition from the jet to the convective phase occurs at about 150 – 200 m altitude,

where the curves of the air density and plume density intersect. In the lower convective region, the up-

ward motion is still partly driven by momentum, however, the influence reduces with increasing altitude

until approximately 800 m. The gradient in the vertical velocity becomes smaller, because the buoyancy

is the major force rising the plume further upward. The gradient of the plume density changes the sign

between 1 and 2 km because the entrainment of air gets lower whereas the reduction in temperature is

still strong. Both the reduced air entrainment and the latent heat release in the plume lead to a smaller

reduction of the plume density in the convective region than in the jet and lower convective region.

A number of models types exist that cover different processes related to volcanic plumes in the atmo-

sphere (Textor et al., 2005). Plume models include a detailed description of the eruption plume dynamics
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and allow the investigation of the plume development at the emission source. It is differentiated between

three-dimensional (3-D) models considering the whole volume of the plume (e.g., ATHAM by Oberhu-

ber et al. (1998)) and 1-D models, which calculate the plume development along the vertical plume axis

(e.g., FPlume by Folch et al. (2016)).

2.3. Atmospheric chemistry

Chemical compounds enter the atmosphere by emissions from natural and anthropogenic sources. Chem-

ical reactions transform these compounds into others and can present both sinks and sources for species.

These compounds can also be removed by wet and dry deposition. Dry deposition describes the transfer

of species to the Earth’s surface without the aid of precipitation and occurs by turbulent diffusion. Wet

deposition comprises all processes by which gases and particles are transferred to the Earth’s surface in

aqueous form. Gases can dissolve in airborne droplets such as cloud droplets, rain or fog. These droplets

are removed from the atmosphere by precipitation (Seinfeld and Pandis, 2006).

Sections 2.3.1 to 2.3.3 introduce gas-phase chemistry, the dissolution of gases in water, and aqueous-

phase chemistry. In each of these sections, examples which are relevant for the oxidation of (volcanic)

SO2 are given in order to demonstrate the implications of chemistry in case of volcanic eruptions.

2.3.1. Gas-phase chemistry

Chemical reactions can be unimolecular (first-order reaction), bimolecular (second-order reaction), and

termolecular (third-order reaction).

1. Unimolecular reactions describe a decomposition of a molecule A into molecules B and C without

intervention of a second molecule:

A B + C (R1)

A typical example for a unimolecular reaction is the photolysis of species in the atmosphere or

radioactive decay. The efficiency of a unimolecular reaction is expressed by the rate constant k1

(in s−1), which is related to the change of the number concentration [A] of a compound A over

time t as
d[A]
dt

=−k1[A]. (2.2)

When assuming a constant k1 over time, the integration of Equation (2.2) leads to an exponential

decrease of [A] over time. In chemical reactions, photolysis is indicated by hν (A+hν → B+C)

with the Planck’s constant h and the radiation frequency ν .
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2. Bimolecular reactions are the most common kinetic reactions. They take place between two col-

liding reactants:

A + B C + D (R2)

The temporal evolution of [A] depends on the number concentrations of both compounds A and B

and is given by
d[A]
dt

=−k2[A][B] (2.3)

with k2 the rate constant in cm3 s−1. Following Arrhenius (1889), k2 is temperature-dependent and

reads as

k2(T ) = Aexp
(
− Ê

R∗T

)
(2.4)

with T the temperature, R∗ = 8.314 J mol−1 K−1 the universal gas constant, and A and Ê reaction-

dependent parameters derived from experiments.

3. In termolecular reactions two molecules collide and produce an energetic intermediate:

A + B
f

b
AB’ (R3)

By collision with a third body M (in the atmosphere either nitrogen (N2) or O2), the excess energy

is removed and allows the formation of the product:

A + B + M
s

AB + M (R4)

The rate of formation of the product AB was proposed by Lindemann in 1921 and further devel-

oped by Hinshelwood and is given by

d[AB]
dt

=
k f ks[A][B][M]

ks[M]+ kb
(2.5)

with ka and kb the rate constants for the forward and backward reactions in (R3), respectively, and

ks the rate constant of Reaction (R4). [M] is the concentration of the third body and is usually

directly related to the atmospheric pressure. If kb >> ks[M], the reaction is third-order:

d[AB]
dt

=
k f ks

kb
[A][B][M] (2.6)

If kb << ks[M], the reaction is second-order:

d[AB]
dt

= k f [A][B] (2.7)
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When writing the rate equation in Equation 2.5 as a pseudo-second-order

d[AB]
dt

= k3[A][B], (2.8)

k3 can be expressed in terms of the high- and low-pressure limiting values k∞ = k f and k0 =
k f ks
kb

as

k3 =
k0[M]k∞

k0[M]+ k∞

. (2.9)

The region between the low- and high-pressure limits is called the falloff region. However, this

Lindemann–Hinshelwood theory assumes that a single collision with a molecule M is sufficient to

deactivate AB’ to AB. In reality, only a fraction of energy is removed by each collision. Therefore,

Troe (1983) modified the rate constant as

k3(T ) =
k0(T )[M]

1+ k0(T )[M]
k∞

F

(
1+
[
log
(

k0(T )[M]

k∞(T )

)]2
)−1

(2.10)

with

k0(T ) = k300
0 (T/300)−n (2.11)

and

k∞(T ) = k300
∞ (T/300)−m . (2.12)

F is the broadening factor and often has the value 0.6. The unit of the rate constant k3 is cm6 s−1.

For more details on the order of reactions and derivations of rate constants, the reader is referred to the

textbook by Seinfeld and Pandis (2006).

Stockwell and Calvert (1983) proposed a reaction chain in three steps for the oxidation of SO2 by OH in

the gas phase:

SO2 + OH + M HOSO2 + M (R5)

HOSO2 + O2 HO2 + SO3 (R6)

SO3 + H2O + M H2SO4 + M (R7)

The oxidation of SO2 is limited by the amount of available OH. In the stratosphere, OH production

is mainly driven by the photolysis of O3. This reaction produces an oxygen atom in the excited state

(O1D), which can lead to the production of two OH radicals when reacting with H2O (Seinfeld and
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Pandis, 2006). Thus, the formation of H2SO4 depends on the diurnal cycle. H2SO4 rapidly condensates

on existing particles or nucleates to form new sulfate (SO2−
4 ) aerosols. More details on the processes of

nucleation and condensation are given in Section 2.4.1.

2.3.2. Dissolution of gases in water

The dissolution of gas molecules in water is described by equilibrium equations:

A(g) A(aq) (R8)

This implies that there exists a flux from the gas phase into the aqueous phase and from the aqueous

phase to the gas phase depending on the concentration of dissolved gas in water or strictly speaking in

the interface between water and gas phase.

The temperature-dependent Henry’s law coefficient HA expresses the equilibrium between a gaseous

species and a dissolved species:

[A(aq)] = HA(T )pA (2.13)

with pA the partial pressure of A in the atmosphere in atm and [A(aq)] the concentration of A in the

aqueous-phase in mol L−1. The temperature dependence of the Henry’s law coefficient is given by the

Van’t Hoff equation as

HA(T ) = H0
A exp

(
−∆solH

R∗

(
1
T
− 1

T 0

))
(2.14)

with H0
A the Henry’s law coefficient at 298.15 K for species A, ∆solH the enthalpy change of the dissolu-

tion, T the temperature, and T 0 = 298.15 K the reference temperature (Seinfeld and Pandis, 2006).

Henry’s law (Equation (2.13)) describes the equilibrium partitioning between gas phase and aqueous

phase without any consideration of the time scales of the uptake process. However, the uptake rate of

gases to the droplet is a time-dependent process, which is also controlled by several factors such as gas-

phase diffusion, interfacial mass transfer, aqueous-phase diffusion, and chemical reactions within the

aqueous phase (Schwartz, 1986). For the use in cloud droplets and shells of coated aerosols, it has to

be considered that Reaction (R8) also depends on the molecular diffusion of the dissolved gas into the

droplet’s interior. The flux of gas-phase species A into a droplet is described by the following rate (Jacob,

1986):

Φin =
3ηLDg,A

r2 [A(g)] (2.15)

with L the LWC in vol vol−1, Dg,A the diffusion coefficient of species A in air, r the radius in cm, and

[A(g)] the gas-phase concentration of species A far from the droplet in molecules cm−3. The coefficient

correcting for the free molecular effects η was inter alia proposed by Fuchs and Sutugin (1971) as

η =

{
1+
[

1.33+0.71Kn−1

1+Kn−1 +
4(1−α)

3α

]
Kn
}−1

(2.16)
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with α the sticking coefficient. This coefficient represents the probability that a gas molecule impinging

on the droplet surface will stick to that surface. The Knudsen number Kn is the ratio of the mean free

path of air (λair) to the characteristic length scale (Seinfeld and Pandis, 2006) (i.e., the droplet radius r

here):

Kn =
λair

r
=

32 ·Dg,A

3π · (1+MA/Mair) · cA
· 1

r
(2.17)

with MA and Mair the molar masses of A(g) and air, respectively. cA is the mean speed of A(g) and is

given by

cA =

(
8R∗T
πMA

)0.5

. (2.18)

As Reaction (R8) occurs in both directions until an equilibrium is reached, the rate for the flux out of

the liquid phase is given by the flux into the aqueous phase (Equation (2.15)) divided by Henry’s law

(Equation (2.13)) and the LWC:

Φout =
3ηDg,A

r2
6.023 ·1020[A(aq)]

HA(T )R∗T
(2.19)

The factor 6.023 ·1020 converts the units of the aqueous-phase concentration into units of the gas-phase

concentration (Jacob, 1986).

2.3.3. Aqueous-phase chemistry

In an aqueous solution, water ionizes to form a hydrogen ion (H+) and a hydroxide ion (OH−). This

process is also called autoionization of water. An equilibrium is given by

H2O H+ + OH– (R9)

with an equilibrium constant of K′
w = [H+][OH−]

[H2O] = 1.82× 10−18 at 298 K. As the concentration of H2O

molecules is much larger and only few ions are formed, the H2O concentration can be assumed to be

constant. Thus, the equilibrium constant can be approximated by

Kw =
[
H+
][

OH−]= 1.0×10−14 mol2 L−2 at 298 K. (2.20)

As each dissociated water molecule produces one hydrogen and one hydroxide ion, [H+] = [OH−] =

1.0×10−7 mol L−1 holds. Based on the dissociation of H2O, the dimensionless pH value is defined as

pH =− log10
[
H+
]
. (2.21)

At 298 K and for pure water, the pH value is 7.0. Acidic solutions have a pH value below 7.0 and basic

solutions have a pH value above 7.0 (Seinfeld and Pandis, 2006).
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2. Volcanic ejection

When dissolving in water, many species also dissociate into ions (AB(aq)→ A−+B+). This process

is reversible and it reaches an equilibrium quickly. The following example describes the two acidic

dissociations of SO2 in an aqueous solution (Seinfeld and Pandis, 2006):

SO2 · H2O H+ + HSO –
3 (R10)

HSO –
3 H+ + SO3

2– (R11)

The aqueous SO2 solution of the first dissociation (R10) behaves like a weak acid and is also known as

sulfurous acid. The second dissociation (R11) has almost no impact at pH values usually occurring in the

atmosphere and is only shown for the sake of completeness (Seinfeld and Pandis, 2006). The equilibrium

constants of these reactions are given by

Ks1 =
[H+]

[
HSO−

3

]
[SO2 ·H2O]

(2.22)

and

Ks2 =
[H+]

[
SO2−

3

]
[HSO3−]

. (2.23)

Solving for
[
HSO−

3

]
and

[
SO2−

3

]
shows that the higher the concentration of H+ in the solution (the lower

the pH) the more the equilibria are shifted to the left side of the reactions (R10) and (R11). Thus, lower

pH values also reduce the solubility of SO2 in water, since the higher the concentration of SO2(aq) the

lower the flux of SO2 into the solution (see Section 2.3.2).

In the aqueous phase, HSO−
3 can be oxidized by H2O2(aq):

HSO –
3 + H2O2(aq) SO2OOH– + H2O (R12)

SO2OOH– + H+ H2SO4(aq) (R13)

Previous studies found that H2O2(aq) is a limiting factor for reaction (R12) (Liang and Jacobson, 1999;

Harris et al., 2013; Lachatre et al., 2022). In such cases, HSO−
3 oxidation by O3(aq) can become an

important pathway:

HSO –
3 + O3(aq) H+ + SO4

2– + O2(aq) (R14)

However, Liang and Jacobson (1999) and Harris et al. (2013) showed that the oxidation of HSO−
3 by

O3(aq) is known to be less effective at pH lower 4 or 5.5, respectively.
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2.3. Atmospheric chemistry

Finally, when iron and manganese ions (Fe3+, Mn2+) originating from ash or dust particle surfaces are

dissolved into the liquid, these can serve as catalysts for the oxidation of HSO−
3 by O2(aq) (Harris et al.,

2013; Hoshyaripour et al., 2015):

HSO –
3 +

1
2

O2(aq)
Fe3+, Mn2+

SO4
2– + H+ (R15)

This reaction is responsible for 25% of the oxidation of volcanic SO2 in the experiments of Lachatre

et al. (2022) and, therefore, after the SO2 oxidation in the gas phase, the second most important SO2

oxidation pathway for volcanic eruptions in the troposphere.

In aqueous solution, sulfur is often described as S(IV) and S(VI) without further specification. S(IV)

is the total dissolved sulfur in oxidation state 4 and comprises the species SO2(aq), hydrogen sulfite

(HSO−
3 ), and sulfite (SO2−

3 ). S(VI), i.e., sulfur in oxidation state 6, are the oxidized sulfur compounds

hydrogen sulfate (HSO−
4 ) and SO2−

4 .

2.3.4. Adsorption and heterogeneous chemistry

Gas adsorption by aerosols can influence the fate of reactive gases and changes the physiochemical

properties of atmospheric aerosols. The probability of gas adsorption by particles is given by the di-

mensionless uptake coefficient γ . This coefficient is usually determined experimentally as the ratio of

the number of adsorbed molecules to the theoretical number of gas–surface collisions. It depends on the

particle type (related to the compositions), temperature, and radiation. The rate of adsorption of a gas A

can be expressed as a pseudo-first order reaction rate and is given by

Rad =
1
4

γcASp[A] (2.24)

with Sp the total surface area per unit volume of air (Seinfeld and Pandis, 2006).

It was shown that a higher SiO2 content leads to a lower SO2 adsorption and, thus, a lower uptake

coefficient (Maters et al., 2017). Furthermore, the SO2 uptake increases with decreasing temperature

(Schmauss and Keppler, 2014) and UV-radiation flux (Lasne et al., 2022). The surface reactions relevant

for the uptake are (Usher et al., 2002)

SO2(g) + O2
–(s) SO3

2–(ad) (R16)

SO2(g) + OH–(s) HSO3
–(ad) (R17)
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2. Volcanic ejection

By heterogeneously reacting with gaseous O3 the adsorbed S(IV) species can form S(VI)(Usher et al.,

2002):

S(IV) + O3(g) S(VI) + O2(g) (R18)

2.4. Atmospheric aerosols

Aerosols can be directly emitted into the atmosphere (e.g., sea salt, soot, pollen, mineral dust). These

particles are also called primary aerosols. Secondary aerosols are produced from precursor gases and

are not directly emitted. Volcanic eruptions emit ash as primary aerosols. Additionally, SO2 is oxidized

to H2SO4 in the gas phase, which is a precursor gas for the formation of sulfate aerosols (secondary

aerosols). In this work, only particles are important which remain in the atmosphere for at least several

hours to days, i.e., very fine ash and sulfate.

Aerosols have a wide spectrum of size distributions, which range from several nanometers to tens of

microns (Whitby, 1978; Boucher, 2015). An aerosol size distribution can be divided into different modes

according to their diameter. The diameters range from 0.01 µm to 0.1 µm in the Aitken mode, from

0.1 µm to 1 µm in the accumulation mode, and from 1 µm to 10 µm in the coarse mode. Larger particles

are sometimes called supercoarse (Boucher, 2015) or giant mode particles (Muser et al., 2020). The

Aitken mode mainly contains particles newly formed from gaseous precursors such as H2SO4. Volcanic

ash is typically larger and directly emitted into the accumulation, coarse, and giant mode. However,

aerosol dynamical processes can modify a fresh size distribution.

2.4.1. Aerosol dynamical processes

Aerosol dynamical processes modify the size and composition of particles and comprise the processes

of nucleation, condensation, coagulation, and sedimentation.

The process of nucleation in general describes the transformation of matter from one phase to another

new thermodynamically stable phase, which has not been there before. Depending on whether nucleation

occurs on existing foreign material or not, it is differentiated between heterogeneous and homogeneous

nucleation, respectively. Furthermore, only a single species (homomolecular) or multiple species (het-

eromolecular) can be involved. In this work, the aerosol nucleation of sulfate droplets from gaseous

H2SO4 and H2O without an existing surface (homogeneous heteromolecular nucleation) is of relevance

and the term ’nucleation’ is exclusively used for this process throughout this thesis. Nucleation forms

particles in the Aitken mode, which can grow by condensation and coagulation and reach larger modes

(Seinfeld and Pandis, 2006).

During condensation, gaseous compounds (e.g., H2SO4, H2O) condense onto the surfaces of pre-existing

aerosol particles such as volcanic ash or sulfate particles. It represents a dominant process that transfers

mass from the gas to the particulate phase (Boucher, 2015) and leads to a growth of the particles. Conden-
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Process Number concentration Mass concentration Median diameter
Nucleation increase increase decrease
Coagulation decrease no change increase
Condensation no change increase increase
Sedimentation decrease decrease decrease

Table 2.1.: Changes in the number concentration, mass concentration, and median diameter due to aerosol dynam-
ical processes.

sation occurs only when supersaturation is reached. H2SO4 is a gas with a very low saturation pressure,

and, therefore, it condenses fast (Seinfeld and Pandis, 2006).

Coagulation is a process by which aerosol particles collide and stick to each other to form larger parti-

cles. It is mainly caused by Brownian motion, but can also result from the particles’ motion produced

by hydrodynamic, electrical, gravitational or other forces. Coagulation is particularly important when

concentrations are large such as within volcanic plumes (Boucher, 2015).

Table 2.1 summarizes the effects aerosol dynamical processes have on the number and mass concentra-

tion and the median diameter of a size distribution.

Sedimentation depends on the particle size, shape, and density, and it is larger for bigger particles (Sein-

feld and Pandis, 2006). Thus, aerosol aging can increase the sedimentation of aerosols as it was shown

for volcanic aerosols by Muser et al. (2020) and dust by Abdelkader et al. (2017). Particles in the size

range around half a micron (accumulation mode) have the smallest sedimentation velocity and remain

in the atmosphere the longest (Boucher, 2015). In general, particles tend to accumulate in this mode

(’accumulation mode’) because of both the sedimentation of larger particles and the growth of smaller

particles.

Besides leading to the growth of aerosols, condensation and coagulation can form internally mixed par-

ticles, which consist of more than one substance. In volcanic plumes, condensation of sulfate and water

onto ash particles or coagulation of ash with sulfate particles forms coated ash, also called aged ash. This

results in a plume composition with coated and uncoated particles (external mixture of internally mixed

particles).

Activation is the process when aerosol particles serve as CCN or INPs for liquid and ice clouds, re-

spectively. This process is reversible by evaporation or sublimation, which leave the remaining aerosol

particle behind (Lohmann et al., 2016). Wet deposition either happens when aerosols served as CCN

and are removed by precipitation or when aerosols are scavenged by falling hydrometeors (Seinfeld and

Pandis, 2006).

2.4.2. Radiative properties of aerosols

Radiation transports energy by propagating electromagnetic waves. These waves consist of oscillating

electric and magnetic fields, which propagate at the speed of light (c = 2.9979 ·108 m s−1). The oscilla-

21



2. Volcanic ejection

tions can be characterized by their frequency ν or their wavelength λ . They are related to the speed of

light by

λν = c. (2.25)

Electromagnetic energy is carried by so called photons with energy hν , where h = 6.63 ·10−34 J s is the

Planck’s constant. The radiation spectrum emitted by a black body depends on its temperature (Planck’s

law). It is a distribution of energy contributed by photons of different wavelengths. The higher the

temperature of a body the shorter the wavelength spectrum and the more energetic the emitted radiation

(Liou, 2002). The solar spectrum is also called SW radiation and its wavelengths lie to 99% between

approximately 0.22 µm (ultraviolet) and 5 µm (near-infrared (near-IR)). 99% of the terrestrial spectrum

or LW radiation ranges from 4 µm (near-IR) to 100 µm (terrestrial IR) (Kraus, 2004).

Aerosols, gases, and clouds can interact with radiation by scattering (change of direction of the incident

light) and absorption (conversion of radiation to other forms of energy, e.g, heat). Comprehensive ex-

planations about the interactions of atmospheric constituents and particles with radiation can be found in

literature, e.g., Liou (2002), Kraus (2004) or Seinfeld and Pandis (2006). Here, only the necessary basics

are replicated.

Scattering and absorption reduce the intensity of radiation passing on the direct path through the atmo-

sphere. The aerosol composition and the wavelength of the radiation determine whether photons are

absorbed, scattered, or transmitted. The complex refractive index describes the optical properties of a

particle as

Bλ = Re(Bλ )+ iIm(Bλ ) . (2.26)

Bλ is a wavelength-dependent property, which depends on the material of the particle. The real part

Re(Bλ ) is the ratio of the speed of light in vacuum to the phase speed in the scattering medium (here

in the atmosphere). The imaginary part Im(Bλ ) is a measure of the absorption efficiency of a medium.

Based on the absorption efficiency, we can define a wavelength-dependent volume absorption coefficient

βa in m−1 as

βa =
4πIm(Bλ )

λ
. (2.27)

The sum of scattering and absorption is also called extinction. The Beer–Lambert law describes the

wavelength-dependent attenuation of incident radiance Iλ when passing through a medium between two

points in space z1 and z2 by

Iλ (λ ,z2) = Iλ (λ ,z1)exp
(
−
∫ z2

z1

βe (λ ,z)dz
)
= Iλ (λ ,z1)exp(−τ (λ ,z1,z2)) (2.28)

with βe (λ ,z) the volume extinction coefficient and τ the optical depth or optical thickness. In case

of extinction by particles in an atmospheric layer, the optical depth is also called aerosol optical depth

(AOD). βe is the sum of the volume absorption coefficient βa and the volume scattering coefficient βs.
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It can be derived from the extinction cross-section σe of a single particle (molecular extinction cross-

section) and the number concentration N of the particles by

βe(λ ,z) = σe(λ ,z)N(z) = Qe ·Ap = Qe ·
π

4
d2

p (2.29)

with Qe the extinction efficiency, Ap the area of the particle cross-section, and dp the particle diameter.

The volume scattering and absorption coefficients are defined comparably.

The ratio between the extinction by scattering and the total extinction is defined as the single scattering

albedo (SSA):

ω =
βs(λ )

βs(λ )+βa(λ )
(2.30)

ω is a dimensionless quantity and it ranges from 0 (extinction by absorption) to 1 (extinction by scatter-

ing).

Scattering is a physical process that occurs at molecules, aerosols, and cloud droplets. Scattering can

redirect radiation in any direction. However, in atmospheric models the complexity is reduced to the

relation of forward and backward scattering by the dimensionless asymmetry parameter g defined as

g =
∫ +1

−1
p(θ)cos(θ)dθ (2.31)

with p the scattering phase function and θ the scattering angle. The asymmetry parameter ranges from

-1 (pure backward scattering) to 1 (pure forward scattering). When the amount of backward and forward

scattered photons is the same, g becomes equal to zero.

The distribution of angles of scattered radiation relative to the incident radiation depends on the dimen-

sionless effective particle size:

x =
πdp

λ
(2.32)

Different scattering regimes were defined for typical particle sizes and wavelengths (Figure 2.4). Scat-

tering at air molecules is negligible for most wavelengths of the solar and terrestrial spectrum. However,

volcanic aerosols scatter radiation in the Rayleigh and Mie scattering regime (indicated by the grey box

in Figure 2.4).

The theory of Mie (1908) describes the interaction of a plane electromagnetic wave and a spherical,

isotropic, homogeneous, and non-magnetic particle. According to the theory, the optical properties of

these particles only depend on the refractive index Bλ and the size parameter x. Extensions exist for strati-

fied spheres, which allow to compute the scattering properties of internally mixed particles such as coated

ash aerosols (Toon and Ackerman, 1981; Tarcea, 2004). Volcanic ash particles are highly non-spherical

(Johnson et al., 2012). Hoshyaripour et al. (2019) found in a model that assuming non-sphericity of dust

particles can reduce differences between modeled and observed total attenuated backscatter signals or

other derived scattering properties (Hoshyaripour et al., 2019). Moreover, assuming Mie theory to ana-

lyze reflectance measurements from remote sensing instruments can cause significant errors in the AOD
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2. Volcanic ejection

Figure 2.4.: Scattering regimes as a function of particle size and wavelength for typical atmospheric particles and
wavelengths. The grey box highlights the wavelengths and particle sizes of volcanic aerosols that are relevant in
this work. Adapted from Petty (2004).

(Mishchenko et al., 1995, 1997). Volcanic ash aging increases the sphericity of ash particles because

liquid components condense on them and can build up a liquid shell.

The effects of aerosol–radiation interaction can be direct, semi-direct, and indirect. Absorption and

scattering of solar and terrestrial radiation by aerosols can directly affect the Earth’s radiation budget.

Volcanic aerosols can scatter incoming SW radiation and reduce the energy reaching the ground. This

can lead to a cooling of the surface. Moreover, volcanic aerosols can absorb SW and LW radiation and

heat the surrounding atmospheric layer. Heating of atmospheric layers can introduce a semi-direct effect.

For example, local temperature changes due to absorption of radiation by volcanic aerosols can lead to

changing wind patterns in the stratosphere (Niemeier et al., 2021). Finally, volcanic aerosols can act as

CCN (mainly sulfate, Lohmann et al. (2016)) or INP (mainly ash, e.g., Isono et al. (1959a,b); Hoyle et al.

(2011); Steinke et al. (2011)), which indirectly change the appearance of clouds (e.g., Twomey, 1974),

and, thereby, affect the radiation budget (e.g., Malavelle et al., 2017; Haghighatnasab et al., 2022).
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This work uses ICON-ART to study volcanic eruptions. The ICON model for weather forecasts and

climate simulations including the submodule ART for aerosols and trace gases is jointly developed at

the German Weather Service (DWD), the Max-Planck-Institute for Meteorology (MPI-M), the German

Climate Computing Center (DKRZ), and the Karlsruhe Institute of Technology (KIT). It allows seamless

predictions from local to global scale (Zängl et al., 2015; Heinze et al., 2017; Giorgetta et al., 2018).

ICON provides physics packages for climate projections, for numerical weather predictions, and for

large eddy mode simulations. These configurations mainly differ in the physical parametrizations of

subgrid processes, and the package choice depends on the application and the scale.

In the following, I first introduce ICON (Section 3.1) and ART (Section 3.2) in general. In my work,

I included extensions for online volcanic emissions to improve the ESPs in ART, which is described in

Section 3.3. Section 3.4 describes the representation of aerosol dynamical processes in ICON-ART, of

which Muser (2022) studied the implications in detail. Section 3.5 describes the approaches to include

chemical depletion in ICON-ART and the aqueous-phase chemistry mechanism I implemented to study

the contribution of different processes in the conversion of gaseous SO2.

3.1. ICON model

ICON is a general circulation model that solves the full three-dimensional nonhydrostatic and com-

pressible Navier-Stokes equations on a horizontally unstructured triangular grid. Therefore, a regular

icosahedron is projected onto a sphere. Further refinements of the triangular grid achieve a higher hori-

zontal resolution, which is denoted by RnBk. n is the number of equal sections the icosahedron is initially

divided into, followed by k subsequent edge bisections. The average horizontal grid spacing ∆x of the

grid is then given by

∆x =

√
Searth

ncells
=

√
4R2

earthπ

ncells
≈ 5050

n2k (3.1)

with Searth the Earth’s surface in km2, ncells the number of grid cells given by 20n24k, and Rearth the

Earth’s radius in km.

Nests are local refinements of the grid. In this work, the grid spacing of a nest is halved compared to the

grid spacing of the coarser domain. ICON can further be used in the Limited Area Mode (LAM), which

avoids the use of multiple nests to reach a desired grid spacing locally. The model then only simulates a

chosen area, but the variables at the boundaries are regularly updated.
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3. ICON-ART modeling system

The dynamical core of ICON is based on the prognostic variables suggested by Gassmann and Her-

zog (2008). It numerically solves the momentum equations (Equations (3.2) and (3.3)), the continuity

equation (Equation (3.4), conservation of mass), and the first law of thermodynamics (Equation (3.5),

conservation of energy) and reads as follows:

∂vn

∂ t
+

∂Kh

∂n
+(ζ + f )vt +w

∂vn

∂ z
=−cpdθv

∂Π

∂n
+ fF (vn) (3.2)

∂w
∂ t

+vh ·∇w+w
∂w
∂ z

=−cpdθv
∂Π

∂ z
−gz (3.3)

∂ρa

∂ t
+∇ · (vρa) = 0 (3.4)

∂ρaθv

∂ t
+∇ · (vρaθv) = Q̃ (3.5)

with

Π =

(
Rd

p00
ρaθv

)Rd/cvd

(3.6)

the Exner function.

The prognostic variables are the horizontal wind component normal to the triangle edges vn, the hori-

zontal wind velocity tangential to the triangle edges vt , the vertical wind component w, the density ρa,

and the virtual potential temperature θv. Additional variables are the three-dimensional wind vector v =

(vt , vn, w), the horizontal wind vector vh, the time t, the height z, the vertical component of the relative

vorticity ζ , the Coriolis parameter f , the horizontal component of the kinetic energy Kh =
1
2

(
v2

n + v2
t
)
,

the specific heat capacity of dry air at constant pressure cpd and at constant volume cv, the gas constant

of dry air Rd , the acceleration due to gravity gz, and the reference pressure p00 = 1000 hPa. Furthermore,
∂

∂n denotes a horizontal derivative normal to the triangle edges. fF(vn) are the source and sink terms for

horizontal momentum (e.g., due to friction and turbulence), and Q̃ are the diabatic heat source terms. For

more details on the dynamical core of ICON, the reader is referred to Zängl et al. (2015).

3.2. ART submodule

The ART submodule supplements the ICON model by including emissions, transport, aerosol dynamics,

and gas-phase chemistry in the troposphere and stratosphere (Rieger et al., 2015; Weimer et al., 2017;

Schröter et al., 2018; Muser et al., 2020). For each aerosol or chemical species a transport equation needs

to be solved in ICON-ART. These equations are Hesselberg-averaged, which means that a variable Ψ can

be decomposed into a barycentric mean with respect to the air density ρa and its fluctuations:

Ψ̂ = Ψ−Ψ
′′ =

ρaΨ

ρa
(3.7)
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Here, variables with a bar on top are Reynolds-averaged. The total time derivative and the continuity

equation read as
d̂
dt

=
∂

∂ t
+ v̂ ·∇ (3.8)

and
d̂ρa

dt
=−ρa∇ · v̂ (3.9)

with v̂ the barycentric mean of the velocity (Rieger et al., 2015).

3.2.1. Aerosol tracers

The size distribution of the aerosols is represented by several log-normal distributions. When assuming

externally mixed aerosols, each aerosol mode l has one prognostic variables for both the number con-

centration and the mass mixing ratio, which are transported (’two-moment scheme’). Internally mixed

aerosol modes are described by one prognostic variable for the number concentration and additional

prognostic variables for the mass mixing ratios of all compounds in the mode. More details on the

treatment of internally mixed aerosols are given in Section 3.4. This section focuses on the general de-

scription of the log-normal distributions and transport equations exemplary on the basis of externally

mixed particle.

The Hesselberg-averaged specific number concentration Ψ̂0,l and mass mixing ratio Ψ̂3,l of a mode l are

given by

Ψ̂0,l =
ρa

Nl
ρa

ρa
=

Nl

ρa
(3.10)

and

Ψ̂3,l =
ρa

Ml
ρa

ρa
=

Ml

ρa
(3.11)

with Nl the number concentration, Ml the mass concentration, and ρa the density of air. These two

expressions represent the zeroth and third moment of the size distribution of mode l. The log-normal

distributions for the mass specific number concentration and mass mixing ratio as functions of the aerosol

diameter dp are given by

ψ̂0,l (lndp) =
Ψ̂0,l√

2 ·π · lnσl
· exp

(
−
(lndp − lnd0,l)

2

2 · ln2
σl

)
(3.12)

and

ψ̂3,l (lndp) =
Ψ̂3,l√

2 ·π · lnσl
· exp

(
−
(lndp − lnd3,l)

2

2 · ln2
σl

)
. (3.13)
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Besides Ψ̂0,l (Ψ̂3,l), the shape parameters of the log-normal distribution are the standard deviation σl

and the median diameter d0,l (d3,l). In ART, the standard deviation σl is kept constant during the whole

simulation, which allows to calculate the diameter of the number distribution as

d0,l =
3

√
Ψ̂3,l

π

6 ·ρp · exp
(9

2 · ln
2

σl
)
· Ψ̂0,l

(3.14)

with ρp the particle density. The median diameter of the number concentration can be converted to the

median diameter of the mass distribution with

ln(d3,l) = lnd0,l +3 · ln2
σl. (3.15)

The transport equations for the specific number concentration and mass mixing ratio for aerosol tracers

in flux-form read as

∂ρaΨ̂0,l

∂ t
=−∇ ·

(
v̂ρaΨ̂0,l

)
−∇ ·

(
v′′ρaΨ′′

0,l

)
− ∂

∂ z

(
vsed,0,lρaΨ̂0,l

)
−W0,l −Ca0,l +Nu0,l +E0,l

(3.16)

and

∂ρaΨ̂3,l

∂ t
=−∇ ·

(
v̂ρaΨ̂3,l

)
−∇ ·

(
v′′ρaΨ′′

3,l

)
− ∂

∂ z

(
vsed,3,lρaΨ̂3,l

)
−W3,l −Ca3,l +Nu3,l +Co3,l +E3,l.

(3.17)

Here, the terms ∇ ·
(
v̂ρaΨ̂k,l

)
and ∇ ·

(
v′′ρaΨ′′

k,l

)
denote the changes of the k-th moment of mode l due

to advection and turbulent fluxes, respectively. ∂

∂ z

(
vsed,k,lρaΨ̂k,l

)
describes the sedimentation flux with

vsed,k,l the sedimentation velocity. Wk,l and Cak,l represent the removal of particles due to wet deposition

and coagulation, respectively. Wet deposition in ICON-ART considers the scavenging by raindrops

below clouds. The particle formation due to nucleation Nuk,l is only considered for the Aitken mode

(l = Ait). Co3,l describes the increase in mass due to condensation of gaseous compounds onto mode l

and is only a source term for the third moment. Finally, Ek,l denotes the emission.

For a comprehensive description of the advection scheme and more information on the parametrization

of the turbulent fluxes, the sedimentation flux, and the wet deposition, the reader is referred to Rieger

et al. (2015), Rieger (2016), and references therein. Recent developments in ICON-ART include the

representation of nucleation, condensation, and coagulation (Section 3.4). These processes lead to the

formation of new particles and aging of aerosols.
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3.2.2. Gas-phase tracers

The barycentric-averaged mass mixing ratio of a chemical tracer in ICON-ART is expressed by the ratio

of the partial density of a gas g and the density of air ρa:

Ψ̂g =
ρa

ρg
ρa

ρa
=

ρg

ρa
(3.18)

The evolution of a chemical tracer g in time and space is given by the diffusion equation for gases (here

in flux-form) as
∂ (ρaΨ̂g)

∂ t
=−∇ ·

(
v̂ρaΨ̂g

)
−∇ ·

(
ρav′′Ψ′′

g
)
+Pg −Lg +Eg. (3.19)

The terms on the right hand side of the equation are the flux divergence that contain the horizontal and

vertical advection of the tracer, the changes by turbulent fluxes, the chemical production rate, chemical

loss rate, and the emission.

3.3. Emissions from volcanic eruptions with FPlume1

In previous versions of ICON-ART, volcanic eruptions were parameterized by a very simplistic approach.

The total MER Etot was calculated using the empirical relationship by Mastin et al. (2009):

Etot =

(
1

0.3535
H
) 1

0.241

(3.20)

with H the height of the plume in km. Then, the MER was multiplied by a fixed factor to only consider

the very fine ash, which is relevant for the long-range transport of ash in the atmosphere. Afterwards,

the mass was distributed over three ash modes (accumulation, coarse, and giant) and emitted along a

Gaussian profile of the following shape:

fe(z∗) = 0.0076+0.9724 · exp

(
−
(

z∗−0.4481
0.3078

)2
)

(3.21)

with z∗ = z/H the normalized plume height. Equation (3.21) was afterwards normalized by its integral

to ensure the correct total ash mass emissions and units at discrete point sources in each model layer

between bottom and top height of the plume:

E(z∗) = Etot
fe(z∗)∫ 1

0 fe(z∗)dz∗
(3.22)

1Parts of this section are adapted from: Bruckert, J., G. A. Hoshyaripour, Á. Horváth, L. O. Muser, F. J. Prata, C. Hoose,
and B. Vogel, 2022: Online treatment of eruption dynamics improves the volcanic ash and SO2 dispersion forecast: case of the
2019 Raikoke eruption. Atmospheric Chemistry and Physics, 22 (5), 3535–3552, doi:10.5194/acp-22-3535-2022.
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This approach was developed for the specific case of the 2010 Eyjafjallajökull eruption (Rieger et al.,

2015). However, it is not suitable for all explosive volcanic eruptions as it neglects the setting of the

volcano. Furthermore, the feedback between the atmosphere and plume cannot be considered.

This work uses a more generic approach to model the plume dispersion after explosive volcanic eruptions.

I coupled the 1-D volcanic plume rise model FPlume by Folch et al. (2016) to ICON-ART. FPlume solves

the equations of the buoyant plume theory (Morton et al., 1956) along a vertical plume axis and further

considers ambient air entrainment, plume bending due to wind, particle wet aggregation, energy supply

due to water phase changes, and particle fallout and reentrainment of particles. FPlume provides two

solving strategies. The first one calculates the plume height from a given MER directly. The second

strategy derives the MER from a given plume height iteratively by approaching the actual MER with the

bisection method (Folch et al., 2016). Figure 3.1 schematically explains the coupling between ICON-

ART and FPlume. It shows the case for a FPlume-derived MER based on a prescribed plume height, as

usually the MER is unknown, and plume height is available from measurements. Nevertheless, the same

procedure also works for prescribed MERs and derived plume heights.

Figure 3.1.: Schematic illustration explaining the coupling between the ICON-ART model and the 1-D plume rise
model FPlume for the case of a given plume height. The Gouhier relationship refers to Gouhier et al. (2019). The
equation for the Suzuki distribution was derived by Suzuki (1983) and is described in Marti et al. (2017).

The vertical profiles for wind, temperature, pressure, and humidity simulated with ICON serve as me-

teorological inputs for FPlume. In addition to meteorological data, FPlume needs estimates of the exit

temperature, exit velocity, and exit volatile fraction, which depend on the type and setting of the volcano.

These values are prescribed (details are given in Section 4.1.3). During every time step in which the

volcano should be active, FPlume first calculates the plume properties, i.e., the total MER in the case

of a given plume height (as here) or plume height in the case of a given MER. Secondly, the fraction of

very fine ash is determined based on the plume height and the total MER by using the relationship of

Gouhier et al. (2019). Gouhier et al. (2019) derived fit equations for the very fine ash fraction based on

observations of 22 past volcanic eruptions between 1.5 and 40 km plume height. Depending on the SiO2
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content and whether the conduit is opened or closed, different fractions of very fine ash were derived

(Table 3.1).

SiO2 content Conduit Fraction of very fine ash

Low
closed 25.95E1.72

tot H1.95

open 25.95E1.72
tot H1.40

High
closed 25.95E1.62

tot H1.95

open 25.95E1.62
tot H1.40

Table 3.1.: Empirical relationships for the fraction of very fine ash derived by Gouhier et al. (2019).

Using the fraction of very fine ash, ash is emitted into ICON-ART by multiplying the MER of very fine

ash with the vertical profile derived from the normalized Suzuki distribution (Suzuki, 1983) in the last

step :

S∗ (z) =
Etot

((
1− z

H

)
exp
(
4.0
( z

H −1
)))5.0

MAX
(
S
( z

H

)) (3.23)

with S(z) the Suzuki distribution as the numerator of the equation. Here, S(z) assumes the same factors

as in Marti et al. (2017) and describes the vertical emission profile. Etot is the emission rate of very

fine ash and z refers to the vertical coordinate. To ensure the correct total ash mass emission and units

when the particles are released into ICON-ART at discrete point sources in each model layer between

the bottom and top height of the plume, Equation (3.23) is further normalized by the vertical integral of

S∗(z) as it was also done in Equation (3.22).

For the coupling, the mass of particles larger than 32 µm is completely disregarded, as this fraction has

been shown to be irrelevant for long-range transport (Rose and Durant, 2009). Only the MER is used

from FPlume, and the very fine ash fraction and emission profile are calculated independently instead

of using the vertical distribution of mass from FPlume due to two main reasons. (1) Offline analysis

revealed that the mass profiles for the predefined bin sizes strongly depends on the assumption of the

initial total grain size distribution (TGSD) at the vent. As information on the TGSD is often lacking,

using FPlume mass profiles leads to a less generic approach and large uncertainties. (2) ICON-ART

includes only the ash modes which are relevant for long-range transport, and the size distribution of

these modes differs from the TGSD at the vent. Thus, I would have to convert the FPlume size bins into

ICON-ART modes, which requires several assumptions and increases the uncertainty of the emissions.

More details on the initialization of the ash particles is given in Section 4.1.3.

Besides ash, SO2 can also be emitted. Different from the ash emission, the current implementation

prescribes the MER of SO2 based on satellite estimates, but it releases the gas into ICON-ART with the
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same profile and phases as the ash. This simplification was necessary as usually no further information

on temporal SO2 emission is available. Yet, during volcanic eruptions in general it is possible that the

ash and SO2 are emitted at different phases of the eruption (Thomas and Prata, 2011) or are separated by

gravitation in the early stage of the volcanic plume (Schneider et al., 1999; Prata et al., 2017).

3.4. Aerosol dynamic processes

Condensation and coagulation can generate internally mixed particles. Therefore, the three modes pre-

viously defined by Rieger et al. (2015) and used in e.g., Gasch (2016) and Hoshyaripour et al. (2019)

have been replaced by a set of seven log-normal modes in Muser et al. (2020) for a volcanic particle dis-

tribution. Muser et al. (2020) assumed four size ranges with different mixing states, namely the Aitken

(as soluble), accumulation (as soluble, insoluble, and mixed), coarse (as insoluble and mixed), and giant

mode (as insoluble). Table 3.2 summarizes the components used in the different modes in this work.

In case of volcanic eruptions, soluble particles consist of mainly SO2−
4 and H2O, and they occur in the

Aitken and accumulation mode. Insoluble particles consist of volcanic ash and exist in the accumula-

tion, coarse, and giant mode. Mixed particles are characterized by an insoluble core coated by soluble

substances. In case of volcanic plumes, mixed particles mainly consist of ash coated by SO2−
4 and H2O.

Insoluble components: Soluble components:
Ash SO2−

4 , H2O, ammonium (NH+
4 ), nitrate (NO−

3 )
Aitken – soluble
Accumulation insoluble, mixed soluble, mixed, (insoluble)
Coarse insoluble, mixed mixed, (insoluble)
Giant insoluble –

Table 3.2.: Soluble and insoluble components available in the different mixing states of the Aitken, accumulation,
coarse, and giant mode as considered in this work. Brackets indicate when components are needed for technical
reasons to enable particle shifting from an insoluble to a mixed mode.

The model solves the prognostic equations for number density (zeroth moment) and mass concentration

(third moment) for each mode while keeping the standard deviations of the modes constant, as explained

in Section 3.2.1. This induces that the diameter can change due to aerosol dynamics. For the Aitken

mode, nucleation, condensation, and coagulation are considered. The accumulation and coarse modes

are affected by condensation and coagulation only. Shifting of particles into another modes occurs either

when the 5% mass threshold of soluble coating on insoluble particles is exceeded (shift from insoluble

to mixed mode) or a threshold diameter of the soluble mode is exceeded (shift into larger mode). The

threshold value of 5% is based on Weingartner et al. (1997).

3.4.1. Gas–particle partitioning with ISORROPIA II

The ISORROPIA II model (Fountoukis and Nenes, 2007) was coupled to ICON-ART by Muser et al.

(2020) to compute gas–particle partitioning. It is an extension of the ISORROPIA model by Nenes et al.
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(1998). ISORROPIA II treats the thermodynamics of the potassium–sodium–magnesium– calcium–

ammonium–sodium–sulfate–nitrate–chloride–water (K+– Ca2+– Mg2+– NH+
4 – Na+– SO2−

4 – NO−
3 – Cl−–

H2O) aerosol systems and derives an equilibrium state for these species in the gas, liquid, and solid phase.

Fountoukis and Nenes (2007) made several assumptions to reduce the computational costs and increase

numerical stability. Two assumptions are relevant for this thesis (Muser, 2022). First, as H2SO4 has a

very low vapor pressure, it is assumed to remain in the aerosol phase after nucleation and condensation.

In ICON-ART, the parametrizations used for the nucleation and condensation of H2SO4 are independent

of ISORROPIA II (Sections 3.4.2 and 3.4.3). Second, in SO2−
4 rich solutions, it is assumed that the

gaseous species ammonia (NH3) and the aqueous species NO−
3 and Cl− do not perturb the thermody-

namic equilibrium significantly.

3.4.2. Nucleation

The nucleation of sulfate particles in ICON-ART follows the parametrization of Kerminen and Wexler

(1995). New sulfate particles nucleate when a critical concentration ccrit of H2SO4 is reached, which is

given by

ccrit = 0.16exp
(

0.1T −3.5
RH
100

−27.7
)

(3.24)

with T the temperature in K and RH the relative humidity in %. The unit of the critical concentration

is µg m−3. In ICON-ART, if the H2SO4 concentration cH2SO4 exceeds the critical concentration ccrit , the

concentration above this threshold nucleates into the soluble Aitken mode with a rate of

Nu3,sol_Ait =
cH2SO4 −

ccrit
ρp

∆t
. (3.25)

This parametrization only refers to the mass rate of nucleated particles. The number concentration (in

kg−1) is calculated from the assumed size distribution as

Nu0,sol_Ait =
6

πρp
·

exp
(
4.5 · ln2 (σsol_Ait)

)
d3

0,Ait
·Nu3,sol_Ait . (3.26)

A detailed description of the nucleation parametrization is given in Riemer (2002).

3.4.3. Condensation

The gas–particle partitioning for gaseous species in ICON-ART is calculated with the ISORROPIA II

model, as described in Section 3.4.1. However, the condensation of H2SO4 onto existing particles is

parameterized based on Whitby et al. (1991) and was adapted from Riemer (2002). As condensation

leads to a growth of existing particles and no new particles are generated, condensation only affects the

third moment of the size distribution. The zeroth moment remains unchanged.
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The condensation rate of the third moment of mode l is calculated as

C̃o3,l =
6
π

χT

∫
∞

0
χ(d3,l)ψ3,l(d)dd3,l =

6
π

χT Il. (3.27)

χT is size-independent and depends on thermodynamic variables. Il abbreviates the integral. χ(d3,l) is

size-dependent and differs for different size regimes, which are defined by the dimensionless Knudsen

number:

Knl =
2λair

d0,l
(3.28)

with λair the mean free path of air. A Knudsen number Kn>10 defines the free-molecular regime (fm) in

which particles behave as free moving particles comparable to air molecules. For Kn<0.1, the particles

are considered to be suspended in air (continuum regime). Kn values between 1 and 10 define the

transition regime, and values from 0.1 to 1 indicate the near-continuum regime (nc). The expressions for

χ(dl) in the near-continuum and free-molecular regimes are given by

χnc(dl) = 2πDg,H2SO4dl (3.29)

and

χ f m(dl) =
παcH2SO4

4
d2

l (3.30)

with Dg,H2SO4 the diffusion coefficient of H2SO4, α the accommodation coefficient, and cH2SO4 the mean

molecular velocity of H2SO4. These two formulations (Equations (3.29) and (3.30)) allow to evaluate

the integral Il for the two regimes separately by

Inc
l = 2πDg,H2SO4M1,l (3.31)

and

I f m
l =

παcH2SO4

4
M2,l (3.32)

with Mk,l the k-th moment of the particle size distribution. The harmonic mean of both expressions

(Equations (3.31) and (3.32)) gives an expression for the condensation rate of the third moment over the

entire size range:

C̃o3,l =
6
π

χT Il =
6
π

χT
Il, f m · Il,nc

Il, f m + Il,nc
(3.33)

The elimination of χT is based on the assumption that the production rate of H2SO4 is much slower than

its condensation. Hence, an equilibrium state in which the total condensation rate equals the production

rate of H2SO4, is reached:

C̃o3 = ∑
l

C̃o3,l = Ṁ3 (3.34)

34



3.4. Aerosol dynamic processes

Ṁ3 is the third moment production rate of gaseous H2SO4. From the formulation of a dimensionless

coefficient

Ωl =
C̃o3,l

C̃o3
=

C̃o3,l

Ṁ
=

Il

∑l Il
(3.35)

the mode-dependent condensation rate follows:

C̃o3,l = Ṁ3Ωl (3.36)

Thus, the condensation rate not depends on χT anymore but on the integral Il and the production rate of

H2SO4. This corresponds to a condensation rate for the mass mixing ratio of

Co3,l =
π

6
ρH2SO4

ρa
Ṁ3Ωl. (3.37)

As Ṁ3 is not available in ICON-ART, the condensation rate of the mass mixing ratio is approximated by

the H2SO4 mass mixing ratio cH2SO4 and the model time step ∆t as

Co3,l =
cH2SO4

∆t
Ωl. (3.38)

3.4.4. Coagulation

Coagulation leads to an increase of the particle median diameter and a reduction of the number concen-

tration. The parametrizations of the coagulation terms Ca0,l and Ca3,l of Equations (3.16) and (3.17)

are based on the work of Riemer (2002) and references therin (mainly Whitby et al. (1991)), and are

applied in ICON-ART as described in Muser (2022). These works differentiates between intra- and

inter-modal coagulation, i.e., coagulation of particles in the same mode and coagulation of particles in

different modes, respectively. According to Muser (2022), resulting particles remain in the same mode

for intra-modal coagulation and are assigned to the mode with larger diameter for inter-modal coagula-

tion. When a mixed mode is involved, the resulting particle is assigned to the mixed mode. In case of

coagulation of an insoluble mode with a soluble mode, the resulting particle first stays in the insoluble

mode within the coagulation routine. However, in case the mass of soluble species in the insoluble mode

reaches a threshold of 5%, the particle is shifted into the mixed mode in a subsequent routine.

The coagulation rates for the zeroth and third moment are

Ca0,i =Ca0,ii +Ca0,i j (3.39)

and

Ca3,i =Ca3,i j (3.40)

with the terms Cak,ii and Cak,i j for the intra- and inter-modal coagulation rates of the k-th moment,

respectively. i and j denote two different modes. Intra-modal coagulation always reduces the zeroth
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moment and does not change the third moment of a particle size distribution. For inter-modal coagu-

lation, the zeroth and third moment can either increase, decrease, or stay the same, depending on the

mixing state and the sizes of modes i and j. The zeroth moment of the larger mode stays constant when

coagulating with a smaller mode, whereas the third moment is increasing. The zeroth and third moment

of the smaller mode, however, are both decreasing during coagulation with a larger mode.

ICON-ART only considers coagulation due to Brownian motion and neglects electrostatic forces. The

formulation of the coagulation rate follows Whitby et al. (1991), and it reads for a system of two modes

i and j as

C̃a0,ii =
1
2

∫
∞

0

∫
∞

0
β (d1,d2)ψ0,i(d1)ψ0,i(d2)dd1dd2, (3.41)

C̃a0,i j =
∫

∞

0

∫
∞

0
β (d1,d2)ψ0,i(d1)ψ0, j(d2)dd1dd2, (3.42)

and

C̃a3,i j =
∫

∞

0

∫
∞

0
d3

1β (d1,d2)ψ0,i(d1)ψ0, j(d2)dd1dd2. (3.43)

The coagulation coefficient β depends on the sizes of coagulating particles. General expressions for

β are complex and usually only numerical solutions exist for all sizes. However, analytical solutions

are available for certain size regimes. The method by Whitby et al. (1991) uses analytic solutions of

the coagulation integrals in Equations (3.41) to (3.43) for the near-continuum and free-molecular regime

and applies a harmonic mean to receive an expression for the full size range. A detailed derivation of

these solutions can be found in the original publication by Whitby et al. (1991), or in Riemer (2002) and

Muser (2022). The harmonic means for inter-modal coagulation are given by

C̃a0,i j =
C̃anc

0,i jC̃a f m
0,i j

C̃anc
0,i j +C̃a f m

0,i j

(3.44)

and

C̃a3,i j =
C̃anc

3,i jC̃a f m
3,i j

C̃anc
3,i j +C̃a f m

3,i j

(3.45)

with C̃anc
k,i j and C̃a f m

k,i j the coagulation rates of the k-th moment for the near continuum and free molecular

regime, respectively. The solution for C̃aii is derived analogously. These means are then used in Equa-

tions (3.41) to (3.43) to determine the coagulation rate for the zeroth moment C̃a0,i and third moment

C̃a3,i of mode i.
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In ICON-ART, the coagulation rate C̃ak,l of the k-th moment is converted to the coagulation rate of the

mass mixing ratio and number mixing ratio by

Ca0,l =
1
ρa

C̃a0,l (3.46)

and

Ca3,l =
ρp,l

ρa
C̃a3,l, (3.47)

respectively.

3.4.5. Aerosol–radiation interaction

In ICON-ART, two options are available to calculate the radiative fluxes in the model atmosphere: the

Rapid Radiative Transfer Model (RRTM) by Mlawer et al. (1997) and ecRad by Hogan and Bozzo

(2018). RRTM computes the SW and LW fluxes for 30 spectral bands, which cover wavelengths of

0.2 – 1000 µm. 14 of these 30 bands represent the SW radiation up to 3.846 µm and 16 bands refer

to the LW radiation. RRTM was the first radiative model in ICON and is now replaced by ecRad.

The advantages of ecRad in ICON are the regular maintenance and documentation of the code, more

consistent parametrizations, and a flexible and modular coding of the model (Rieger et al., 2019). The

number of bands in the LW and SW is the same as in RRTM.

RRTM and ecRad require the mass extinction coefficient ke, the single scattering albedo ω , and the

asymmetry parameter g in all wavelength bands to account for the radiative effects of aerosols (Gasch

et al., 2017). The calculation of the optical properties needs the mass mixing ratio (for ke and ω) and

the refractive indices of the particles. As ICON-ART considers different particle sizes and mixing states,

the optical properties are determined for each mode individually. The optical properties of volcanic ash

aerosols were derived by Mie calculations. These calculations were performed offline, and the results for

each mode and each of the 30 wavelength bands are stored in look-up tables. This was necessary because

the Mie calculations are computationally expensive. For each mode, only one set of optical properties

was derived, which should be representative for the mode in the whole volcanic plume.

The ICON-ART setup used in this work considers insoluble particles as spherical ash particles without

coating, soluble particles as water-sulfate mixtures, and mixed mode particles as ash particles coated

with a water-sulfate shell. The Mie calculations for these particles were performed with wavelength-

dependent refractive indices of insoluble particles by Walter (2019) and mixed particles by Muth (2019)

and Muser (2022). Furthermore, ICON-ART uses refractive indices for the soluble mode based on the

Mie calculations for water-sulfate mixtures from Gordon et al. (2017). Based on Gordon et al. (2017)

and measurements conducted by Rosen (1971), ICON-ART assumes a volume mixture of 50% water and

50% sulfate for the soluble particles and the shell of mixed particles. Although this assumption neglects

the dependence on the atmospheric humidity, it is necessary to reduce the amount of Mie calculations.
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The coating ratio, defined as the fraction of the shell diameter to the particle diameter, is assumed to be

0.2 for the Mie calculations (Muth, 2019).

Figure 3.2.: Optical properties of volcanic ash modes at different wavelengths. The upper, central, and lower panels
show the extinction coefficient ke, the SSA ω , and the asymmetry parameter g, respectively. Solid lines indicate
insoluble modes and dashed lines indicate mixed modes. Taken from Muser et al. (2020).

Figure 3.2 shows the results of the Mie calculations and is taken from Muser (2022). It presents the

wavelength-dependent extinction coefficient ke, the SSA ω , and the asymmetry parameter g for the

different modes. The extinction coefficient is higher for smaller particles than for larger ones in the short

wavelengths (visible and near-IR range, Figure 3.2 top). In the LW range, the differences between the

modes are smaller. Furthermore, the extinction coefficient is slightly higher for coated than for uncoated

ash particles in the coarse mode at all displayed wavelengths. For the accumulation mode, the extinction

coefficient is higher for the coated ash particles in the SW and lower in the near-IR compared to uncoated

particles in the same size mode. The differences in the LW for coated and uncoated particles are only

small (Figure 3.2 top).

The SSA indicates whether extinction is dominated by scattering or absorption. An ω-value close to one

(zero) means extinction mainly occurs by scattering (absorption). For all modes, scattering dominates

in the SW (Figure 3.2 middle). However, the scattering is higher for smaller particles than for larger

ones. In the LW, the absorption increases and even dominates for the accumulation mode particles.

The mixing state only slightly influences ω at most wavelengths, except for accumulation mode ash

particles in the near- and mid-IR range. Here, coated ash particles are more absorbing than uncoated
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ones (Figure 3.2 middle). Absorption heats particles, which warm the surrounding atmosphere. This can

have implications for the plume development (Muser et al., 2020) and atmospheric dynamics (Niemeier

et al., 2021).

The asymmetry parameter g determines whether the particles scatter radiation preferentially to the front

(g close to 1) or back (g close to -1). Figure 3.2 (bottom) shows that forward scattering is larger than

backward scattering for all modes. A slight decrease in g for the giant and coarse modes with increasing

wavelength is visible, whereas the decrease for the accumulation mode particles is larger. Furthermore,

coating causes a slightly smaller g. Although this does not affect the radiation budget in ICON-ART, it

needs to be considered when comparing modeled backscatter signals with measurements from remote

sensing (Hoshyaripour et al., 2019).

The assumptions made to derive the optical properties of the modes were necessary to reduce the com-

putational costs and due to missing observational or experimental data. The most important assumptions

made for the optical properties in ICON-ART are:

- The refractive indices from Walter (2019) were derived for the 2010 Eyjafjallajökull eruption. The

Raikoke and La Soufrière volcanoes, of which the eruptions were studied in this work, might differ

in the mineralogy and therefore the emitted particles might produce other refractive indices.

- The Mie theory only considers spherical particles. Liquid particles fulfill this assumption, but it is

not justified in case of freshly emitted volcanic ash (Bagheri and Bonadonna, 2016). Nevertheless,

particle aging leads to coating of liquids on the ash surface, which results in a more spherical shape

of mixed particles (Lohmann et al., 2016).

- The particle diameter and the mixing state were used for the Mie calculations. However, particle

aging, relative humidity, and vertical separation of smaller and larger particles due to sedimentation

can modify the diameters, and the mixing states of the modes are not constant within the plume.

On the one hand, these assumptions can introduce errors in ICON-ART. On the other hand, it is necessary

to keep in mind that both modeled backscatter signals and measurements from remote sensing rely on

assumptions on the particle size distribution (PSD) of the volcanic plume. Hence, especially absolute

values can differ between signals from remote sensing measurements and modeled signals.

3.5. Gas-phase chemistry

ICON-ART offers three options to run simulations with gas-phase chemistry: The lifetime approach

(Rieger et al., 2015), a simplified OH-chemistry (Weimer et al., 2017), and complex chemistry mecha-

nisms (Schröter et al., 2018). In the lifetime approach, chemical tracers are depleted or react into other

substances based on a given value for their lifetime in the atmosphere. As this method is largely simpli-

fied and neglects the dependence of chemical reactions on the diurnal cycle, it was not used in this thesis.

Instead, the simplified OH-mechanism (Section 3.5.1) was used for global simulations in Chapters 6 and
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7 and a complex gas-phase mechanism supplemented by a mechanism for aqueous-phase chemistry on

aerosols (Section 3.5.2) for LAM simulations in Chapter 7.

3.5.1. Simplified OH-chemistry

The simplified OH-mechanism for gas-phase chemistry provided in ART is described in Weimer et al.

(2017). It is a set of parametrizations that calculates the loss rate of tracers by OH depletion and pho-

tolysis depending on space and time. The tropospheric OH concentration is modeled by a simplified

model that contains the most important chemistry and photolysis reactions relevant for OH formation

and depletion (Jacob, 1999):

O3 + hν

JO3
O(1D) + O2 (R19)

N2 + O(1D)
kN2

O(3P) + N2 (R20)

O2 + O(1D)
kO2

O(3P) + O2 (R21)

H2O + O(1D)
kH2O

2 OH (R22)

OH + CH4

kCH4
H2O + CH3 (R23)

... CO + HO2 (R24)

OH + CO
M,kCO,1

H + CO2 (R25)

OH + CO
M,kCO,2

HOCO (R26)

Reaction and photolysis rates are denoted as k and J, respectively. Derived from this reaction system, the

OH concentration is given by

[OH] =
2[O(1D)]kH2O[H2O]

kCH4[CH4]+ (kCO,1 + kCO,2[CO])
(3.48)

with a O(1D)-concentration of

[O(1D)] =
JO3[O3]

kO2 + kN2[N2]+ kH2O[H2O]
. (3.49)

The O3 concentration is a climatological value. An online-photolysis module derives the O3 photolysis

rate JO3 in ICON-ART (Weimer et al., 2017, and references therein). The concentration of H2O comes

from the ICON microphysics, and the concentrations of O2 and N2 are converted to number concentra-

tions from volume mixing ratios of 20.946% and 78.084%, respectively.
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3.6. Aqueous-phase chemistry and adsorption

Besides the gases needed for the simple OH-model, further additional gases can be picked (e.g., SO2).

The depletion of these additional gases then occurs by reaction with OH or by photolysis, e.g.,

SO2 + OH H2SO4 · (R27)

3.5.2. Chemistry mechanism with MECCA

ART can furthermore model chemical reactions using the Module Efficiently Calculating the Chem-

istry of the Atmosphere (MECCA, Sander et al. (2011)), which has been integrated into ICON-ART

by Schröter et al. (2018). The MECCA tool calculates the non-linear system of ordinary differential

equations (ODEs) of a chemical mechanism with the Kinetic PreProcessor (KPP) by Sandu and Sander

(2006). Depending on the experiment, the user can choose an appropriate chemistry mechanism from a

set of chemical reactions. MECCA provides different solvers for the ODEs such as several Rosenbrock

methods, Runge–Kutta methods, and backward differentiation formulas. The temporal integration for the

simulations in this thesis were performed with the third-order Rosenbrock ODE solver RODAS3 (Sandu

et al., 1997). Third-order solvers generally compute the stiff system of ODEs with sufficient precision

for atmospheric conditions (Sander et al., 2011).

3.6. Aqueous-phase chemistry and adsorption

In this thesis, I used the MOZART-4 (Model for OZone And Related chemical Tracers – version 4) gas-

phase chemistry mechanism (Emmons et al., 2010) and modified the mechanism for the case of volcanic

emissions. The ODEs for this mechanism were calculated by using MECCA. The complete MOZART-4

mechanism was reduced to inorganic chemistry, but it includes reactions containing C1-organic com-

pounds such as CH4. CH4 influences the removal of OH radicals, which in turns affects the chemistry

of volcanic gases (Jacob, 1999). The reduction of the MOZART-4 chemistry mechanism is a compro-

mise between providing the most relevant reactions, which directly or indirectly affect the chemistry in

explosive volcanic eruption plumes, and limiting the amount of computational costs. A complete list of

gas-phase reactions and their reaction rate coefficients considered for Chapter 7 is summarized in Ta-

ble B.1 (first and second block). The total number of reactions in the reduced MOZART-4 mechanism is

108 gas-phase and 27 photolysis reactions.

To account for the dissolution of volcanic gases in water, I extended the mechanism by 47 equilibrium

and aqueous-phase reactions (Table B.1, third block). Most of the rate coefficients for these reactions

depend on the LWC in the atmosphere. As I only considered large explosive volcanic eruptions with

major emissions occurring into the upper troposphere and stratosphere, I assumed the amount of liquid

water droplets (cloud droplets) to be low and that aqueous-phase chemistry only occurs on coated ash.

Therefore, the term aerosol liquid water content (ALWC) is used in the following to distinguish from

LWC, which is typically used for liquid cloud droplets.
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3. ICON-ART modeling system

Technically, aqueous-phase chemistry on coated aerosols was solved by assigning two additional tracers

to the mixed accumulation and coarse modes (e.g., A_aq_mixed_acc and A_aq_mixed_coa) for every

aqueous-phase tracer in the mechanism (e.g., A_aq). In order to limit the computational costs, only the

tracers assigned to the aerosol modes are transported but not the actual aqueous-phase chemical tracer. In

ICON-ART, the order of the routines is emission, aerosol dynamics, chemistry, and removal. This means

for the procedure that after the aerosol routines the mass mixing ratios of an aqueous-phase compound

in the mixed aerosol modes are added and written onto the chemical tracer. This chemical tracer is then

considered in the mechanism, and the resulting mass mixing ratios are distributed onto the aerosol mixed

modes again according to their ALWCs.

To consider the oxidation of SO2 by O2 and TMI, I initialized the aqueous-phase concentration of Fe3+

in the mixed modes with 0.5 µM (0.5·10−3 mol m−3). This value is in agreement with Galeazzo et al.

(2018).

In case an experiment includes the emission of water vapor from the volcanic eruption, the MER of

water vapor is written onto the chemical H2O tracer in ART instead of the ICON qv-tracer (mixing

ratio of water vapor) because of two reasons; (1) to avoid a lofting of the plume by latent heat release

due to phase changes of the emitted water vapor and (2) to not consider the emitted water vapor when

reading the atmospheric profiles by FPlume. In order to receive the effects of water vapor emissions

and atmospheric humidity on aerosol dynamical processes and chemistry, the qv-tracer is added to the

gaseous H2O tracer before the relevant processes in ART and subtracted afterwards again. In ART,

a deposition parametrization reduces the emitted gaseous H2O amount from the atmosphere without

latent heat lease when the equilibrium vapor pressure of H2O over ice is exceeded. With this approach,

the simulations could not account for the effects of (supercooled) liquid droplets formed from volcanic

water vapor emissions on in-plume aqueous-phase chemistry.

The adsorption rate of SO2 on ash is parameterized using Equation (2.24). This rate depends on the total

ash surface area of the insoluble accumulation and coarse modes and an uptake coefficient. Urupina

et al. (2019) and Lasne et al. (2022) measured uptake coefficients for the BET (Brunauer–Emmett–Teller

method) surface area of different Icelandic ash samples on the order of 10−8 and a coverage saturation

of 1016 molecules cm−2. Riley et al. (2003) reported that the BET surface areas for different ash samples

are one to two orders higher than that of geometric surfaces. Therefore, an uptake coefficient for the

geometric surface of 1 ·10−6 was chosen in the model. For an uptake coefficient range of 10−5 to 10−7,

the impact on the results is on the order of less than 5%. Adsorbed sulfur compounds can react with

gaseous O3 to form SO2−
4 on insoluble ash modes (Usher et al., 2002; Maters et al., 2017).
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4. Simulated cases, observational data, and validation
techniques

This chapter introduces the simulated cases and gives an overview about all observational products used

in this thesis either as input for ICON-ART or to validate the simulations. Furthermore, validation tech-

niques for comparison of ICON-ART with the different observational products are given in the respective

sections.

4.1. Simulated cases

Two recent volcanic eruptions are studied in this thesis: the 2019 Raikoke eruption and the 2021 La

Soufrière eruption. Both eruptions are introduced in more detail in the next two sections.

4.1.1. 2019 Raikoke eruption

The Raikoke is an island near the center of the Kuril Islands in the Sea of Okhotsk in the northwest

Pacific (48.29◦N, 153.24◦E). The Raikoke volcano is a stratovolcano, i.e., a conical volcano made of

many hardened lava and tephra layers. Its lava is primary basaltic (McKee et al., 2021). The height of

the vent is 550 m above sea level.

The last Raikoke eruption took place on 21 June 2019. It was characterized by ten eruption phases of

5 to 14 km plume height lasting between 5 min and 3 h (Horváth et al., 2021b). Such complexity leads

to further difficulties in deriving reasonable ESPs for plume dispersion forecasts. The constant emission

rate and profile used by Muser et al. (2020) caused an approximately 6 h time lag between the time

series of modeled and observed ash mass loadings. Kloss et al. (2021) investigated the SO2 transport

following the 2019 Raikoke eruption with observations and models. They found enhanced stratospheric

AODs in the whole Northern Hemisphere for more than one year following the Raikoke eruption when

using an SO2 setup which realistically represents the transport of volcanic compounds during the first

hours after the Raikoke eruption. De Leeuw et al. (2021) found that simulating the correct burden of

SO2 is sensitive to the fraction emitted into the lower stratosphere and, therefore, depends strongly on

the chosen emission profile.

4.1.2. 2021 La Soufrière eruption

The La Soufrière volcano is located on the Caribbean island of Saint Vincent (13.33◦N, 61.18◦E) in

Saint Vincent and the Grenadines. As the Raikoke, the La Soufrière volcano is a stratovolcano. Its lava
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4. Simulated cases, observational data, and validation techniques

is primary basaltic-andesite (Joseph et al., 2022). The elevation of the crater is 1234 m above sea level.

The latest major eruption started on 09 April 2021 and lasted 13 days. It was characterized by 43 eruption

phases in the first four days with plume heights between 5 and 19 km and further five eruption phases

until 22 April 2021 (Horváth et al., 2022). Babu et al. (2022) investigated the long-range transport of

the La Soufrière plume using Ozone Monitoring Instrument (OMI) observations. They found that the

volcanic plume reached the western North Pacific region about ten days after the eruption.

4.1.3. Model configurations

I coupled ICON-ART with FPlume as described in Section 3.3 in order to simulate volcanic eruptions

with ICON-ART. Several input conditions have to be assumed for the simulations such as input for the

FPlume model, the assumed PSD for the ash emission in ICON-ART, and the emission of SO2.

The Raikoke emits primary basaltic lava (McKee et al., 2021), and I assumed the following exit con-

ditions for FPlume. The exit temperature of 1273 K and exit water mass fraction of 3% were the same

for all eruption phases; the exit velocity ve,ph of the individual phases ph was a linear function of the

plume height above the vent Hph between 4000 and 14000 m, where the exit velocity was set to 90 and

150 m s−1, respectively. Hence, the following equation calculated ve,ph based on Hph:

ve,ph = 6s−1 Hph

1000
+66ms−1 (4.1)

The assumptions for the exit conditions were taken from the ranges considered in Koyaguchi and Woods

(1996) and Mastin (2007) (exit temperature of 1173 – 1373 K, exit velocity of 80 – 150 m s−1, and

exit volatile fraction of 2 – 4%), which reasonably represent basaltic eruptions (Hoshyaripour et al.,

2015). However, the range of reasonable exit temperatures, velocities, and volatile fractions as well as

the fact that these values might vary significantly during an eruption, can affect the MER calculations.

Observations on these parameters are usually not available, and, therefore, I used values in the middle

of the range. Based on offline analysis with FPlume, I expect the resulting MERs to be insensitive to

the input vent conditions (temperature, velocity, and volatile fraction) in the range of 20% (not shown).

The equation for the very fine ash fraction by Gouhier et al. (2019) depends on whether the SiO2 content

is high or low and whether the conduit was opened or closed. As no information on the conduit has

been available so far, I averaged the very fine ash fraction for the cases of low-SiO2 – closed conduit and

low-SiO2 – opened conduit.

For the La Soufrière eruption, the same estimates of the exit temperature, exit velocity, and exit volatile

fraction as well as the calculation strategy of the fine ash fraction were chosen as in the case of the

Raikoke eruption due to a similar composition of the magma. Basaltic and basaltic-andesite magma

compositions on average lead to similar exit conditions.

The emission of ash into the ICON-ART modes followed Muser et al. (2020). The total mass of very

fine ash was evenly distributed as insoluble tracers over the accumulation, coarse, and giant modes. The
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4.2. Observational volcanic input

three insoluble modes were emitted as log-normal distributions with median diameters of 0.8, 2.98, and

11.35 µm, respectively. The standard deviations were 1.4 for each mode.

The SO2 emission from the volcanoes was based on measurements of total SO2 mass emitted into the

atmosphere (Section 4.2). For the simulations, the SO2 release was distributed over the eruption phases

by linearly adjusting to the eruption height and length of each phase. The phase-dependent MER of SO2

was given by

Eph = ESO2 ·
Hph

HT
, (4.2)

where ESO2 is the mean emission derived from the observed total amount of released SO2 and Hph is the

phase plume height (above the vent). HT is the phase duration-weighted mean plume height derived as

HT =
∑

nph
ph=1 Hph · tph

∑
nph
ph=1 tph

(4.3)

with nph the number of eruption phases and tph the phase duration. Finally, the SO2 release was vertically

distributed according to the Suzuki profiles (Suzuki (1983), Section 3.3).

4.2. Observational volcanic input

FPlume needs input data for the plume height to solve for the MER. The input plume heights used in this

thesis were derived from satellite observations by Horváth et al. (2021b) and Horváth et al. (2022). At

daytime, the geometric side-view technique by Horváth et al. (2021a) was applied for the 2019 Raikoke

eruption (Horváth et al., 2021b) and the 2021 La Soufrière eruption (Horváth et al., 2022). This tech-

nique exploits the near-limb view, i.e., at a vertical zenith angle (VZA) larger than 80◦, provided by

geostationary satellites. Such views see the vertical columns protruding from the Earth’s ellipsoid from

a close-to-orthogonal direction and can be used to derive point estimates of the eruption column heights

in the vicinity of the vent by a simple height-by-angle method. The uncertainty of these estimated plume

heights lays within a range of ±500 m. For this work, the geometric plume heights were derived from

the Geostationary Operational Environmental Satellite 17 (GOES-17) for both eruptions at daytime. For

the Raikoke eruption this technique could be used for the entire time span because the eruption only took

place at day. However, the La Soufrière volcano also actively emitted during the night. Plume heights

at night were temperature-derived from GOES-16 (smaller VZA as GOES-17 to avoid limb cooling

effects), where the plume heights were given by the altitude at which the minimum measured 11 µm-

brightness temperature matches to an atmospheric profile (Horváth et al., 2022). The time between two

consecutive images from GOES-16 and GOES-17 is 10 min, which gives the uncertainty of the derived

beginning and end of an eruption phase.

As FPlume only considers the emissions of ash and H2O as the only volatile compound, I addition-

ally emitted a phase-dependent SO2 amount according to Equation (4.2) based on observations. The

total mass of SO2 emitted during the 2019 Raikoke eruption was about 1.5 Tg. It was estimated by
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4. Simulated cases, observational data, and validation techniques

Muser et al. (2020) using data from the TROPOspheric Monitoring Instrument (TROPOMI) onboard the

ESA/EU Copernicus Sentinel-5 Precursor (S5P) satellite and the infrared Advanced Himawari Imager

(AHI) onboard the geostationary satellite platform Himawari-8. The total SO2 mass emitted during the

first four days (09 April 2021, 12 UTC to 13 April 2021, 12 UTC) of the La Soufrière eruption was on

the order of 0.4 Tg as estimated from TROPOMI by Sandra Wallis (personal communication).

4.3. Separation of the volcanic plume from the background

In order to study the evolution of the ash and SO2 plumes in the atmosphere following an eruption, I

had to separate the plumes from the background mixing ratios due to technical reasons. In ICON-ART,

the aerosol modes are initialized with 100 particles per kg air to avoid a division by zero in the diameter

calculation routines. I used the following mixing ratio thresholds above which a grid cell is considered

as inside the plume: 0.001, 0.01, 1.0, and 100.0 µg kg−1 for the Aitken, accumulation, coarse, and giant

modes, respectively. The corresponding threshold of SO2 was 10 ppm. The threshold values are based

on Muser et al. (2020).

4.4. Himawari ash and SO2 loading1

To validate the model results in Chapter 5, I use column SO2 and ash mass loadings estimated from

the 16-band visible and infrared AHI onboard the Himawari-8 geostationary satellite at every full hour.

Himawari-8 is operated by the Japan Aerospace Exploration Agency (JAXA) and the Japan Meteorolog-

ical Agency (JMA). A detailed description of the data product and methods used here is given in Muser

et al. (2020) and references therein. In short, SO2 was retrieved by the AHI band centered near 7.3 µm,

where the absorption of SO2 is high. A further retrieval scheme, as described in Prata et al. (2004), was

applied to minimize the interference with vapor and clouds. For volcanic ash retrievals, the AHI bands

near 11.2 and 12.4 µm were considered. The lower detection threshold was < 0.2 g m−2 for volcanic ash.

The ash retrievals were corrected by a mask that accounts for pixels that contain meteorological clouds

but which were classified as completely cloud covered. Hereby, only pixels inside a 0.1 g m−2 contour

line were considered, and a 9 × 9 median filter smoothed out “spikes”.

I compare the Himawari-8 and ICON-ART ash and SO2 column loadings by means of the SAL (Structure,

Amplitude, Location) method developed by Wernli et al. (2008) and extensively tested by Wernli et al.

(2009). The advantage of this method is that it compares the agreement of objects in two dimensional

data fields (e.g., model results and satellite observations) according to their structure, amplitude, and lo-

cation. The method was originally developed to verify precipitation forecasts (Wernli et al., 2008, 2009),

however, it has also been successfully applied for transport forecasts of volcanic compounds (e.g., Muser

et al., 2020; de Leeuw et al., 2021) and is used in this study for volcanic ash and SO2 as well.
1This section is adapted from: Bruckert, J., G. A. Hoshyaripour, Á. Horváth, L. O. Muser, F. J. Prata, C. Hoose, and B.

Vogel, 2022: Online treatment of eruption dynamics improves the volcanic ash and SO2 dispersion forecast: case of the 2019
Raikoke eruption. Atmospheric Chemistry and Physics, 22 (5), 3535–3552, doi:10.5194/acp-22-3535-2022.
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The structure component S compares model and observations with respect to the volume of the defined

objects. The value ranges between −2 and 2. Positive values indicate objects that are too large and / or

too flat, whereas negative values indicate objects that are too small and / or too peaked. A value of

zero refers to a perfect forecast with respect to the structure. The amplitude component A evaluates the

domain-averaged relative deviation of the forecasts from observations. It is positive when the model

overestimates the predicted quantity and vice versa (it also ranges between −2 and 2). For a perfect

forecast of the amplitude, A is zero. The location component L consists of two parts: L1 describes

the agreement between the forecast and observation in terms of the normalized difference between the

centers of mass, whereas L2 refers to the average distance between the center of mass of all objects and

the individual objects. Both L1 and L2 can reach values between 0 and 1 so that L in total can have

values between 0 and 2 with a perfect forecast with respect to the location at L = 0 (Wernli et al., 2008,

2009).

For the SAL comparison of Himawari-8 and ICON-ART data, I derived 6 h-averages from both datasets

at every full hour. Furthermore, I interpolated ash and SO2 values onto a regular grid at 120◦W – 80◦E

and 20 – 85◦N with a resolution of 0.1◦. However, before interpolation, I applied a 5 × 5 pixel mean

averaging to fill gaps in the mapped satellite data, considering only values different from zero. Otherwise,

the linear interpolation would have led to a loss of information when mapping on a coarser grid because

the regular grid is about 4 to 5 times coarser than the retrieval grid. These gaps in the satellite data

originated from mapping the native format onto a regular latitude–longitude grid as needed for the SAL

analysis and are due to the increasing pixel sizes towards the edges of the retrieval domain.

To define objects in the SAL analysis, I used a threshold of 0.2 g m−2 for modeled and observed ash be-

cause this is the detection threshold for the Himawari-8 ash retrievals. For SO2, a threshold of 2.5 g m−2

for the model and observations was used to remove background SO2 concentrations in Himawari-8 data.

This was necessary because I did not initialize the model with realistic background conditions in Chap-

ter 5 and, therefore, I can only compare the observed and modeled SO2 plumes from the eruption.

4.5. BCO2

The simulation results of the La Soufrière case are compared to vertical radar data from the Barbados

Cloud Observatory (BCO, MPI-M (2021), downloaded from https://observations.mpimet.mpg.

de/repository/entry/show?entryid=656dc652-e02f-43c9-9378-7307a5143377) in Chapter 6.

The BCO is located on the east coast of the island of Barbados (13.16◦N and 59.43◦W) at Deebles Point.

The BCO has been operating since 01 April 2010 by MPI-M to advance the understanding of clouds,

circulation, and climate sensitivity at the edge of the inter-tropical convergence zone (Stevens et al.,

2016). The La Soufrière volcano is approximately 150 km west of Barbados. Usually north-eastern trade

2This section is adapted from: Bruckert, J., L. Hirsch, Á. Horváth, R. A. Kahn, T. Kölling, L. O. Muser, C. Timmreck,
H. Vogel, S. Wallis, G. A. Hoshyaripour, 2023: Dispersion and Aging of Volcanic Aerosols after the La Soufrière Eruption in
April 2021, Journal of Geophysical Research: Atmospheres, 128(8), e2022JD037694, https://doi.org/10.1029/2022JD037694.
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winds are prevailing in this region (Stevens et al., 2016). However, at the time of the eruption, Barbados

was located at the downwind site of the volcano, which enables the model validation near the volcano.

The BCO is equipped with standard meteorological instruments for temperature, humidity, pressure,

wind, rain rate, and solar irradiance measurements, but several remote sensing instruments to study the

vertical distribution of overpassing clouds are also installed. In this study, I compared modeled volcanic

compounds to equivalent radar reflectivity data from the Ka-Band (35.5 GHz) cloud radar at BCO to

validate the emissions. The temporal resolution of the radar data is 10 s and the vertical resolution is

32 m. The radar measures at a range from 150 m up to 18.9 km altitude (Ka-Band Cloud Radar, 2022).

Klingebiel et al. (2019) used the BCO Ka-Band radar together with other remote sensing instruments

to investigate the sea salt aerosol distribution. As they were able to detect sea salt particles larger than

500 nm, I argue that the Ka-Band radar is able to detect fine mode ash. Thus, I do not need to exclude

ICON-ART modes, when I compare the simulation with the BCO radar reflectivities.

4.6. MISR3

In Chapter 6, plume height and aerosol property data derived from MISR onboard the Terra satellite

are compared to ICON-ART La Soufrière simulations on 10 April 2021 at 14:36 UTC, at the Terra

overpass time. MISR is a passive sensor measuring upwelling shortwave radiation in four spectral bands

in the visible and near-IR (446, 558, 672, and 866 nm). MISR provides near-simultaneous coverage

at multiple viewing angles, which makes it possible to derive the elevation of lofted features such as

volcanic plumes from the parallax between the views. For this purpose, the MISR INteractive eXplorer

(MINX) software was developed. It is a stand-alone software package used to map volcanic, dust, and

wildfire smoke plume elevations from MISR hyper-stereo data (Nelson et al., 2008, 2013). The resulting

MINX elevations give a distribution of heights or vertical extent of the plume, keying on the layer of

maximum spatial contrast, rather than a value for the absolute plume top height. MISR plume heights

are retrieved at the nominal horizontal resolution of 1.1 km. The vertical uncertainty is in the range of

250 to 500 m (Nelson et al., 2013). In this study, I compare the spatial coverage of the individual eruption

phases and their top heights relative to each other in MISR data and simulated ICON-ART data.

The MISR RA algorithm derives constraints on aerosol amount, particle size, shape, and light-absorption

properties from the angular-spectral distribution of the scattered light (Kahn and Limbacher, 2012).

Thereby, modeled radiances are compared with actual radiances measured by the MISR instrument.

From this retrieval algorithm, I used the derived total AOD, non-spherical fraction, and SSA to investi-

gate gradients in the horizontal distribution of the particle amount, particle aging, and scattering proper-

ties within the emitted volcanic plume. The high optical depth of the near-source plume offers favorable

conditions for the MISR particle-property retrievals. The values and gradients of the particle-property

3This section is adapted from: Bruckert, J., L. Hirsch, Á. Horváth, R. A. Kahn, T. Kölling, L. O. Muser, C. Timmreck,
H. Vogel, S. Wallis, G. A. Hoshyaripour, 2023: Dispersion and Aging of Volcanic Aerosols after the La Soufrière Eruption in
April 2021, Journal of Geophysical Research: Atmospheres, 128(8), e2022JD037694, https://doi.org/10.1029/2022JD037694.
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retrievals are then compared to the same ICON-ART modeled properties at the same plume height as the

MINX height.

4.7. CALIPSO4

The CALIPSO satellite (Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observation) is a joint

mission between NASA (National Aeronautics and Space Administration) and the French space agency

CNES (Centre National d’Etudes Spatiales) and was launched on 28 April 2016. The CALIOP (Cloud–

Aerosol Lidar with Orthogonal Polarization) instrument onboard CALIPSO provides high-resolution

vertical profiles of aerosols and clouds. The measurements are based on the backscattered signal at two

wavelengths (532 and 1064 nm). Two channels receive orthogonaly polarized components of the 532 nm

backscattered signal, whereas the 1064 nm backscatter intensity is only received at one channel (Winker

et al., 2009).

I use total attenuated backscatter signals at 532 nm from CALIOP L1 data version 4.11 (downloaded from

https://asdc.larc.nasa.gov/data/CALIPSO/LID_L1-Standard-V4-11/2021/04/) and compare

this to simulated signals of the La Soufrière plume in Chapter 6. Furthermore, I use the CALIOP de-

polarization ratio at 532 nm from the ratio of the perpendicular and parallel attenuated backscatter at

532 nm. This allows an estimation whether the plume is dominated by spherical (i.e., coated particles or

droplets) or non-spherical compounds (i.e., uncoated aerosol particles) (Winker et al., 2009). In total, 13

CALIPSO overpasses traversed the La Soufrière plume within the first four days of the eruption.

In order to compare the CALIPSO total attenuated backscatter signal with ICON-ART modeled data, the

forward operator described by Hoshyaripour et al. (2019) was applied. The attenuated backscatter signal

at 532 nm wavelength was calculated as

ε(z) = βb(z)exp

(
−2

z

∑
i=1

βe (zi)∆zi

)
(4.4)

with z the model level, βb the volume backscattering coefficient at 532 nm in m−1, and βe the volume

extinction coefficient at 532 nm in m−1. βb and βe were determined by summing over all modes l:

βe = ∑
l

ke,lρaml (4.5)

βb = ∑
l

kb,lρaml (4.6)

with ρa the density of air in kg m−3 and ml the mass mixing ratio of mode l in kg kg−1. ke,l and kb,l

are the mass specific extinction and mass specific backscattering coefficients for the individual modes

4This section is adapted from: Bruckert, J., L. Hirsch, Á. Horváth, R. A. Kahn, T. Kölling, L. O. Muser, C. Timmreck,
H. Vogel, S. Wallis, G. A. Hoshyaripour, 2023: Dispersion and Aging of Volcanic Aerosols after the La Soufrière Eruption in
April 2021, Journal of Geophysical Research: Atmospheres, 128(8), e2022JD037694, https://doi.org/10.1029/2022JD037694.
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at 532 nm in m2 kg−1. For simplification, the values for ke,l and kb,l were fixed within each mode and

depend only on average values for the radius and composition of mode l.
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5. Plume dynamics and lofting after the 2019 Raikoke eruption1

In this chapter, I aim to link complex ESPs during the first hours of volcanic eruptions to the fate

of volcanogenic gases and aerosols. As a case study, I investigate the ash and SO2 dispersion of the

Raikoke eruption on 21 and 22 June 2019 and examine the effects of online treatment of the ESPs on

the development of the plume. The 2019 Raikoke eruption was characterized by nine shorter eruption

phases between 18 UTC on 21 June and 7 UTC on 22 June and one continuous eruption phase between

22.40 UTC and 01.55 UTC. I performed global simulations with ICON-ART using a horizontal grid spac-

ing of 13.2 km (R3B07 grid) and 90 vertical levels up to 75 km. I simulated 72 h starting from 21 June,

12.00 UTC initialized with analysis data provided by DWD.

I performed three experiments: 1) a reference experiment in which FPlume calculated the ESPs with a

varying very fine ash fraction and aerosol–radiation interaction activated in ICON-ART (FPlume-rad);

2) the second experiment also calculated the ESPs with FPlume, but neglected the interaction of aerosols

and radiation (FPlume-norad). The comparison of FPlume-rad and FPlume-norad allows to quantify the

lofting of the volcanic plume due to radiation; 3) the third experiment derived ESPs with the empirical

relationship by Mastin et al. (2009), and it emitted volcanic compounds with a prescribed very fine ash

fraction from the reference case (mean value for each phase) along a Suzuki profile (Equation (3.23)).

It further assumed aerosol–radiation interaction (Mastin-rad). Thus, the experiments FPlume-rad and

FPlume-norad calculated the ESPs online within the simulation, whereas in Mastin-rad the ESPs were

derived offline independent of the atmosphere and vent conditions. All experiments resolved the different

eruption phases. Table A.1 summarizes the prescribed input parameters for the FPlume-rad experiment

associated with the eruption phases. These values were fixed within each phase. The time limits for the

phases and plume heights above the vent are based on satellite images from GOES-17 as described in

Section 4.2. Due to the 10-minute temporal resolution of the GOES-17 data, the uncertainty in the start

and end time of each individual eruption phase is smaller than ±10 min.

Figure 5.1 shows the plume height in the top panel and the MER of very fine ash that is released into

ICON-ART by FPlume (red dots) and the Mastin relationship (blue dots) in the bottom panel. The

fraction of very fine ash relative to the total MER predicted by FPlume is on the order of 1.5 – 3 % (not

shown). In most phases, the MER calculated with FPlume is lower than the MER calculated with the

Mastin equation, and the difference tends to be higher for larger plume heights. Since the exit parameters

are fixed during each phase in the reference case, variation of the MER derived by FPlume must be due to
1This section is adapted from: Bruckert, J., G. A. Hoshyaripour, Á. Horváth, L. O. Muser, F. J. Prata, C. Hoose, and B.

Vogel, 2022: Online treatment of eruption dynamics improves the volcanic ash and SO2 dispersion forecast: case of the 2019
Raikoke eruption. Atmospheric Chemistry and Physics, 22 (5), 3535–3552, doi:10.5194/acp-22-3535-2022.
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5. Plume dynamics and lofting after the 2019 Raikoke eruption

Figure 5.1.: a) Assumed plume heights in km above the vent from GOES-17 derived with the geometric side-view
technique, and b) MER for very fine ash in tons s−1 calculated with FPlume-derived total MER times the very ash
fraction from Gouhier et al. (2019) (red) and calculated with Mastin-derived total MER times the very fine ash
fraction derived in the FPlume experiment (blue). The very fine ash fraction is the same in both experiments to
allow a direct comparison of the impacts of FPlume- and Mastin-derived MER on the dispersion in the atmosphere.
Active eruption phases are indicated by the gray shading.

changes in the atmospheric conditions. As the relationship by Mastin et al. (2009) neglects atmospheric

conditions and the very fine ash fraction is fixed within one phase, the MER of the very fine ash is

constant within each phase. The vertical profiles of the meteorological variables in Figure C.1a indicate

increasing temperatures in most levels below 10 km during the long eruption phase between 9 and 14 h

after simulation start. Additionally, the specific humidity increases by up to 1 g kg−1 in the lower 2 km

(Figure C.1c). When warmer and moist air is entrained into the plume, the plume density reduces faster

due to the lower ambient air density and the release of latent heat. This effect results in a higher positive

buoyancy and a lower MER to reach a fixed height. In addition, the wind speed decreases in the lower

4 km between 9 and 14 h after simulation start (Figure C.1d), which reduces the plume bending, and,

subsequently, the MER needed to reach a fixed height sinks.

According to the MER values in Figure 5.1, the total mass of very fine ash emitted in the model for

all eruption phases together is about 1.21 · 109 kg using FPlume and 1.48 · 109 kg using Mastin-derived

MERs.

The emission profiles used for the emission of ash and SO2 are given in Figure 5.2 for the ten erup-

tion phases in comparison with emission profiles used in previous studies on the same eruption (Muser

et al., 2020; de Leeuw et al., 2021; Kloss et al., 2021). The profiles are normalized with respect to the
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5.1. Validation of mass loading

Figure 5.2.: Comparison of the Suzuki profiles for the ten eruption phases used in this work with profiles from
previous studies. a) Normalized with respect to MER, but with actual emission heights; b) Normalized with
respect to MER and emission height.

emission rate in both panels. The profiles in the right panel are additionally normalized with respect

to the maximum plume height. For simplification, Kloss et al. (2021) and Muser et al. (2020) emitted

volcanic compounds only in the upper third of the plume (green and blue lines). Both works assume a

constant plume height during the entire eruption without considering the individual eruption phases. The

ten emission profiles used in this work are given in black. By normalizing the height, it becomes obvious

that the relative distribution of the mass is almost independent of the plume height (Figure 5.2b).

De Leeuw et al. (2021) emitted only SO2 during the entire eruption along the red profile in Figure 5.2.

The profile was obtained from satellite measurements (Infrared Atmospheric Sounding Interferome-

ter (IASI) retrieval) by the Volcano Response (VolRes) team (https://wiki.earthdata.nasa.gov/

display/volres) during the first two days of the eruption. It is likely that this profile developed due to

an overlay of profiles from different eruption phases and subsequent plume dynamics and transport pro-

cesses. However, de Leeuw et al. (2021) found that using this profile leads to a too short SO2 e-folding

time in the NAME model (Numerical Atmospheric–dispersion Modelling Environment). The authors

argued that the amount of SO2 emitted into the stratosphere is too low, and they re-distributed the mass

according to the yellow curve in Figure 5.2. It is possible that the need for an adjusted profile occurs

because ash emissions and aerosol–radiation interaction, which leads to a lofting of the plume top, were

missing in their simulations (personal communication on 17 November 2020).

5.1. Validation of mass loading

The 2019 Raikoke eruption injected ash and SO2 up to 14 km into the atmosphere. Figure 5.3 shows

mean ash (left) and SO2 (right) column loadings on 22 June, 0 – 23 UTC (top row) and 23 June, 0 –
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5. Plume dynamics and lofting after the 2019 Raikoke eruption

23 UTC (bottom row) in the reference simulation FPlume-rad. The volcanic plume first spreads with

westerly winds and is then dragged into a low pressure system over the Northern Pacific Ocean. In the

mass loadings of both compounds, no clear horizontal separation of the ash and SO2 plume is visible

(compare Figure 5.3 left and right side). However, I further investigate the separation of ash and SO2 in

the vertical column in Section 5.3 after I validated the setup.

Figure 5.3.: Simulated daily mean column mass loadings for ash (left) and SO2 (right) on 22 June 2019, 0 –
23 UTC (top row) and 23 June 2019, 0 – 23 UTC (bottom row) in g m−2. The results are based on the FPlume-rad
experiment.

Figure 5.4a shows the temporal evolution of the ash loading in the atmosphere following the Raikoke

eruption for different experiments and observations. The temporal resolution of the data is 1 h. The

Himawari-8 data reveal a steep increase of ash mass at 22 UTC on 21 June until a peak of 1.0 Tg is

reached at 5 UTC on 22 June and the curve remains above 1.0 Tg for 5 h. The maximum at 7 UTC

(22 June) of 1.1 Tg is followed by a descent to 0.3 – 0.5 Tg.

Muser et al. (2020) (green curve) emphasized that aerosol processes account for the ash removal. Nu-

cleation, condensation, and coagulation increase the size of aerosol particles and, thus, lead to a faster

sedimentation. However, Muser et al. (2020) were not able to quantitatively explain the time lag be-

tween model and observations during the first hours of the eruption (18 UTC on 21 June until 3 UTC on

22 June). Besides, the continuous emission with a constant MER led to a slight overestimation of the ash

mass loading (Muser et al., 2020). I have closed these gaps as follows.

The maximum of total ash derived with ICON-ART coupled with FPlume (online treatment) in both

experiments with and without radiation–aerosol interaction coincides very well with the Himawari-8
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5.1. Validation of mass loading

Figure 5.4.: (a): Temporal evolution of the total amount of very fine ash in the atmosphere in Tg for Himawari-8
observations (black) with an estimated uncertainty range (gray shading), simulated by Muser et al. (2020) with
one constant emission phase (green), simulated with ICON-ART with and without aerosol–radiation interaction,
each with phase-dependent FPlume MERs and a very fine ash fraction derived with the relationship by Gouhier
et al. (2019) (red and yellow), and simulated with ICON-ART, eruption-phase dependent Mastin MERs, and the
same very fine ash fraction as for the red curve (blue). (b): Temporal evolution of the simulated mass for the
different ash modes (dotted: accumulation mode; dash-dotted: coarse mode; dashed: giant mode). The colors
refer to the model experiment shown in the left panel.

data (in Figure 5.4 compare red and yellow curve with black curve). The total ash derived with Mastin

(different MERs but the same fine ash fractions and emission profiles as in the FPlume experiments)

overestimates the amount of ash during the first 12 h after the onset of the eruption (blue curve). Thus,

neglecting meteorological effects and other plume-related processes in the case of the Raikoke eruption

(offline treatment), as it is often done in volcanic dispersion forecasts, results in a higher MER especially

in the long continuous phase of the eruption. This subsequently increases ash emissions into ICON-ART

(Figure 5.1).

All simulation experiments in Figure 5.4a include aerosol dynamics and have correctly reproduced the

fallout of particles as indicated by the decrease of ash after two days. From Figure 5.4b, where the tem-

poral development of the different modes is shown, I can conclude that the decrease of ash after two days

is mainly due to the removal of coarse and giant mode particles. The total ash from the simulations with

FPlume displays the best agreement with the Himawari-8 data in this analysis (Figure 5.4a). However,

the other curves remain mostly within the error range of Himawari-8 data as well (gray shading). Thus, I

conclude that the online treatment of the plume development improves the ash loading prediction during

the first hours and days after the eruption. After about 30 h, the aerosol dynamical processes become

more important, and the differences between the experiments decrease.
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5. Plume dynamics and lofting after the 2019 Raikoke eruption

5.2. Validation of dispersion using SAL

For the quantitative validation of the forecast quality, I performed a SAL analysis using 6 h-averaged

SO2 and ash mass loadings. I compare the results of the FPlume-rad experiment and the Himawari-

8 satellite data. Figure 5.5 shows the values for the structure on the abscissa, the amplitude on the

ordinate, and the location in colors. I do not discuss the SAL values for the FPlume-norad and Mastin-rad

cases here because FPlume-norad only shows very small differences to the FPlume-rad case in all SAL

values, and Mastin-rad only changes the amplitude value due to the larger MER compared to FPlume-rad.

Based on the analysis of hourly to daily mean values, I conclude that 6 h-averages provide a reasonable

compromise between both reproducing the details and reducing the amount of missing values and noise

(not shown).

Figure 5.5.: SAL values for ash and SO2 in the reference experiment (FPlume-rad) with S(tructure) on the abscissa,
A(mplitude) on the ordinate, and L(ocation) in colors. The dotted lines connect consecutive hours to visualize the
temporal development (black for SO2 and gray for ash). The labels of the hours are given relative to the start of
the simulation on 21 June, 2019 at 12 UTC.

The location of the SO2 plume agrees very well between model and observations throughout the whole

simulation period. This is shown by the location values, which are close to zero. The SO2 structure and

amplitude values are close to zero between 24 to 72 h after the beginning of the simulation on 21 June at

12 UTC. Thus, there is a high agreement between model and observations during this period. However,

during the first 24 h, the model prediction shows higher amplitude values and a low structure value,

indicating a larger mass loading and a less diffuse SO2 plume in the model compared to the satellite

estimates. I argue that the discrepancy in the amplitude between model and observations during the first

hours of the Raikoke eruption stems from the possible underestimation of SO2 amount by the satellite
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5.3. Vertical separation of SO2 and ash plumes

retrievals due to the dense ash plume covering the region around the volcano. In addition, the simulation

is also affected by the uncertainties of input parameters (e.g., start and end time of individual eruption

phases, plume heights, exit conditions).

The model also predicts the location of the ash plume very well (Figure 5.5). The positive structure

values indicate that the modeled ash loading is more diffusive over the domain. Figure C.2 (first and

second column) compares all 6 h-mean ash loadings. The large spread of the modeled ash plume across

large parts of the northern Pacific Ocean is not seen in the observations, which is the main reason for

the high structure value in Figure 5.5. I argue that Himawari-8 measurements of ash at this time might

be hampered by water and ice clouds overlapping and obscuring the ash plume. This argument further

explains why the temporal evolution of the Himawari-8 measurements in Figure 5.4a shows variations

between 30 and 60 h although the emission from Raikoke ceased.

The high amplitude value for ash between 12 and 36 h, despite the almost perfect agreement in the total

mass in Figure 5.4, also stems from the larger spread of the modeled ash plume in the beginning. The

reason is that the background values are considered zero and the amplitude in the SAL analysis, unlike

the object-based structure and location values, is a domain-averaged quantity.

I have shown that the model setup realistically represents the amount of ash following the 2019 Raikoke

eruption, and the dispersion of the ash and SO2 agrees well with the observations. In the next step, I

analyze the vertical distribution of the ash and SO2 plumes.

5.3. Vertical separation of SO2 and ash plumes

In this section, I discuss the evolution of the ash and SO2 plume top heights and focus on the radiative

effects on the plume dynamics.

Figure 5.6 shows the top height of the ash, sulfate, and SO2 plumes for the FPlume-rad and FPlume-

norad experiments (a), the resulting vertical temperature difference on 23 June, 12 UTC (b), and the

vertical distribution of SO2, sulfate, and ash mixing ratios on the same date (c). The plume top height in

a) is defined as the maximum height of all grid cells in the plume that were separated from background

mixing ratios as explained in Section 4.3. The average plume height in a) is the mean height weighted by

the mass of all grid cells that are considered inside the plume. The values in b) and c) were horizontally

averaged over the whole detected plume, again excluding grid cells outside the plume. In b) and c),

I picked 23 June at 12 UTC because it allows a direct comparison to Figure 8 in Muser et al. (2020),

which only shows the ash plume top height. The lines for the plume top height and mass averaged height

are smoothed by a Savitzky–Golay filter to remove ’steps’ due to the low vertical resolution at upper

atmospheric model levels. The difference in height between FPlume-rad and FPlume-norad remains

similar, regardless of the use of this filter. However, the increasing plume height already starting before

the beginning of the eruption is a result of the filtering.

57



5. Plume dynamics and lofting after the 2019 Raikoke eruption

Figure 5.6.: (a): Temporal evolution of the SO2 (red), sulfate (green), and ash (yellow) plume top heights and mass-
averaged height for the FPlume-rad (solid) and FPlume-norad (dashed) experiments smoothed by a Savitzky–
Golay filter. The gray bars indicate the duration and height of the ten individual eruption phases. These durations
and heights are based on the analysis of the GOES-17 data, which serve as inputs for FPlume; (b): vertical profile
of the temperature difference between FPlume-rad and FPlume-norad in the ash plume 48 h after the start of the
simulation; (c): vertical SO2 (red), sulfate (green), and ash (yellow) profiles after 48 h for the FPlume-rad (solid)
and FPlume-norad (dashed) experiment.

During the first hours after the beginning of the eruption, the plume top heights for ash and SO2 mainly

rise due to the higher eruption heights of later eruption phases. The gray bars, which indicate the eruption

height, coincide well with the top height (Figure 5.6a).

Shortly after the end of the long eruption phase, there is a clear separation of the ash, sulfate, and SO2

plume top heights between the FPlume-rad and the FPlume-norad experiments. The effect of the ash

lofting due to radiation was already investigated in detail by Muser et al. (2020) with the same model

system. They found that the absorption of SW and LW radiation by ash particles leads to a warming

and rising of the ash plume. I compare the vertical profile of the temperature difference between the

FPlume-rad and FPlume-norad experiments here with the vertical temperature difference in Muser et al.

(2020) on 23 June, 12 UTC. A single large positive anomaly of approximately 0.3 K near 11 km occurs

in my simulation (Figure 5.6b). Subsequently, the whole ash plume rises to higher altitudes. In contrast,

Muser et al. (2020) found two distinct temperature anomaly peaks around 10 km and 14 km on the order

of 0.25 K each, which result in the formation of two maxima in the ash mixing ratios near 10 km and

15 km. The resulting uplift during the first 12 h in the ash plume in my simulation is about 33% of the

resulted lofting in Muser et al. (2020), which is likely related to the lower erupted ash mass.
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5.3. Vertical separation of SO2 and ash plumes

In the first hours during and after the eruption, the absorption-induced warming of the ash plume also

causes the SO2 plume to rise in FPlume-rad (Figure 5.6a and c) although SO2 itself absorbs neither solar

nor terrestrial radiation in the model setup used here. Sulfate interacts with radiation in the model, but it

mainly scatters radiation rather than absorbing it. It seems that the ash plume top height separates from

the SO2 plume top height with increasing time (Figure 5.6a). However, it is more difficult to separate

the SO2 plume from the background concentrations than to separate the ash plume. This can be seen

in Figure 5.6c at the top at one specific time step. The mixing ratios which are clearly different from

zero indicate similar top heights for the ash, sulfate, and SO2 plumes. In the model, aerosol–radiation

interaction induces a warming of the entire volcanic plume top level, which results in a lofting of all

compounds available in that level. A separation of the ash and SO2 plume tops in the model is therefore

only possible after a vertical separation due to sedimentation.

The evolution of the mass-averaged height of the ash and SO2 plumes indicate an opposite behavior than

the plume top height. The mass average of the SO2 plume is generally higher than for the ash plume. In

Figure 5.7a and c, the vertical distributions of the ash and SO2 mass concentrations in kg m−3 confirm

that the SO2 plume is about 5 km higher on average than the ash plume after three days. This is in

agreement with several existing studies (e.g., Timmreck, 2012; Robock, 2000), which emphasized a fast

removal of ash after volcanic eruptions related to the sedimentation of these particles. The step-wise

reduction of the ash in the mass averaged height is related to the loss of the giant mode during the first

24 h and a large fallout of the coarse mode until about 50 h relative to simulation start (Figure 5.4b and

C.3).

The mass-averaged height of the sulfate plume increases in multiple steps. It is higher in the case with

aerosol–radiation interaction. The step-wise increase is related to the conversion of SO2 via H2SO4 to

sulfate. This conversion mainly occurs at daytime, and it is faster the more OH and H2O are available.

The vertical profiles of the SO2 mixing ratios in FPlume-rad and FPlume-norad indicate that aerosol–

radiation interaction smooths and reduces the vertical gradient of the SO2 mixing ratios up to 7 km in the

troposphere. In the stratosphere, a second peak occurs above the maximum emission height (Figure 5.6c).

The vertical profiles of the sulfate mixing ratio show a distinct peak at about 3 km in both experiments

which decreases with increasing altitude. As this peak is lower in altitude than the peak in the ash vertical

profiles around 5.5 km, it is rather related to decreasing nucleation rates with height than to sedimentation

because ash particles have a larger density than sulfate particles.

In the next step, I compare the vertical distribution of a characteristic ash particle radius R, which is

calculated as follows:

R =

5
∑

i=1
rm,i ·Ni

5
∑

i=1
Ni

(5.1)

For the overall characteristic radius R, I considered the five ash modes i = [1,5] (insoluble and mixed

accumulation, insoluble and mixed coarse, and giant modes) and calculated R at every grid cell. rm is
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5. Plume dynamics and lofting after the 2019 Raikoke eruption

Figure 5.7.: Temporal evolution of the horizontally-integrated vertical distribution of a) ash mass concentration
and c) SO2 mass concentration in the FPlume-rad experiment. b) Horizontally-averaged number-weighted char-
acteristic ash radius (Equation 5.1) for FPlume-rad and d) the difference between FPlume-rad and FPlume-norad.

the median radius of the log-normal distribution and N is the number of particles per grid box. The

vertical distribution of the horizontally-averaged characteristic radius in Figure 5.7b also shows the loss

of the larger particles (coarse and giant mode) during the first 24 h. Afterwards, the values of the mean

characteristic radius are below 1.5 µm with a maximum around 5 to 6 km. In comparison to the FPlume-

norad experiment, the characteristic radius is higher on average compared to the FPlume-rad experiment

because aerosol–radiation interaction slows down the removal of larger particles from the atmosphere

(Figure 5.7d). This effect is visible in the removal of the accumulation mode, which is reduced in

FPlume-rad (Figure 5.4b). Compared to the FPlume-norad, the removal of the coarse modes in FPlume-

rad is delayed by about 1 h between 18 and 25 h after the simulation start (Figure 5.4b). After about

30 h, the amount of the coarse mode is slightly lower in FPlume-rad than in FPlume-norad, because the

particle radius is larger at most altitudes (Figure 5.4b and 5.7d). The temporal removal of the giant mode

only shows small differences between FPlume-rad and FPlume-norad (Figure 5.4b). The larger mean

characteristic radius after approximately 48 h is due to an increasing removal of accumulation mode

particles in FPlume-norad compared to FPlume-rad (Figure 5.7d and 5.4b).

Both the main SO2 mass and the main ash mass are restricted to a narrower vertical range after three

simulation days than at the end of the eruption (around 13 h after simulation start). The location of the

main SO2 mass is between 8 and 14 km and between 4 and 7 km for the main ash mass (Figure 5.7).
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Thus, for initializing long-range and climate simulations, a release of SO2 and ash at these altitudes is

justified if the sedimentation during the first hours is considered in the total emission rate.

Despite the clear vertical separation of the ash and SO2 plume, the horizontal separation in both model

and observations remains small in the first three days after the eruption. Nevertheless, a strong vertical

wind shear can result in the horizontal separation of the ash and SO2 plumes on longer time scales as it

was found for this eruption in Kloss et al. (2021).
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6. Aerosol aging in model and observations after the 2021 La
Soufrière eruption1

Previous studies showed implications of aerosol aging on the sulfate particle removal from the atmo-

sphere (Muser et al., 2020). However, a direct comparison of aerosol aging in models to observations is

still missing. In this chapter, I investigate the evolution of the volcanic plume during the first four days

after the beginning of the 2021 La Soufrière eruption and study the distribution of aged ash particles.

Different from the study on the Raikoke eruption in the previous chapter, this eruption offers a good

opportunity to validate modeled aerosol aging because of the availability of observational datasets.

Figure 6.1.: Setup for the simulation of the 2021 La Soufrière eruption with a global R3B07 domain and two nests
of 10◦ and 5◦ radius with a R3B08 and R3B09 grid around the volcano, respectively.

In order to investigate and validate the modeled ash aging, I performed a global ICON-ART simulation

with a 13.2 km horizontal grid spacing and further horizontal grid refinements to 6.6 km and 3.3 km grid

spacing around the volcano by using two nests with a radius of 10◦ and 5◦, respectively (Figure 6.1). The

innermost nest resolved convection processes, whereas the global domain and the coarser nest used the

Tiedtke–Bechtold scheme for parameterized convection (Tiedtke, 1989; Bechtold et al., 2008). Two-way

nesting was enabled, which allowed an update of the fields in the parent domain by the child domain at

every time step. The model used 90 vertical levels to resolve the atmosphere up to 75 km. The model time

steps were 60, 30, and 15 s in the global domain, and first and second nests, respectively. The simulation

started at 12 UTC on 9 April 2021, and the meteorology was initialized by analysis data provided by the

DWD. The experiment further included aerosol–radiation interactions, but it neglected the interaction of

aerosols and clouds.
1This section is adapted from: Bruckert, J., L. Hirsch, Á. Horváth, R. A. Kahn, T. Kölling, L. O. Muser, C. Timmreck,

H. Vogel, S. Wallis, G. A. Hoshyaripour, 2023: Dispersion and Aging of Volcanic Aerosols after the La Soufrière Eruption in
April 2021, Journal of Geophysical Research: Atmospheres, 128(8), e2022JD037694, https://doi.org/10.1029/2022JD037694.
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6. Aerosol aging in model and observations after the 2021 La Soufrière eruption

The La Soufrière eruption started on 09 April at 12.41 UTC (Joseph et al., 2022) and was characterized

by 43 individual phases in the first four days and 49 phases during the entire eruption period from 09 to

22 April (Horváth et al., 2022). The detected eruption phases lasted between 10 min and 1 h, and they

reached plume heights between 5.7 and 18.3 km above the vent. Figure 6.2 summarizes the assumed

plume heights and the resulting MER of very fine ash for the 43 individual eruption phases.

Figure 6.2.: a) Prescribed plume heights from satellite estimates and b) online-calculated emissions of very fine
ash in the first 96 h of the 2021 La Soufrière eruption. The emission of very fine ash is obtained from the MER
derived from FPlume and a very fine ash parametrization from Gouhier et al. (2019). The bars indicate the timing
of the individual eruption phases as well as their length.

6.1. Vertical distribution of ash near the volcanic source

In this section, I first validate the modeled volcanic emission with observed radar reflectivity data from

BCO approximately 150 km east of the La Soufrière volcano. Figure 6.3 shows in the top row the

temporal development of equivalent radar reflectivity from BCO for all targets in dBZ (decibel relative

to the equivalent reflectivity factor Z), and the bottom row depicts the temporal development of total ash

concentrations in µg m−3 for the ICON-ART experiment at the same location. The left column (a and c)

shows raw data. The right column (b and d) depicts the radar data gridded onto the ICON-ART vertical

grid (Figure 6.3b) and the simulated data masked according to the points of no detected reflectivity in the

BCO radar measurements (Figure 6.3d).

A noticeable difference between model and observations occurs between 3 and 8 km altitude from 48 to

72 h after the start of the eruption. The radar shows no reflection, whereas ICON-ART indicates enhanced
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6.1. Vertical distribution of ash near the volcanic source

ash concentrations. The BCO data shows increased rain intensity before this period (not shown). This

causes an ash removal by wet deposition, which is underestimated in the model due to the lack of pre-

cipitation. As the rain does not only occur above the BCO site but also upwind of Barbados, this leads

to a stronger removal from the atmosphere and less ash transport towards Barbados from surface to 8 km

altitude.

The radar observations indicate several maxima in the reflectivity data up to 18 km most likely originating

from reflection by volcanic ash particles from the La Soufrière eruption. Good agreement with the model

is especially visible when using the radar reflectivity mask onto the simulated ash concentrations (right

column). Although this is only a qualitative analysis, it confirms that considering the individual phases

of the La Soufrière eruption is important to correctly represent the development of the volcanic plume

in the near-field of the volcano. The maximum height of detection for the BCO radar is around 19 km,

which explains the discrepancy between model and observations at altitude ranges above. Discrepancies

at 16 to 18 km arise from both a lower sensitivity of the radar and strong radar attenuation at lower

altitudes. Further reasons for the differences between model and observations are related to both model

and measurement uncertainties. The most important model errors are associated with the initialization

of the volcanic emissions and problems in the representation of the dispersion and fallout of aerosol

particles. On the observational side, dense ash or other particles in the atmosphere weaken the penetration

of the radar signal, which underestimates the reflectivity in higher altitudes (above 5 km).

Figure 6.3.: Top row: BCO equivalent radar reflectivity for all targets in dBZ; bottom row: ICON-ART ash con-
centration above Barbados in µgm−3. The left column shows the original data and the right column shows the
data after interpolation onto the ICON-ART vertical grid for the BCO data (top right) and the ICON-ART ash
concentration with the interpolated BCO mask (bottom right).
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Both the radar observations and the modeled ash concentrations indicate vertically orientated streaks

below the peaks of the eruption phases. These vertical streaks are not related to fall streaks, but rather

originate from a vertical wind shear affecting the dispersion of the plume column. The gravitational

settling velocity of the emitted particles is on the order of up to 5×10−4 m s−1 for the accumulation

mode (around 0.8 µm in diameter) to 0.04 m s−1 for the giant mode (around 12 µm in diameter) assum-

ing spherical particles. The distance from the volcano is roughly 150 km and the temporally varying

horizontal wind profile above Barbados ranges from 0 to 25 m s−1 (Figure C.4). Based on these factors,

I can calculate a typical settling height change of the particles between the La Soufrière volcano and

Barbados. The gravitational settling is on the order of a few meters for the accumulation mode and a few

hundred meters for the giant mode during the transport from the volcano to Barbados. Therefore, the

vertical streaks in Figure 6.3 cannot be related to particle fallout. The vertical distribution split into the

different modes further supports the transport of particles at different wind speeds instead of fall streaks,

because the vertical streaks are visible for all particle sizes in the model (Figure C.5).

I conclude that the timing of the volcanic emissions in the model is well represented and allows a dis-

tinction of the individual eruption phases. This confirms that the near-source distribution of very fine ash

is mainly affected by eruption dynamics and the wind shear rather than aerosol dynamical processes.

6.2. Plume dispersion

In this section, I focus on the volcanic plume dispersion across the Atlantic Ocean. Figure 6.4 shows

24 h-averages from 10 April at 12 UTC till 11 April at 11 UTC (a, b, c, d) and from 12 April at 12 UTC

till 13 April at 11 UTC (e, f, g, h) for total very fine ash (a, e), coated ash (mixed ash, b, f), SO2 (c, g),

and sulfate (d, h) column loadings. The simulated fields show a dispersion of the volcanic plume towards

the east across the Atlantic Ocean. The plume reaches the African coast after approximately 2.5 days.

The main direction of the volcanic ash and SO2 dispersion in the model is similar to the findings by Babu

et al. (2022). The structures of the ash, SO2, and sulfate plumes look similar, indicating transport of all

compounds at the same altitude with low vertical separation or a small vertical wind shear in the altitude

of the main mass transport.

On both days, the total ash and SO2 plumes show maximum column loadings east of the volcano spread-

ing zonally and decreasing column loadings towards the edges of the plume. In contrast, multiple local

maxima occur in the coated ash and sulfate plumes. Figure 6.5 shows the temporal development of the

very fine ash mass, the SO2 mass, and the sulfate mass in the soluble and mixed modes to explain the

differences between the 24 h-averages in Figure 6.4. The peaks in the column loadings of ash and SO2

are mainly driven by processes which are independent of the diurnal cycle such as emission, transport,

and sedimentation (Figure 6.5a and b). In the case of the sulfate plume (Figure 6.4c and g), multiple

local maxima occur because the sulfate production depends on the availability of OH, which is predom-

inately produced during daytime (Figure 6.5c, blue curve). Coated ash forms by condensation of water
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Figure 6.4.: 24 h-averages for a) total very fine ash, b) coated ash, c) SO2, and d) sulfate column loadings in g m−2

for 10 April 2021 at 12 UTC till 11 April 2021 at 11 UTC. e, f, g, h) same as a, b, c, and d but for 12 April 2021
at 12 UTC till 13 April 2021 at 11 UTC. The black triangle indicates the location of the La Soufrière volcano.

and / or H2SO4 onto pre-existing particles or by coagulation with sulfate particles. Thus, the coated ash

formation also depends on the diurnal cycle, however, the curve of the sulfate mass on ash aerosols is

smoother due to coagulation during night (Figure 6.5c, blue curve).

Figure 6.5.: Temporal evolution of the a) very fine ash mass, b) SO2 mass, and c) sulfate mass in the soluble mode
(blue) and coated on ash particles in the mixed mode (orange) in Tg.

In order to understand the driving processes, I focus on the formation of coated ash and sulfate in compar-

ison with observations close to the volcano and during the further plume dispersion in the next sections.

6.3. Proximal aging of the aerosols

In this section, aerosol aging in the ICON-ART model is compared to observations from MISR. MISR

derives spatial aerosol properties at the top of plumes. Before validating and investigating the aerosol
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aging in the model, I compare the plume top heights in model and MISR observations to ensure a com-

parison of the aerosol properties on the same altitudes.

6.3.1. Plume height validation

Due to the narrow coverage of the MISR instrument (approximately 380 km wide swath, Kahn and

Limbacher (2012)), which is especially significant at low latitudes due to its polar orbit, the volcanic

plume is only observed on 10 April 2021 at 14:36 UTC. Fortunately, MISR happened to capture the

approximate peak of the eruption event. I used a threshold of AOD>0.2, to separate the modeled ash

plume from background concentrations. This value is similar to the particle-property retrieval threshold

of MISR (Kahn et al., 2001; Kahn and Gaitley, 2015).

Figure 6.6.: a) ICON-ART ash plume top heights with a detection threshold of AOD>0.2 at 14:40 UTC on
10 April 2021; b) ICON-ART combined ash plume top heights and cloud top heights; c) MISR plume top heights
at 14:36 UTC on 10 April 2021; d) MODIS true color image on 10 April 2021 at 14:36 UTC from the NASA
Worldview webpage (https://worldview.earthdata.nasa.gov/?t=2021-04-10-T09%3A12%3A58Z); e
and f) same as a and b, but interpolated on a regular latitude–longitude grid and only showing values where
MISR data are available; g) same as c, but interpolated on a regular latitude–longitude grid; h) difference between
ICON-ART ash–cloud combined heights and MISR heights (f minus g).

Figure 6.6 shows the simulated and observed plume top heights (a – c, e – g), a true color image from the

NASA Worldview webpage (d, https://worldview.earthdata.nasa.gov/?t=2021-04-10-T09%

3A12%3A58Z) observed by the Moderate Resolution Imaging Spectroradiometer (MODIS), and the dif-

ference between the simulated and observed heights (f minus g in panel h). The first three plots in the

top row display the original data (a, b, c), whereas the data in the bottom row is interpolated onto a

regular latitude–longitude grid and only shows values where MISR heights are available (d, e, f). The
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ICON-ART ash plume top heights are higher than the MISR heights in large parts of the displayed re-

gion (Figure 6.6a and c). The MINX stereo algorithm used to derive the MISR heights is sensitive to

contrast features in atmospheric aerosol plumes or clouds and the Earth’s surface over land and water,

which might complicate a separation of meteorological clouds and ash plumes (Nelson et al., 2008). The

NASA Worldview image in Figure 6.6d reveals a thick meteorological cloud north of Barbados. Fur-

thermore, most of the area beneath the brownish ash plume is covered by meteorological clouds. Stereo

matchers generally track the lower layer in a two-layered scene when the optical depth of the top layer

is relatively small (e.g., Mitra et al., 2021). I therefore combined the simulated ash top heights with the

cloud top heights from the model. The cloud top heights are obtained from the vertical profiles of liquid

water and cloud-ice mixing ratios at every point in the region of interest (maximum height where profiles

are non-zero). Next, I combined the ash plume top heights and the maximum cloud heights such that

if the ash column AOD above the cloud is lower than a prescribed threshold, the cloud height is used

and otherwise or in the absence of clouds the ash height is used. I achieved the best agreement with

the observations when using a modeled AOD threshold of 10.0, where clouds are present (elsewhere the

detection threshold of AOD>0.2 was applied). The result is given in Figure 6.6b and f.

The ash–cloud combined heights from the model agree better with the MISR heights than the raw ash

plume top heights. Although the threshold and assumptions used to derive the ash–cloud combined

height are iterative, this procedure highlights the role of clouds in obtaining the correct ash plume top

height from satellite observations, especially when comparing with model simulations. I further want

to note here that volcanic eruptions often emit large amounts of water vapor. This water vapor can

condense and / or freeze, and coat on ash particles. So, the distinction between the ash plume and water

or ice clouds in the immediate vicinity of the volcano might be ambiguous.

The MISR dataset covers a smaller region than I modeled with ICON-ART, which gives the impression

that ICON-ART ash and even ash–cloud combined heights differ significantly from the MISR observed

heights. However, when only viewing the region where MISR data is available, there is a good agreement

between ICON-ART ash–cloud combined and MISR heights with respect to the maximum and minimum

plume heights (Figure 6.6f and g). Between the volcano and Barbados along 13.1◦N, the differences are

on the order of ±5% indicating a good agreement when the ash plume is thick and less cloud is visible

(Figure 6.6d). Further, it is possible to distinguish different eruption phases in the plume height data.

However, the eruption phases seem more apparent and more confined along the latitude of the eruption

in the MISR observations than in the model. In the northern part of the plume, there is a positive bias

in the ICON-ART heights relative to the MISR heights because the model could not reproduce the thick

cloud north of Barbados (Figure 6.6e – g).

The south-eastern direction of the dominant ash dispersion in ICON-ART at the plume top (Figure 6.6a,

b, e, and f) originates from a clockwise rotation of the horizontal winds with height in the model (Fig-

ure C.6). The observations, in contrast, show a largely zonal dispersion. This is a limitation of the model

rather than a MISR retrieval artifact. The most likely problem here is the vertical resolution in upper
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cells of the plume (around 20 km altitude), which is on the order of 800 m. In case the prescribed plume

height for the emission is between two levels, it is assigned to the upper level. The uncertainty in the de-

termination of the emission height is on the order of ± 500 m and might additionally lead to an imprecise

emission profile and, thus, a wrong direction of transport in the upper layers of the plume. Considering

these large uncertainties in the ESPs, the error in the modeled winds is of minor importance here.

6.3.2. Aerosol properties

The previous section revealed similarities but also differences between the top height from MISR MINX

and ICON-ART, which are mainly related to the presence of meteorological clouds in the plume region.

Therefore, I compare the aerosol properties such as AOD, fraction of spherical particles, and SSA at the

level of the MISR cloud top height. The layer thickness (needed for the AOD) was calculated as the

difference between the maximum and minimum height (from MISR MINX) in a 0.6◦ x 0.6◦ box around

the individual data point. The box size is in the range of the spatial resolution of the MISR MINX

(Nelson et al., 2013) and MISR RA (Limbacher and Kahn, 2014). The simulated fraction of spherical

particles was calculated as the AOD of spherical particles (sulfate and coated ash) divided by the total

AOD for comparison with MISR RA in this section.

Figure 6.7.: a, b, and c) MISR plume AOD at 550 nm, MISR fraction of spherical particles, and MISR SSA at
550 nm, respectively; d, e, f) same as a, b, and e but for ICON-ART at the altitude range of the MISR volcanic
plume as detected by MINX. ICON-ART fraction of spherical particles was calculated as the AOD of spherical
particles divided by the total AOD.
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Figure 6.7 shows the spatial maps of particle property values from the MISR RA and ICON-ART for

the plume AOD at 550 nm, the fraction of spherical particles, and the SSA at 550 nm. The AOD refers

to the amount of particles in the plume column, assessed at mid-visible wavelengths. The fraction of

spherical particles gives information about the aging of the plume. The SSA indicates the composition

of the plume. I only qualitatively compare the two datasets and concentrate on the spatial gradients in

the plume. The absolute values of the retrieved parameters are highly uncertain due to the large amount

of meteorological clouds in the region around La Soufrière and the retrieval assumptions.

The AOD values in both MISR RA and ICON-ART indicate a thick plume branch between La Soufrière

and a half degree north of Barbados (Figure 6.7a and d). The values in the other parts of the plume

are strongly reduced. However, the spatial reduction of the AOD values in ICON-ART is stronger than

in the MISR RA. I note that the total AOD has to be treated with caution due to uncertainties in the

thickness of the volcanic plume in the model simulation and the meteorological clouds that can affect

the MISR retrieval, either with cloud contamination or by hygroscopic particle growth. In particular, the

thick cloud band north of Barbados along the main direction of the plume dispersion, which is visible in

the NASA Worldview image (Figure 6.6d), is missing in the simulation.

The MISR RA and ICON-ART agree very well in terms of fraction of spherical particles and SSA south

of Barbados. Especially the observed pattern and inferred evolution of particle aging along the longitudes

below 15.3◦N are well represented by ICON-ART. With increasing distance from the source, the fraction

of spherical particles increases due to the formation of sulfate and / or condensation of H2SO4 and / or

water on ash. The SSA decreases from west to east because the scattering is larger for aged volcanic

particles than for fresh ash (Muser et al., 2020).

North of Barbados, the MISR fraction of spherical particles and SSA show that the plume is dominated

by strongly scattering spherical particles, such as sulfate, and / or hydrometeors (Figure 6.7b and c).

As the NASA Worldview image in Figure 6.6d shows a thick band of meteorological clouds north of

Barbados, the large fraction of spherical particles in the north might be a result of a large abundance of

hydrometeors. In ICON-ART, the northern part of the plume mainly consists of non-spherical particles

which are only slightly more light-scattering than south of Barbados. However, ICON-ART is not able

to capture the meteorological cloud band north of Barbados. Instead, increased SSA values in the model

occur because the ash particles in the northern plume are slightly smaller on average. A reason might be

that the modeled plume heights are closer to the observed heights in the northern part than to the observed

heights in the southern part (Figure 6.6e and g). The ICON-ART aerosol properties in Figure 6.7d and f

then refer to a higher plume height relative to the actual maximum modeled plume height, and the plume

contains on average smaller particles due to sedimentation of the larger ones.

The MISR RA fraction of spherical particles appears more noisy, especially in the northern part of

the plume (Figure 6.7b). This part is also largely covered by clouds (Figure 6.6d), which increase the

measurement uncertainties. Kahn et al. (2001) report increased confidence in MISR aerosol type retrieval

when the component contributes at least about 20% to the total AOD.
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The individual eruption phases of the La Soufrière eruption are especially visible in the ICON-ART

AOD and manifest as individual arcs of plumes (Figure 6.7d). In the AOD of the MISR RA, the eruption

phases are smoothed out, although they can be distinguished in the MISR MINX plume top heights

(Figure 6.6c). The southern part of the plume in ICON-ART reveals low AOD values (Figure 6.7d). I

therefore argue that the large plume top heights in the southern plume in Figure 6.6e originate from a

thin plume layer rather than indicating a large mass transport in the wrong direction.

With the comparison to the MISR aerosol product, I looked at the horizontal distribution of the plume

aging close to the eruption. In the next section, I investigate differences of the aging in model and

observations at larger distances from the volcano.

6.4. Distal aging of the aerosols

In this section, I first validate the far-distance aging of the La Soufrière aerosol particles by comparing

ICON-ART with CALIOP attenuated backscatter and depolarization ratio signals. Afterwards, I focus

on the aging and sulfate production at different altitudes and with increasing distance from the source

region in the model.

6.4.1. Validation along satellite track

The CALIPSO satellite passed over the volcanic plume on 13 April 2021 around 5 UTC. Figure 6.8a

shows the modeled ash and sulfate column loading at this time from the ICON-ART experiment in col-

ors together with the CALIPSO ground track (red line). The corresponding total attenuated backscatter

signals from the CALIOP instrument and ICON-ART are given in Figure 6.8b and d, respectively. Fig-

ure 6.8c refers to the CALIOP depolarization ratio and Figure 6.8e is the modeled fraction of spherical

particles defined as the mass of spherical particles divided by the total mass. The fraction of spheri-

cal particles only shows areas where the ICON-ART total attenuated backscatter signal is larger than

2×10−4 km−1 sr−1, in order to clearly separate the modeled plume from background concentrations.

89 h after the eruption start, the ash plume covers most parts of the tropical and subtropical Atlantic

Ocean, and North-West Africa (Figure 6.8a).
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Figure 6.8.: a) Ash and sulfate column loading in g m−2 from the ICON-ART experiment together with the
CALIPSO ground track in red on 13 April 2021 around 5 UTC and the La Soufrière volcano as a black trian-
gle. According b) CALIPSO total attenuated backscatter at 532 nm, c) CALIPSO depolarization ratio at 532 nm,
d) ICON-ART total attenuated backscatter at 532 nm for ash and sulfate, and e) ICON-ART spherical particle
fraction. The ICON-ART spherical particle fraction is calculated as the ratio of spherical particle mass and total
aerosol mass and only areas where the ICON-ART total attenuated backscatter is larger than 2×10−4 km−1 sr−1

are shown. All plots correspond to 5 UTC on 13 April 2021, which is the approximate time of the CALISPO
overpass.

73



6. Aerosol aging in model and observations after the 2021 La Soufrière eruption

Based on the modeled attenuated backscatter signals, the volcanic plume in ICON-ART reaches a top

height of 20 km between 15◦N and 20◦N along the satellite path, which agrees well with the uppermost

signal in the CALIOP data at the same location (Figure 6.8b and d). A stratospheric volcanic plume

layer exist between 10◦S and 15◦N in an altitude range from 15 to 20 km in both CALIOP measurements

and ICON-ART modeled data. However, the strength of the signal is larger in ICON-ART. Besides

larger particle concentration itself, a large source of uncertainty is also the calculation of the ICON-ART

attenuated backscatter signals (see Section 4.7).

The stratospheric volcanic plume layer consists of mainly spherical particles because the CALIOP depo-

larization ratio is between 0.1 and 0.2 (Figure 6.8c). The ICON-ART spherical particle fraction mainly

agrees with this finding, at least for the uppermost part of this stratospheric volcanic plume layer (Fig-

ure 6.8e). The upper tropospheric regions of the plume in ICON-ART (between 10 and 15 km), where

non-spherical particles are dominant, are lacking in both the CALIOP total attenuated backscatter and

CALIOP depolarization ratio.

In the troposphere, ICON-ART total attenuated backscatter signals are enhanced between 10◦S and 18◦N

and 5 to 10 km, which is only partly visible in the total attenuated backscatter signals of CALIOP (Fig-

ure 6.8b and d). However, the CALIOP depolarization ratio reveals spherical particles (depolarization

ratio of about 0.1 to 0.3) close to the locations of increased total attenuated backscatter signals in the tro-

posphere in ICON-ART (Figure 6.8c and d). The ICON-ART spherical particle fraction in Figure 6.8e

shows that the plume is dominated by spherical particles at this location, which agrees well with the

features in the CALIOP depolarization ratio (Figure 6.8c).

The CALIOP attenuated backscatter data show two distinct signals around 5◦S and 5◦N between 12 and

16 km altitude with a depolarization ratio of about 0.4 (Figure 6.8b and c). The attenuated backscatter in

ICON-ART is very low in this area (Figure 6.8c and e). The CALIPSO vertical feature mask reveals that

these features arise from ice clouds (not shown) as well as the attenuated backscatter signals north of 25◦

between 8 and 12 km in Figure 6.8b. The weakly depolarizing features below 5 km altitude north of 5◦N

(Figure 6.8b and c), which are not simulated by ICON-ART, are dust and sea salt aerosols according to

the CALIPSO aerosol subtypes (not shown).

Besides this time step, the CALIPSO satellite crossed the volcanic plume from the La Soufrière eruption

on twelve additional occasions. The agreement between CALIOP measurements and ICON-ART is

similar for these dates (Figures C.7-C.17).

6.4.2. Temporal average

Having validated the aging with different types of datasets at fixed locations, I now examine whether

aerosol aging is height-dependent. Figure 6.9a and b shows height-longitude cross sections averaged

over all model output time steps (hourly global output) along the latitudes 11.08◦N to 15.58◦N (± 2.5◦

of the latitude of the volcano) for the spherical modes (mixed + soluble) and mixed mode proportions

of the total ash and sulfate mass. These quantities are related to the particle composition and aging.
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Figure 6.9c and d depicts the same but for the accumulation and coarse mode proportions of the total

ash mass, i.e., this provides information on particle size. The total ash mass always refers to the sum of

accumulation insoluble and mixed, coarse insoluble and mixed, and the insoluble giant mode masses.

Figure 6.9.: Height-longitude cross-section of temporal averages over all 96 h for the latitudes ±2.5◦ around the
latitude of the volcano (13.33◦N) for the a) spherical particle mass (mixed mode + soluble mode) fraction of the
total ash and sulfate mass, b) mixed mode fraction of the total ash and sulfate mass, c) accumulation mode fraction
of the total ash mass, and d) coarse mode fraction of the total ash mass. The contour lines indicate the number
of hours where ash is detected at the location and the blue dashed line refers to the longitude of the La Soufrière
eruption.

In large part, the volcanic plume is dominated by uncoated ash particles, as Figure 6.9a is dominated

by values close to zero. The fraction of the spherical particle mass is on the same order or larger than

the mass of uncoated particles at the plume top, the eastern edge of the plume, and directly west of the

volcano close to the surface and between 10 and 15 km.

The maximum plume height assumed for emissions was 18.3 km and the vent height was about 1.2 km.

However, the upper plume reached altitudes larger than 20 km. Muser et al. (2020) showed that aerosol–

radiation interaction can lead to a warming of the plume and a lofting of the plume top. Lofting brings

particles to regions of higher O3 and, thus, larger OH concentration, which increases aging and sulfate

production. Furthermore, ash aging slightly increases the scattering properties in the SW range compared

to pure ash particles. However, the increase in SW radiation extinction for aged particles is larger than

for pure ash particles (compare Figure 3.2). Hence, aerosol aging increases aerosol–radiation interaction,

which might even lead to stronger lofting and the formation of a spherical particle-dominated plume top.

Although, Muser et al. (2020) found a faster removal of aged particles from the atmosphere within the
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first four days due to a stronger increase in the particle diameter, the particle growth in the upper plume

is too small to significantly affect the sedimentation velocities of coated particles here.

The fraction of spherical particles increases towards the eastern edge of the plume because there is more

time for sulfate production and particle aging. As the main transport pathway of the plume is eastward,

more time was available for sulfate production and particle aging west of the volcano as well.

Coated ash particles make the largest contribution to the spherical particle mass, whereas the contribution

of sulfate is much lower in most parts of the plume (compare Figure 6.9a and b). This is partly related

to the fact that the mass of mixed particles is larger than the mass of soluble particles due to the ash

core. Nevertheless, an exception occurs between 60◦W and 40◦W up to about 9 km. In this region the

formation of sulfate is enhanced due to the large availability of OH and water in the troposphere. With

increasing distance from the source, the fraction of sulfate diminishes. This is likely due to coagulation

with ash particles. The coated particles increase in diameter, which leads to a faster removal from the

atmosphere. This can be seen in Figure 6.9b below 10 km between 60◦W and 15◦W because the mixed

mode fraction also decreases with increasing distance from the source, but more slowly than the fraction

of the spherical modes in Figure 6.9a.

The ash plume consists mainly of particles in the accumulation mode at the plume top and particles in

the coarse mode closer to the surface (Figure 6.9c and d). As coarse mode particles are larger and heavier

than particles in the accumulation mode, they sediment faster and increase the fraction of larger particles

from plume top towards the surface. When comparing Figure 6.9c and d, the fraction values between

55◦W and 60◦W and from surface to 15 km are closer to 0.5 for the coarse mode fraction than for the

accumulation mode fraction. At this distance from the volcano, the plume still contains a considerable

amount of particles in the giant mode. Everywhere else, the colors seem to be switched, meaning the ash

plume only consists of particles in the accumulation and coarse modes.

The highest fraction of coated particles in the troposphere below 13 km (Figure 6.9b) is collocated with

the highest fraction of accumulation mode particles in the troposphere (Figure 6.9c). This results from

the larger available surface area of accumulation mode particles compared to coarse mode particles,

which increases the condensation of H2SO4 onto ash particles. Furthermore, the shift from the insoluble

mode into the mixed mode occurs faster because the threshold of 5% soluble mass on insoluble ash is

reached earlier.
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The previous chapter showed that ash emissions and aerosol dynamics lead to a coating of ash particles,

which is reasonably modeled by ICON-ART. However, ash not only removes sulfur from the atmosphere

by condensation or nucleation and coagulation (Muser et al., 2020), it also allows dissolution of gases

in the liquid shell of coated ash particles (Hoshyaripour et al., 2015). These dissolved gases might

undergo chemical reactions in the aqueous phase (e.g., Tabazadeh and Turco, 1993; Liang and Jacobson,

1999; Hoshyaripour et al., 2015; Lachatre et al., 2022). This chapter investigates the chemical fate of

volcanic sulfur in the eruption plume in more detail, which has implications for climate. Besides gas-

phase chemistry, this chapter also considers aqueous-phase chemistry on coated ash and SO2 adsorption

on ash surfaces.

The computational costs for experiments including complex chemistry mechanisms are very high be-

cause of the large number of tracers. Therefore, the modeled period after the volcanic emissions can

only be short, and I study again the 2019 Raikoke eruption because the emissions occurred during a

shorter period compared to the 2021 La Soufrière eruption. I simulated 30 h starting from 21 June 2019,

12 UTC.

The experiments were performed in a LAM domain, which is shown in Figure 7.1. The horizontal grid

spacing in the LAM domain was approximately 2.5 km (R2B10). The temporal resolution was 16 s and

the atmosphere was vertically resolved by 90 vertical levels up to 50 km altitude. The simulation was

initialized by analysis fields provided by DWD, which were remapped onto the region of interest. The

lateral boundaries of the LAM area were updated by the meteorology and chemistry every two hours.

Figure 7.1.: LAM area for the chemistry experiments in case of the 2019 Raikoke eruption. The simulations were
performed on a LAM area of 2.5 km horizontal grid spacing (R2B10).

The background concentrations of the most abundant chemical species (listed in Section B) were initial-

ized with data from the Community Atmosphere Model with chemistry (CAM-chem (2019), Lamarque

et al. (2012)) provided by the National Center for Atmospheric Research (NCAR, downloaded from
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https://www.acom.ucar.edu/cam-chem/cam-chem.shtml). CAM-chem predicts tropospheric and

stratospheric concentrations of various species with the MOZART-4 chemistry mechanism, which was

also used here in ICON-ART. In all experiments including emissions, ash and SO2 were emitted as ex-

plained in Section 4.1.3 and as it was done in Chapter 5. The reference experiment only considered

gas-phase chemistry. Additional experiments were performed to investigate the role of aqueous-phase

chemistry in the shells of coated ash and SO2-adsorption on fresh ash in the oxidation of volcanic SO2

and the impact of water vapor emissions on aqueous-phase chemistry. Table 7.1 gives an overview about

the experiments. Water vapor emissions were calculated with FPlume.

The fate of SO2 in the first hours of the horizontal plume dispersion is determined in the next section and

discussed in context of already existing literature. Afterwards, the effect of in-plume chemistry on the

concentrations of OH, O3, and CH4 is investigated.

Name Chemistry mechanism Ash and SO2
emission

H2O
emission

Aerosol–radiation
interaction

REFERENCE only gas-phase ✓
AQUEOUS gas- and aqueous-phase ✓
AQwithH2O gas- and aqueous-phase ✓ ✓
ADSORPTION gas-phase, SO2-adsorption on ash ✓
ARI only gas-phase ✓ ✓
NoEmiss only gas-phase

Table 7.1.: Raikoke chemistry experiments.

7.1. Chemical fate of volcanic SO2

Different experiments were performed to investigate the oxidation of SO2 in the early stage of the plume.

Figure 7.2 shows the temporal development of the SO2(g), S(IV), sulfate, ash, and aerosol liquid water

burdens for the REFERENCE, AQUEOUS, AQwithH2O, ADSORPTION, and ARI experiments. The

two main points here are: (1) the aqueous-phase chemistry does not play a role in removing SO2 during

the horizontal plume spreading in the first days, although it has been shown that this pathway plays a large

role during the plume rise (Tabazadeh and Turco, 1993; Hoshyaripour et al., 2015) and in tropospheric

eruptions (Lachatre et al., 2022); (2) SO2 adsorption on ash particles removes SO2 most effectively in

the first hours and increases the amount of liquid water on aerosols. The next two sections investigate

these findings in more detail and compare them with previous studies.
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7.1. Chemical fate of volcanic SO2

Figure 7.2.: Temporal development of the mass burden of SO2(g), S(IV), S(VI), ash in the insoluble mode, ash in
the mixed mode, and liquid water in the aerosol phase after 21 June 2019, 12 UTC in different experiments.

7.1.1. Aqueous-phase chemistry on aged aerosols

Previous studies found that dissolution and aqueous-phase chemistry effectively remove sulfur com-

pounds and other species from the gas phase (e.g., Tabazadeh and Turco, 1993; Liang and Jacobson,

1999; Harris et al., 2013; Hoshyaripour et al., 2015). Nevertheless, the temporal development of the

SO2 burden in Figure 7.2a reveals almost no effect on the removal of SO2 after the Raikoke eruption.

Figure 7.3 shows maps of averaged column loadings of gaseous SO2 and aqueous S(VI), S(IV), and H2O

from top to bottom for 18 – 30 h after simulation start for the AQUEOUS experiment, the anomalies

between AQwithH2O and AQUEOUS, and the anomalies between REFERENCE and AQUEOUS from

left to right. The column loading of H2O on the ash particles is on the order of up to a few mg m−2, 4 – 5

orders of magnitude lower than the column loading of SO2. This low ALWC makes dissolution of gases

and aqueous-phase chemistry on coated aerosols negligible (right column).

The sulfate and water content is slightly larger when only considering gas-phase chemistry because the

formation of H2SO4 increases when gaseous SO2 is larger. Additionally, OH can dissolve in water and

lower the gaseous OH concentrations. Sulfate coating increases the hygroscopic behavior of aerosol

particles and, therefore, increases the liquid water on the aerosol particles in the experiment with gas-

phase chemistry (Figure 7.3h and k). However, the differences are too small to play a role here.
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Figure 7.3.: 12 h-averaged (18 to 30 hours after simulation start) column loadings of gaseous SO2, S(VI), S(IV),
and liquid water on coated aerosols (top to bottom) in g m−2 for AQUEOUS, difference between AQUEOUS and
AQwithH2O, and difference between AQUEOUS and REFERENCE (first, second, and third column).

As volcanic eruptions also emit large amounts of water vapor, it can increase the amount of liquid water

on aerosols. I performed a simulation with water vapor emissions. The emission of additional water

vapor from the eruption has almost no effects on the results because it deposits quickly and is not avail-

able for condensation or gas-phase chemistry anymore (Figure 7.3 middle column). The water vapor

was emitted onto the ART H2O chemical tracer. The emission into the ICON tracer for the water vapor

mixing ratio and water phase changes calculated in the ICON microphysics would have been favorable,

but technical reasons prevent this with the current implementation of FPlume (see Section 3.6). It is

possible that the simple deposition routine for the chemical H2O tracer (Section 3.6) removed too much

water vapor although small amounts of supercooled liquid droplets could exist in the plume.

It is likely that the ALWC increases in a warmer and more humid environment. Therefore, time–height

cross-sections of the volcanic plume of the same compounds and experiments as in Figure 7.3 are given

in Figure 7.4. The amount of aerosol liquid water is largest below 7 km due to the larger atmospheric

humidity (Figure 7.4i). It increases with increasing amount of sulfate (Figure 7.4f), which itself depends

on the diurnal cycle of the H2SO4 production. The mass of sulfur in oxidation state 4 reaches a maximum

between 12 and 18 h at 6 to 7 km (Figure 7.4d). The location of this maximum is driven by both the liquid

water on the particles and the amount of gaseous SO2 (Figure 7.4a and i).

The difference between REFERENCE and AQUEOUS in the amount of water on aerosols reaches a

maximum at around 4 km after 24 h (Figure 7.4k), which is related to both the higher sulfate mass on

ash in REFERENCE (Figure 7.4h) and the atmospheric humidity. These differences occur at the lower

boundary of the gaseous SO2 plume (Figure 7.4a), i.e., where the humidity within the SO2 plume is

expected to be highest.
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7.1. Chemical fate of volcanic SO2

Figure 7.4.: Time–height cross-sections of horizontally-integrated concentrations of gaseous SO2, S(VI), S(IV),
and liquid water on coated aerosols (top to bottom) in mol m−3 for AQUEOUS (first column), the difference be-
tween AQwithH2O and AQUEOUS (second column), and the difference between REFERENCE and AQUEOUS
(third column).
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7. Sulfur chemistry in explosive volcanic eruptions

Figure 7.5.: Time–height cross-section of the horizontally-averaged aerosol shell pH value indicated in colors and
the ambient temperature in K indicated in contours.

The emissions during the Raikoke eruption occurred mainly in the upper troposphere lower stratosphere

(UTLS) region, where ambient temperatures reach a minimum. This could also lead to a freezing of

coated particles, when the liquid water on the aerosols is high compared to the amount of oxidized

species in the solution. In Figure 7.5, the height-dependent temporal development of the pH value is

plotted in colors and the temperature is plotted in contours. The pH value is in most parts below 4.5 – 5,

which makes freezing of the soluble shell unlikely despite the low temperatures (on the order of -40◦C

above 10 km) (e.g., Tabazadeh and Turco, 1993).

7.1.2. SO2 adsorption on ash

Different from aqueous-phase chemistry, the experiment with adsorption of SO2 on ash surfaces reduces

the amount of SO2 in the gas phase slightly (Figure 7.2a, experiment ADSORPTION). The oxidation

by O3 via adsorbed sulfur increases the sulfate amount on ash aerosols and causes a faster aerosol aging

(Figure 7.2c and e).

Figure 7.6 shows time–height cross-sections of different compounds in the REFERENCE experiment

(first two rows) and the effect of SO2 adsorption on the evolution of these species (ADSORPTION –

REFERENCE, last two rows). The largest sulfate anomaly between the two experiments arise after

about 15 h at altitudes where both SO2 and ash concentrations are high or in other words where the

amount of adsorbable gas and adsorption surfaces are enhanced (around 6 to 11 km, Figure 7.6a, e, h,

and i). The enhanced coating of sulfate on ash particles leads to a shifting of particles from the insoluble

to the mixed modes especially between 5 and 10 km (Figure 7.6k and l). Thus, SO2 adsorption provides

an effective mechanism for aerosol aging in altitudes where water vapor, OH, and H2SO4 concentrations

are low (compare Section 7.1.1).
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Figure 7.6.: a – f: Time–height cross-section for horizontally-integrated concentrations of SO2(g), sulfate in the
insoluble mode, sulfate in the mixed mode, liquid water on aerosols, ash in the insoluble mode, and ash in the
mixed mode in the REFERENCE experiment; g – l: Difference between ADSORPTION and REFERENCE of
the same compounds as in a – f) (same units).

The increased coated sulfate mass changes the hygroscopic behavior of ash and results in an accumu-

lation of water on the particles (Figure 7.2j). The differences in liquid water on aerosols between the

REFERENCE and ADSORPTION experiment are the largest around 6 to 10 km, agreeing with the alti-

tude of the highest sulfate anomalies (Figure 7.6h, i). Whether increased sulfate production followed by

water accretion together with volcanic water vapor emissions and comprehensive microphysics increases

the importance of aqueous-phase chemistry, needs evaluation in further studies with longer simulations.

7.1.3. Discussion

My simulations show a negligible effect of aqueous-phase chemistry in the early stage of the Raikoke

plume due to a low ALWC and a quick removal of volcanic water from the vapor phase. These findings

are in agreement with the simulations conducted by Textor et al. (2003). With the 3-D plume model
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ATHAM and parametrizations for scavenging (no complex chemistry mechanism), they found that 99%

of hydrometeors in the plume of Plinian eruptions during the plume rise are frozen leading to a very low

scavenging of HCl and SO2 by liquid droplets. Instead, additional scavenging by ice particles reduces

the amount of gas reaching the stratosphere to about 25% for HCl and to about 90% for SO2. SO2

scavenging by ice particles was neglected in this thesis. However, these processes together with volcanic

water emissions and a comprehensive microphysical scheme might give further insights into the removal

mechanisms of SO2 during the horizontal plume spreading after large volcanic eruptions.

At first glace, the results presented here seem to be in contrast to the findings by Hoshyaripour et al.

(2015), who found a 3 – 20% scavenging of SO2 on coated ash by using a comprehensive chemistry

mechanism and a box model for volcanic plumes. Nevertheless, important differences in their setup and

the one used here are the temperatures and time scales. The box model by Hoshyaripour et al. (2015) was

designed to also consider the hot temperatures during the rise of the plume. This allows the formation of

large amounts of liquid droplets and larger liquid shells, which enhances the aqueous-phase chemistry.

An additional water vapor release from the eruption can further strengthen the formation of liquid water.

In this thesis, most of the volcanic compounds are released into the UTLS by keeping the temperature

profiles of ICON. Thus, the processes occur in an environment with (1) low background H2O levels

in vapor and liquid phase, and (2) additional emitted water vapor deposits quickly and is not available

anymore for chemistry or condensation on aerosols. This suggests that aqueous-phase chemistry is im-

portant during the emission, but plays a negligible role in removing SO2 from the atmosphere during the

further plume development. Additionally, the results might look different for smaller volcanic eruptions

(Lachatre et al., 2022) or at higher altitudes (Abdelkader et al., 2023).

Zhu et al. (2020) found that adsorption alone removed 43% of the SO2 mass within the first two months

after the 2014 Mt Kelud eruption. However, the authors used a significantly higher uptake coefficient

(3 · 10−3 instead of 10−6) to obtain agreement between their model results and observations. Using the

same uptake coefficient here causes a drastic removal of SO2 already during the emissions (Figure 7.7a),

which would need to be compensated by larger emissions to fit the observations of SO2 mass in the first

hours after the eruption. The uptake occurs almost instantaneously causing a quick loss of ash due to

the growth of particles (Figure 7.7b – f), which is significantly different from the findings in Chapter 5.

Furthermore, Chapter 6 revealed a good agreement between modeled and observed aerosol aging (MISR

RA) close to the volcano (Figure 6.7). Although the SO2 emission during the La Soufrière eruption was

much lower compared to the Raikoke eruption, the uptake coefficient used in Zhu et al. (2020) would

certainly reduce the agreement between modeled and observed aerosol aging in the first minutes to hours

due to a quick formation of aged particles. The reason why the drastic loss of ash was not observed in the

simulations by Zhu et al. (2020) might be that the emissions were realized in a line along 2 to 12◦S and

assuming a vertical profile. This leads to lower concentration gradients at the beginning. The horizontal

grid spacing used here (2.5 km) is on the order of a typical plume radius (up to a radius of 12 km in the

Raikoke umbrella region based on FPlume offline simulations).
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Figure 7.7.: As Figure 7.2, but only for the ADSORPTION experiment (solid) and an experiment with gas-phase
chemistry and SO2-adsorption on ash assuming the uptake coefficient from Zhu et al. (2020) (dashed).

Zhu et al. (2020) chose the uptake coefficients measured in experiments by Maters et al. (2017). The

uptake coefficients used in this thesis were experimentally derived by Urupina et al. (2019). Both studies

assumed ambient tropospheric temperature conditions (approximately 25◦C). Maters et al. (2017) mea-

sured initial uptakes of SO2 i.e., ’an uptake on the fresh surface at the first instance of its interaction

with gas’ (Urupina et al., 2019), whereas the steady-state uptake reported in Urupina et al. (2019) ’is

an ongoing phenomenon reflecting the ability of the surface to adsorb gas continuously’ (Urupina et al.,

2019). Lasne et al. (2022) argued that the high uptake coefficient of Zhu et al. (2020) needed to match

simulations with observations might be due to missing photolysis processes in the model.

According to Schmauss and Keppler (2014), lower temperatures enhance the adsorption of SO2 on ash

surfaces and reduce the concentrations in the gas phase stronger. However, no uptake coefficients were

derived that can be used here. A temperature-, humidity-, and radiation-dependent parametrization for

the uptake coefficient will be helpful to scale the uncertainties in the modeled SO2 adsorption during the

volcanic plume dispersion in the first hours and in the plume development beyond.

7.2. Impacts of sulfur emissions on atmospheric chemistry

This section determines the effect of volcanic emissions on the OH, O3, and CH4 concentrations in the

volcanic plume. Figure 7.8 displays the temporal evolution of these concentrations depending on the
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altitude in the experiment without volcanic emissions (NoEmiss) in the first row and the effects of vol-

canic emissions only considering gas-phase chemistry (second row), the effects of gas-phase chemistry

and aerosol–radiation interaction (third row), and the effects of gas-phase chemistry and SO2 adsorption

(forth row). The region of the plume is defined as the grid cells where the SO2 concentration exceeds

10 ppm in the REFERENCE experiment. This procedure is different from the previous plots, because

here no plume can be defined based on the NoEmiss experiment.

Figure 7.8.: Time–height cross-section of horizontally-averaged OH (first column), O3 (second column), and CH4
(third column) concentrations in mol m−3 in the volcanic plume in the NoEmiss experiment (first row), the differ-
ence between the REFERENCE and noEmiss (second row), the difference between ARI and noEmiss (third row),
and the difference between ADSORPTION and NoEmiss (forth row). For all experiments, the plume was defined
where SO2 concentration exceeds 10 ppm in the REFERENCE case.

OH concentrations are enhanced between 8 and 18 h after simulation start, which agrees well with the

local daytime (Figure 7.8a). Including volcanic emissions drastically reduces OH concentrations espe-

cially at day when OH is produced (Figure 7.8d, g, j). Volcanic SO2 reacts with OH (and water and

oxygen) to form H2SO4, a reaction that is limited by the abundance of OH.
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The reaction of OH is an important sink for CH4 in the atmosphere (Table B.1, Jourdain et al. (2016)). All

experiments including volcanic emissions show an increase of CH4 up to 6 km altitude after 12 h, which is

related to the lower amount of OH. In the experiment including SO2 adsorption on ash (ADSORPTION),

the CH4 concentration up to 5 km is largest compared to the other experiments and further shows large

positive anomalies at the plume top (above 11 km). O3 photochemical reactions produce O(1D), which is

an important sink for CH4 in the stratosphere, especially during daytime (Table B.1). In the ADSORP-

TION experiment, the reaction of gaseous O3 with adsorbed SO2 reduces the photochemical production

of O(1D) from O3 (Figure 7.8k and l).

SO2 adsorption on ash and subsequent oxidation by O3 reduces the O3 concentration to about 10% at

the plume top (Figure 7.8b and k). For larger volcanic eruptions, the oxidation of adsorbed S(IV) might

increase with increasing altitude due to higher concentrations of O3 in the center of the ozone layer.

Nevertheless, the oxidation of adsorbed S(IV) on ash in larger volcanic eruptions is subjected to further

research.

The lower amount of O3 at the beginning of the eruption around 4 to 8 km in the experiment ARI arises

from temperature and radiation changes in the plume (Figure 7.8h).

These results show that volcanic emissions can disturb background chemistry fields. Here, the concentra-

tions of OH, O3, and CH4 were initialized with CAM-chem chemistry for the most abundant components.

OH is a major oxidizing species in the atmosphere. The reaction of CH4 with OH represents an important

source of stratospheric water and, thus, gas-phase chemistry and SO2 adsorption in volcanic plumes indi-

rectly also slow down water vapor production in the stratosphere. Additionally, O3 and CH4 both absorb

radiation. To what extend changes in OH, O3, and CH4 background concentrations due to different SO2

oxidation pathways influence stratospheric chemistry on climate scales, needs further investigations.
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8. Conclusions

The aim of this thesis was to close the gap between early plume processes and the impact of volcanism

on weather and climate. The main focus was on the representation of the ESPs, the impact of early

aerosol aging, and chemistry at the early stage of a volcanic eruption. I developed a model setup in

which the ESPs were improved by (1) coupling ICON-ART with FPlume to account for the effect of

changing volcanic and meteorological conditions and (2) a delineation of eruption phases. With this

setup, I simulated the 2019 Raikoke eruption, which emitted volcanic ash and gases in ten individual

eruption phases. The dispersion of the 2019 Raikoke eruption plume was addressed in several studies

(e.g., Muser et al., 2020; de Leeuw et al., 2021), in which the ESPs, however, were strongly simplified

and led to large discrepancies between model and observations in the first hours during and after the

eruption. Based on my simulations, I am able to answer the following research questions:

1. How large is the influence of resolving the eruption phases on the predicted ash mass loading?

A large improvement of the total ash burden forecast is demonstrated in the first 12 h by resolving

the individual eruption phases of the Raikoke eruption. This delineation of eruption phases halves

the error and reduces the ash mass overestimation from 37% to 18% compared to AHI observations

from the Himawari-8 satellite. Furthermore, the maximum amount of ash is better represented

between 8 and 12 h after the beginning of the eruption (plateau instead of sharp peak).

2. Can an online treatment of volcanic ESPs improve the predicted mass loading and dispersion

of ash and SO2 plumes?

Besides resolving the eruption phases, online calculations of ESPs by FPlume further improve the

temporal evolution of the simulated ash mass, which shows an almost perfect agreement with the

observed evolution of ash mass loading. In addition to the mass loading, the predicted spatial

dispersion of the ash and SO2 plume also agrees well with the AHI observations from Himawari-8

as the SAL analysis reveals. However, I hypothesized that the validation of the simulated ash and

SO2 dispersion is partially hampered by a dense ash plume in the beginning of the eruption and by

overlapping water and ice clouds later on.

The results confirm that coupling ICON-ART and the plume rise model enables detailed treatment of the

plume dynamics (phases and ESPs) and leads to significant improvements of the ash and SO2 dispersion

forecast. This approach can benefit the operational forecast of ash and SO2 especially in the case of

complex and non-continuous volcanic eruptions like that of Raikoke in 2019. Furthermore, it allows to

study processes in multi-day non-continuous eruptions, such as the 2021 La Soufière eruption.
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The available observations during the 2021 La Soufrière eruption offered a unique opportunity to validate

emissions and aging of volcanic ash in ICON-ART directly for the first time. This can have implications

for the further plume development, weather (by modifying clouds), and climate. The La Soufrière erup-

tion was characterized by 43 individual phases in the first four days and 49 phases during the entire

eruption period from 09 to 22 April 2021. In order to simulate this eruption, I used the same setup as

for the simulation of the 2019 Raikoke eruption. In addition to providing an accurate ash mass, this

setup allowed a comparison between model and observations close to the volcano, where the individual

eruption phases were still separated from each other.

I compared the results with different products from remote sensing instruments, i.e., total attenuated

backscatter from CALIOP onboard CALIPSO, plume heights, AOD, fraction of spherical particles, and

SSA from MISR onboard Terra, and equivalent radar reflectivity from BCO. This enables me to answer

the following research questions:

3. What controls the near-source distribution of ash particles?

The near-source distribution of ash particles is strongly driven by the emissions, and the consider-

ation of the individual eruption phases is important for modeling the 2021 La Soufrière eruption.

My results show that volcanic aerosol aging begins already close to the volcano. It is especially

visible in the plume part south of Barbados in both the model and observations. A comparison

with the northern part is only possible to a limited extent due to the complicating presence of

meteorological clouds in the MISR data. Muser et al. (2020) found that aerosol dynamics have a

huge impact on the lifetime and the vertical distribution of volcanic ash in the atmosphere in the

first four days after the 2019 Raikoke eruption. However, close to the volcano, ash aging has a

minor effect on the distribution of the ash plume because the time for particle growth is short (a

few hours) as revealed by my results.

4. Which processes drive particle aging near the volcano and during the further transport?

The rate of aging is faster in the troposphere than above the tropopause. I argued that the lower

abundance of OH in the stratosphere reduces sulfate particle formation and the condensation of

H2SO4 onto existing particles. Furthermore, lower relative humidity in the stratosphere reduces

the condensation of water onto the aerosols. As a consequence, the coagulation of ash particles

with sulfate is also reduced in the stratosphere. However, spherical particles dominate the plume

top across all longitudes. Muser et al. (2020) found a lofting of the volcanic plume top due to

aerosol–radiation interaction. I showed in Chapter 5 that the absorption of radiation by ash in

volcanic plumes also leads to a rise of the SO2 plume top. In addition to the previous findings

from Muser et al. (2020) and Chapter 5, I argue that lofting by aerosol–radiation interaction might

be stronger for coated ash than for pure ash (at least as long as particle growth is small). Together

with faster SO2 oxidation rates, this causes a formation of a plume top dominated by spherical

particles.
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In Chapters 5 and 6, I assumed a simplified OH chemistry mechanism for the formation of H2SO4 from

volcanic SO2. A complex chemistry mechanism including aqueous-phase chemistry and adsorption

of SO2 on ash helped to understand gas–aerosol partitioning of sulfur compounds in the early plume

dispersion. This permits to answer the following research questions.

5. What is the effect of aqueous-phase chemistry and gas adsorption by ash surfaces on the

removal of gaseous SO2 from the atmosphere in the first days?

Different from simulations during the plume rise (e.g., Tabazadeh and Turco, 1993; Hoshyaripour

et al., 2015), my simulations showed that the influence of aqueous-phase chemistry is negligible

during the horizontal dispersion of the plume in the first days due to the low liquid water amount

on coated aerosols. Additionally emitted volcanic water vapor deposits quickly and has no impact

on the plume chemistry. However, adsorption of SO2 on freshly emitted (non-coated) ash increases

the amount of sulfate on aerosols and the fraction of coated particles on the first day after the 2019

Raikoke eruption. This increased amount of sulfate results in an accumulation of liquid water on

aerosols due to a larger hygroscopicity of the particles.

6. How large is the effect of in-plume chemistry on background O3, OH, and CH4 concentra-

tions?

The oxidation of SO2 strongly depends on the availability of OH, which is a limiting factor for the

aerosol aging. The reaction with gaseous SO2 drastically reduces daytime OH concentration. As

OH is a major oxidizing species in the atmosphere, the removal of CH4 decreases as a result of the

gas-phase SO2 oxidation in the early volcanic plume. SO2 adsorption and the heterogeneous reac-

tion with O3 reduce O3 concentrations predominately at the plume top, where O3 concentrations

are largest. As a consequence, less O(1D) is produced from O3 photolysis that can serve as a sink

for CH4 in the upper part of the plume.

Despite the efforts to precisely represent the eruption dynamics, input parameters (e.g., start and end time

of individual eruption phases, plume heights, and exit conditions) are still major sources of uncertainty in

my simulations. FPlume needs input parameters for the plume height, exit temperature, exit velocity, and

exit volatile fraction. In the lack of direct measurements for specific eruptions, I relied on the available

data and estimations for eruptions with similar conditions (tectonic setting, explosivity index, and magma

composition). Based on offline analysis, I estimated the uncertainties in the MER due to errors in the

input parameters to be in a range of 20%, which will not significantly change my results.

8.1. Outlook

The results in Chapter 7 indicated a negligible SO2 oxidation via aqueous-phase chemistry on the first day

after the eruption, which was related to the low ALWC in the dispersing volcanic plume. The experiment

including adsorption of SO2 on ash surfaces, however, indicated a quicker aerosol aging, which increased
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the amount of liquid water in coated aerosols. Whether this leads to an increasing relevance of aqueous-

phase chemistry in the further plume development should be clarified in future works. To investigate this

further, a reduction of the number of tracers is needed to be able to run simulations on a larger domain

for several days. Additionally, current developments on seamless predictions with ICON-ART allow to

consider plume and aerosol dynamics as well as gas–aerosol interactions during the early stage of the

volcanic plume in simulations covering several weeks to months.

The effect of water vapor emissions on chemistry during the plume dispersion in my simulations in

Chapter 7 was not relevant due to a quick removal of H2O from the gas phase. Although the coupling to

FPlume significantly improves the volcanic emissions, it neglects the temperature changes in the vertical

column above the vent. Especially in the jet and lower convective region of the plume, emitted and

entrained water stays in the gas phase due to the heat from the volcano (see Figure 2.3a) and changes

the gas- and aqueous-phase chemistry (Tabazadeh and Turco, 1993; Hoshyaripour et al., 2015). The

effects of aqueous-phase chemistry during the plume rise on the dispersing plume can be studied by

simulating volcanic plumes as multiphase flows in ICON-ART in the future. This approach is currently

developed. A coupling of multiphase flows to the achievements made in this thesis and previous work by

Muser et al. (2020) with respect to aerosol dynamics and chemistry is panned for the future. Whether a

larger abundance of supercooled droplets, possibly driven by a reduction of the freezing temperature due

to sulfate in the liquid phase, reaches the stratosphere and increases the importance of aqueous-phase

chemistry on the first day needs to be investigated in the future as well.

For my simulations, I assumed an equal ash mass emission into the accumulation, coarse, and giant

modes as derived by Muser et al. (2020) for the 2019 Raikoke eruption from measurements of similar

eruptions. The results in Chapter 5 revealed a good agreement of the modeled and observed ash mass

in the following days, which suggests a reasonably assumed PSD. Observations for the total ash mass in

case of the 2021 La Soufrière eruptions are not available and the mass could not be validated. Uncer-

tainties in the PSD do not only affect the sedimentation of ash mass but also the condensation of H2SO4

on ash. The larger the surface (i.e., the smaller the particles), the stronger the condensation. The impact

of an assumed PSD on aerosol dynamics will be the focus of future work. To study this, a development

of forward operators in ICON-ART can help to directly compare physiochemical and optical properties

(complex refractive index) modeled with different PSDs to satellite observations of the same properties.

Volcanic ash from different volcanic eruptions cover a wide range of silica contents, which has to be

included in the description of the complex refractive index.

Chapter 6 revealed large differences in the plume heights and aerosol properties between model results

and MISR observations in some regions of the plume. These regions were also largely covered by

clouds, which hampered a comparison of model and observations. It is possible that sulfate and ash

aerosols acted as CCNs and INs, respectively. In my simulations, the interaction of aerosols and clouds

was not considered and is the topic of ongoing work.
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2019 Raikoke eruption

Date
Time in

UTC

Plume

height in

m (a.s.l.)

Exit tem-

perature

in K

Exit

velocity

in m s−1

Exit volatile

fraction in %

SO2 mass

emission rate

in kg s−1

21 June 17.55 – 18.20 7250 1273 106 3 43865

21 June 18.50 – 19.05 9250 1273 118 3 56960

21 June 19.40 – 20.05 10250 1273 124 3 63507

21 June 20.40 – 20.50 9250 1273 118 3 56960

21 June 21.20 – 21.25 10250 1273 124 3 63507

21 June 22.00 – 22.05 11750 1273 133 3 73327

21/22 June 22.40 – 01.55 13750 1273 145 3 86421

22 June 03.40 – 04.05 11750 1273 133 3 73327

22 June 05.40 – 05.55 13250 1273 142 3 83148

22 June 07.00 – 07.10 4750 1273 91 3 27498

Table A.1.: Eruption phase and exit conditions as assumed in FPlume for the 2019 Raikoke eruption.
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2021 La Soufrière eruption

Date
Time in

UTC

Plume

height in

m (a.s.l.)

Exit tem-

perature

in K

Exit

velocity

in m s−1

Exit volatile

fraction in %

SO2 mass

emission rate

in kg s−1

09 April 12.45 – 13.05 15800 1273 153 3 4838

09 April 19.05 – 19.55 16800 1273 159 3 5146

09 April 20.15 – 20.55 16050 1273 155 3 4915

09 April 21.15 – 21.55 14950 1273 148 3 4577

09 April 22.25 – 23.15 16850 1273 160 3 5161

09 April 23.25 – 23.45 17300 1273 162 3 5299

10 April 00.15 – 00.55 18550 1273 170 3 5683

10 April 01.05 – 01.35 18350 1273 169 3 5622

10 April 01.45 – 02.15 19050 1273 173 3 5837

10 April 02.25 – 02.35 18050 1273 167 3 5530

10 April 03.15 – 03.35 18800 1273 171 3 5760

10 April 03.45 – 04.05 18550 1273 170 3 5683

10 April 04.45 – 05.45 15300 1273 150 3 4685

10 April 06.55 – 07.15 12800 1273 135 3 3917

10 April 07.35 – 08.05 14720 1273 147 3 4507

10 April 08.15 – 08.35 14550 1273 146 3 4454

10 April 08.45 – 08.55 13050 1273 137 3 3994

10 April 09.45 – 10.25 18800 1273 171 3 5760

10 April 10.55 – 11.55 19350 1273 175 3 5929

10 April 12.05 – 12.25 19550 1273 176 3 5990

10 April 12.55 – 13.25 19300 1273 174 3 5914

10 April 14.35 – 15.05 18300 1273 168 3 5606

10 April 16.10 – 16.55 8550 1273 110 3 2611

10 April 16.25 – 17.05 18300 1273 168 3 5606

10 April 18.45 – 19.35 16900 1273 170 3 5176

10 April 21.25 – 22.15 15800 1273 153 3 4838

10 April 23.05 – 23.35 18300 1273 168 3 5606

11 April 00.55 – 01.35 17675 1273 165 3 5414

11 April 02.45 – 03.15 18380 1273 169 3 5631

11 April 05.05 – 05.25 18300 1273 168 3 5606

11 April 08.00 – 08.35 19050 1273 173 3 5837
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11 April 10.25 – 10.45 8050 1273 170 3 2458

11 April 10.45 – 11.05 18800 1273 171 3 5760

11 April 11.25 – 11.55 12050 1273 131 3 3379

11 April 13.25 – 14.15 18400 1273 169 3 5637

11 April 18.00 – 18.45 12600 1273 134 3 3855

11 April 20.05 – 20.45 15675 1273 153 3 4800

12 April 00.00 – 00.10 6950 1273 100 3 2120

12 April 00.45 – 01.05 19550 1273 176 3 5990

12 April 01.25 – 01.45 10050 1273 119 3 3072

12 April 08.05 – 08.25 19300 1273 174 3 5914

13 April 10.25 – 10.55 17300 1273 162 3 5299

13 April 11.25 – 11.45 11550 1273 128 3 3379

13 April 11.55 – 12.05 8800 1273 111 3 2688

Table A.2.: Eruption phase and exit conditions as assumed in FPlume for the 2021 La Soufrière eruption.
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B. Chemistry mechanism of Chapter 7

The fields of the most abundant gas-phase species for the chemistry experiments performed in Chapter 7

were initialized with data from CAM-chem. These species are

- ozone (O3),

- hydrogen peroxide (H2O2),

- hydroperoxyl (HO2),

- hydroxyl (OH),

- carbon monoxide (CO),

- methane (CH4),

- acetic acid (CH3OOH),

- nitrogen monoxide (NO),

- nitrous oxide (N2O),

- dinitrogen pentoxide (N2O5),

- nitrogen dioxide (NO2),

- nitrate (NO3),

- ammonia (NH3),

- ammonium (NH4),

- nitric acid (HNO3),

- peroxynitric acid (HNO4),

- sulfur dioxide (SO2), and

- dimethyl sulfide (DMS, (CH2)2S).
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Type Reaction Rate

equation

k1 k2 Ref.

gas O(3P) + O2 + M → O3 + M 1) E10

gas O(3P) + O3 → 2 O2 a) 8.0 ·10−12 −2060.0 E10

gas O(3P) + O(3P) + M → O2 + M a) 2.76 ·10−34 720.0 E10

gas O2(1S) + O(3P) → O(3P) + O2(1D) 8.0 ·10−14 E10

gas O2(1S) + O2 → O2 + O2(1D) 3.9 ·10−17 E10

gas O2(1S) + N2 → N2 + O2(1D) a) 1.8 ·10−15 45.0 E10

gas O2(1S) + O3 → O2(1D) + O3 a) 3.5 ·10−11 −135.0 E10

gas O2(1S) + CO2 → CO2 + O2(1D) 4.2 ·10−13 E10

gas O2(1S) → O2 0.085 E10

gas O2(1D) + O(3P) → O(3P) + O2 1.3 ·10−16 E10

gas O2(1D) + O2 → 2 O2 a) 3.6 ·10−18 −220.0 E10

gas O2(1D) + N2 → N2 + O2 1.0 ·10−20 E10

gas O2(1D) → O2 2.58 ·10−4 E10

gas O(1D) + N2 → N2 + O(3P) a) 2.15 ·10−11 110.0 E10

gas O(1D) + O2 → O(3P) + O2(1S) a) 3.135 ·10−11 55.0 E10

gas O(1D) + O2 → O(3P) + O2 a) 3.3 ·10−11 55.0 E10

gas O(1D) + H2O → 2 OH a) 1.63 ·10−10 60.0 E10

gas O(1D) + N2O → 2 NO a) 6.7 ·10−11 20.0 E10

gas O(1D) + N2O → N2 + O2 a) 4.7 ·10−11 20.0 E10

gas O(1D) + O3 → 2 O2 1.2 ·10−10 E10

gas O(1D) + CH4 → CH3O2 + OH 1.125 ·10−10 E10

gas O(1D) + CH4 → HCHO + H + HO2 3.0 ·10−11 E10

gas O(1D) + CH4 → HCHO + H2 7.5 ·10−12 E10

gas O(1D) + H2 → H + OH 1.1 ·10−10 E10

gas O(1D) + HCl → Cl + OH 1.5 ·10−10 E10

gas H + O2 + M → HO2 + M b) 4.4 ·10−32( T
300 )

1.3 4.7 ·10−11( T
300 )

0.2 E10

gas H + O3 → O2 + OH a) 1.4 ·10−10 −470.0 E10

gas H + HO2 → 2 OH 7.2 ·10−11 E10

gas H + HO2 → H2 + O2 6.9 ·10−12 E10

gas H + HO2 → H2O + O(3P) 1.6 ·10−12 E10

gas OH + O(3P) → H + O2 a) 2.2 ·10−11 120.0 E10

gas OH + O3 → HO2 + O2 a) 1.7 ·10−12 −940.0 E10

gas OH + HO2 → H2O + O2 a) 4.8 ·10−11 250.0 E10

gas OH + OH → H2O + O(3P) 1.8 ·10−12 E10

gas OH + OH + M → H2O2 + M b) 6.9 ·10−31( T
300 )

1.0 2.6 ·10−11 E10

gas OH + H2 → H + H2O a) 2.8 ·10−12 −1800.0 E10

gas OH + H2O2 → H2O + HO2 1.8 ·10−12 E10

gas HO2 + O(3P) → O2 + OH a) 3.0 ·10−11 200.0 E10

gas HO2 + O3 → OH + 2 O2 a) 1.0 ·10−14 −490.0 E10
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gas HO2 + HO2 → H2O2 + O2 2) E10

gas H2O2 + O(3P) → HO2 + OH a) 1.4 ·10−12 −2000.0 E10

gas N(2D) + O2 → NO + O(1D) 5.0 ·10−12 E10

gas N(2D) + O(3P) → N + O(3P) 7.0 ·10−13 E10

gas N + O2 → NO + O(3P) a) 1.5 ·10−11 −3600.0 E10

gas N + NO → N2 + O(3P) a) 2.1 ·10−11 100.0 E10

gas N + NO2 → N2O + O(3P) a) 5.8 ·10−12 220.0 E10

gas NO + O(3P) + M → NO2 + M b) 9.0 ·10−32( T
300 )

1.5 3.0 ·10−11 E10

gas NO + HO2 → NO2 + OH a) 3.5 ·10−12 250.0 E10

gas NO + O3 → NO2 + O2 a) 3.0 ·10−12 −1500.0 E10

gas NO2 + O(3P) → NO + O2 a) 5.1 ·10−12 210.0 E10

gas NO2 + O(3P) + M → NO3 + M b) 2.5 ·10−31( T
300 )

1.8 2.2 ·10−11( T
300 )

0.7 E10

gas NO2 + O3 → NO3 + O2 a) 1.2 ·10−13 −2450.0 E10

gas NO2 + NO3 + M → N2O5 + M b) 2.0 ·10−30( T
300 )

4.4 1.4 ·10−12( T
300 )

0.7 E10

gas N2O5 + M → NO2 + NO3 + M 3) E10

gas NO2 + OH + M → HNO3 + M b) 1.8 ·10−30( T
300 )

3.0 2.8 ·10−11 E10

gas HNO3 + OH → H2O + NO3 4) E10

gas NO3 + NO → 2 NO2 a) 1.5 ·10−11 170.0 E10

gas NO3 + O(3P) → NO2 + O2 1.0 ·10−11 E10

gas NO3 + OH → HO2 + NO2 2.2 ·10−11 E10

gas NO3 + HO2 → NO2 + OH + O2 3.5 ·10−12 E10

gas NO2 + HO2 + M → HNO4 + M b) 2.0 ·10−31( T
300 )

3.4 2.9 ·10−12( T
300 )

1.1 E10

gas HNO4 + OH → H2O + NO2 + O2 a) 1.3 ·10−12 380.0 E10

gas HNO4 + M → HO2 + NO2 + M 5) E10

gas Cl + O3 → ClO + O2 a) 2.3 ·10−11 −200.0 E10

gas Cl + H2 → H + HCl a) 3.05 ·10−11 −2270.0 E10

gas Cl + H2O2 → HCl + HO2 a) 1.1 ·10−11 −980.0 E10

gas Cl + HO2 → HCl + O2 a) 1.8 ·10−11 170.0 E10

gas Cl + HO2 → ClO + OH a) 4.1 ·10−11 −450.0 E10

gas Cl + HCHO → HCl + HO2 + CO a) 8.1 ·10−11 −30.0 E10

gas Cl + CH4 → CH3O2 + HCl a) 7.3 ·10−12 −1280.0 E10

gas ClO + O(3P) → Cl + O2 a) 2.8 ·10−11 85.0 E10

gas ClO + OH → Cl + HO2 a) 7.4 ·10−12 270.0 E10

gas ClO + OH → HCl + O2 a) 6.0 ·10−13 230.0 E10

gas ClO + HO2 → HOCl + O2 a) 2.7 ·10−12 220.0 E10

gas ClO + NO → Cl + NO2 a) 6.4 ·10−12 290.0 E10

gas ClO + NO2 + M → ClNO3 + M b) 1.8 ·10−31( T
300 )

3.4 1.5 ·10−11( T
300 )

1.9 E10

gas ClO + ClO → 2 Cl + O2 a) 3.0 ·10−11 −2450.0 E10

gas ClO + ClO → Cl2 + O2 a) 1.0 ·10−12 −1590.0 E10

gas ClO + ClO → Cl + OClO a) 3.5 ·10−13 −1370 E10

gas ClO + ClO + M → Cl2O2 + M b) 1.6 ·10−32( T
300 )

4.5 2.0 ·10−12( T
300 )

2.4 E10

gas Cl2O2 + M → 2 ClO + M 6) E10
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gas HCl + OH → Cl + H2O a) 2.6 ·10−12 −350.0 E10

gas HCl + O(3P) → Cl + OH a) 1.0 ·10−11 −3300.0 E10

gas HOCl + O(3P) → ClO + OH 1.7 ·10−13 E10

gas HOCl + Cl → ClO + HCl a) 2.5 ·10−12 −130.0 E10

gas HOCl + OH → ClO + H2O a) 3.0 ·10−12 −500.0 E10

gas ClNO3 + O(3P) → ClO + NO3 a) 2.9 ·10−12 −800.0 E10

gas ClNO3 + OH → HOCl + NO3 a) 1.2 ·10−12 −330.0 E10

gas ClNO3 + Cl → Cl2 + NO3 a) 6.5 ·10−12 135.0 E10

gas CH4 + OH → CH3O2 + H2O a) 2.45 ·10−12 −1775.0 E10

gas CH3O2 + NO → HCHO + NO2 +

HO2

a) 2.8 ·10−12 300.0 E10

gas CH3O2 + HO2 → CH3OOH + O2 a) 4.1 ·10−13 750.0 E10

gas CH3OOH + OH → CH3O2 + H2O a) 3.8 ·10−12 200.0 E10

gas HCHO + NO3 → CO + HO2 +

HNO3

a) 6.0 ·10−13 −2058.0 E10

gas HCHO + OH → CO + H2O + H a) 5.5 ·10−12 125.0 E10

gas HCHO + O(3P) → HO2 + OH + CO a) 3.4 ·10−11 −1600.0 E10

gas CO + OH + M → CO2 + HO2 + M b) 5.9 ·10−33( T
300 )

1.4 1.1 ·10−12( T
300 )

−1.3 E10

gas CO + OH → CO2 + H 7) 1.5 ·10−13( T
300 )

−0.6 2.1 ·109( T
300 )

−6.1 E10

gas CH3O2 + CH3O2 → 2 HCHO + 2

HO2

a) 5.0 ·10−13 −424.0 E10

gas CH3O2 + CH3O2 → HCHO +

CH3OH

a) 1.9 ·10−14 706.0 E10

gas CH3OH + OH → HCHO + HO2 a) 2.9 ·10−12 −345.0 E10

gas CH3OOH + OH → 0.7 CH3O2 +

0.3 OH + 0.3 HCHO + H2O

a) 3.8 ·10−12 200.0 E10

gas SO2 + OH [+O2 + H2O] → H2SO4 b) 3.3 ·10−31( T
300 )

3.3 1.5 ·10−12 E10

gas DMS + OH → SO2 a) 1.1 ·10−11 −240.0 E10

gas DMS + OH → 0.5 SO2 + 0.5 HO2 8) E10

gas DMS + NO3 → HNO3 + SO2 a) 1.0 ·10−12 500.0 E10

gas NH3 → NH4 0.0 E10

gas NH3 + OH → H2O a) 1.7 ·10−12 −710.0 E10

photo O2 + hν → O(3P) + O(1D) f(rad) E10

photo O2 + hν → 2 O(3P) f(rad) E10

photo O3 + hν → O(1D) + O2(1D) f(rad) E10

photo O3 + hν → O(3P) +O2 f(rad) E10

photo N2O + hν → N2 + O(1D) f(rad) E10

photo NO + hν → N + O(3P) f(rad) E10

photo NO2 + hν → NO + O(3P) f(rad) E10

photo N2O5 + hν → NO2 + NO3 f(rad) E10

photo N2O5 + hν → NO + O(3P) + NO3 f(rad) E10

photo HNO3 + hν → NO2 + OH f(rad) E10
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photo NO3 + hν → NO2 + O(3P) f(rad) E10

photo NO3 + hν → NO + O2 f(rad) E10

photo HNO4 + hν → 0.667 NO2 + 0.667

HO2 + 0.333 NO3 + 0.333 OH

f(rad) E10

photo CH3OOH + hν → HCHO + H +

OH

f(rad) E10

photo HCHO + hν → CO + H2 f(rad) E10

photo H2O + hν → H + OH f(rad) E10

photo H2O + hν → H2 + O(1D) f(rad) E10

photo H2O2 + hν → 2 OH f(rad) E10

photo Cl2 + hν → 2 Cl f(rad) E10

photo OClO + hν → ClO + O(3P) f(rad) E10

photo Cl2O2 + hν → 2 Cl + O2 f(rad) E10

photo HOCl + hν → Cl + OH f(rad) E10

photo HCl + hν → Cl + H f(rad) E10

photo ClNO3 + hν → Cl + NO3 f(rad) E10

photo ClNO3 + hν → ClO + NO2 f(rad) E10

photo CO2 + hν → CO + O(3P) f(rad) E10

photo CH4 + hν → 0.47 CH3 + 0.47 H +

0.763 H2 + 0.0954 HCHO + 0.0954

O(3P) + 0.175 OH + 0.175 HO2 +

0.233 CO2 + 0.201 CO + 0.0265

H2O

f(rad) E10

aq. HO2 → HO2(aq) c) 0.1 21.0 ·10−2 LJ99

aq. HO2(aq) → HO2 d) 2.0 ·103 −13.2 LJ99

aq. H2O2 → H2O2(aq) c) 0.1 15.1 ·10−2 LJ99

aq. H2O2(aq) → H2O2 d) 1.1 ·105 −13.2 LJ99

aq. O3 → O3(aq) c) 0.1 21.0 ·10−2 J86,

LJ99

aq. O3(aq) → O3 d) 1.1 ·10−2 −4.76 J86,

LJ99

aq. HCl → Cl− + H+ c) 0.1 20.0 ·10−2 J86,

LJ99

aq. Cl− + H+ → HCl d) 2.05 ·106 −18.0 J86,

LJ99

aq. SO2 → SO2(aq) c) 0.1 12.2 ·10−2 J86,

LJ99

aq. SO2(aq) → SO2 d) 1.2 −6.27 J86,

LJ99

aq. OH → OH(aq) c) 0.1 23.1 ·10−2 J86,

LJ99
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aq. OH(aq) → OH d) 25 −10.5 J86,

LJ99

aq. H2O(aq) → H+ + OH− 0.0

aq. H+ + OH− → H2O(aq) 0.0

aq. HO2(aq) → H+ + O−
2 e) 1.6 ·10−5 0.0 LJ99

aq. H+ + O−
2 → HO2(aq) e) 1.6 ·10−5 0.0 LJ99

aq. SO2(aq) → HSO−
3 + H+ e) 6.0 ·10−2 −4.0 LJ99

aq. HSO−
3 + H+ → SO2(aq) e) 6.0 ·10−2 −4.0 LJ99

aq. HSO−
3 → SO2−

3 + H+ e) 6.3 ·10−8 −3.0 LJ99

aq. SO2−
3 + H+ → HSO−

3 e) 6.3 ·10−8 −3.0 LJ99

aq. H2O2(aq) → OH(aq) + OH(aq) 7.219 ·10−4 SP06

aq. H2O2(aq) + OH(aq) → H2O(aq) +

HO2(aq)

1.495 ·10−5 SP06

aq. HO2(aq) + O−
2 → H2O2(aq) + OH− 5.535 ·10−5 SP06

aq. HO2(aq) + HO2(aq) → H2O2(aq) 4.594 ·10−7 SP06

aq. O−
2 + O3(aq) → OH(aq) + OH− 8.303 ·10−4 SP06

aq. O3(aq) + OH (aq) → HO2(aq) 1.661 ·10−3 SP06

aq. HSO−
3 + OH(aq) → SO2−

4 + H+ a) 1.15 ·10−9 −1500.0 SP06

aq. HSO−
3 + O3(aq) → SO2−

4 + H+ a) 7.04 ·10−8 −5530.0 SP06

aq. HSO−
3 + H2O2(aq) → SO2−

4 + H+

+ H2O(aq)

a) 3.55 ·10−7 −4430.0 SP06

aq. SO2−
3 + OH(aq) → SO2−

4 + H+ a) 1.23 ·10−4 5280.0 SP06

aq. SO2−
3 + O3(aq) → SO2−

4 + H+ a) 2.49 ·10−12 5300.0 SP06

aq. HSO−
3 + Fe3+ → Fe2+ + SO2−

4 +

H+

2.0 ·10−16 SP06

aq. Fe2+ + OH(aq) → FeOH2+ a) 7.64 ·10−13 −1100.0 SP06

aq. Fe2+ + O−
2 → Fe3+ + H2O2(aq) + 2

OH−
1.66 ·10−14 SP06

aq. Fe2+ + HO−
2 → Fe3+ + H2O2(aq) +

OH−
2.0 ·10−15 SP06

aq. Fe2+ + H2O2(aq) → Fe3+ + OH(aq)

+ OH−
8.7 ·10−20 SP06

aq. Fe2+ + O3(aq) → Fe3+ + OH(aq) +

OH−
9.47 ·10−16 SP06

aq. Fe3+ + O−
2 → Fe2+ 2.49 ·10−13 SP06

aq. Fe3+ + SO2−
4 → FeSO+

4 5.32 ·10−18 SP06

aq. FeSO+
4 → SO2−

4 + Fe3+ 4.49 ·10−20 SP06

aq. Fe2+ + O3(aq) → FeO2+ + O−
3 1.36 ·10−15 SP06

aq. Fe3+ + Cl− → FeCl2(aq) 7.97 ·10−21 SP06

aq. FeCl2(aq) → Fe3+ + Cl− 1.53 ·10−21 SP06

aq. FeOH2+ + HSO−
3 → Fe2+ + SO−

3 +

H2O(aq)

4.98 ·10−20 SP06
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aq. FeO2+ HSO−
3 → Fe3+ + SO−

3 +

OH−
4.15 ·10−16 SP06

aq. FeOH2+ + HO2(aq) → Fe2+

H2O(aq)

2.16 ·10−16 SP06

aq. FeOH2+ + O−
2 → Fe2+ + OH− 2.49 ·10−13 SP06

ad. SO2 [+ OH(s) + O2−(s)] = S(IV) f) 10−6 1.5 ·1016 U19

ad. S(IV) + O3 = SO2−
4 f) 10−6 1.5 ·1016 U02,

M17

Table B.1.: Chemical reactions considered in chapter 6. The rate equations follow:
a) Arrhenius (1889): k = k1 · exp(k2/T ) with T the temperature, and the reaction dependent parameters k1 in
cm3 molecules−1 s−1 and k2 = E/R in K,
b) Troe (1983): k = (k1 · [M])/(1 + (k1 · [M])/k2) · 0.61+(log(k1·[M])/k2)

2)−1
with [M] the air concentration in

molecules cm−3,
c) Jacob (1986): kin = 3ηLDg/r2 with η = (1+((1.33+0.71 ·Kn−1)/(1+Kn−1)+(4 · (1− k1))/(3k1)) ·Kn)−1

the coefficient correcting for the free molecular effect with Kn the Knudsen number, Dg = k2 the diffusion coeffi-
cient, L the liquid water content, and r the droplet radius,
d) Jacob (1986):kout = kin/(0.082T Lk1 · exp(−500 · k2(1/T −1/298))),
e) Liang and Jacobson (1999): k = k1 · exp(−500 · k2(1/T −1/298)) ·6.023 ·1020L,
f) Urupina et al. (2019): if the number of adsorbed molecules is smaller than k2 (saturation coverage) then
kad = 0.25cAApγ , where k1 = γ the uptake coefficient, cA the mean speed of gas, Ap the total surface area per
volume of air,
1) 6.0 ·10−34 · [M] · (300/T )2.4,
2) (3.5 ·10−13 · exp(430/T )+1.7 ·10−33 · [M] · exp(1000/T )) · (1+1.4 ·10−21 · [H2O] · exp(2200/T )),
3) kNO2+NO3 ·3.703704 ·1024 · exp(−11000/T ),
4) 2.4 · 10−14 · exp(460/T ) + 6.5 · 10−34 · exp(1335/T ) · [M]/(1 + 6.5 · 10−34 · exp(1335/T )[M]/(2.7 · 10−34 ·
exp(2199/T ))),
5) kNO2+HO2 · exp(−10900/T )/2.1 ·10−27,
6) kClO+ClO/(9.3 ·10−28 · exp(8835/T )),
7) kb/[M] with kb from b), and
8) 1.7 ·10−42 · exp(7810/T ) ·0.21 · [M]/(1+5.5 ·10−31 · exp(7460/T ) ·0.21 · [M]).
f(rad) indicates radiation dependent reaction rates. The references for the equations can be found in Emmons et al.
(2010) (E10), Jacob (1986) (J86), Liang and Jacobson (1999) (LJ99), Seinfeld and Pandis (2006)(SP06), Usher
et al. (2002)(U02), Urupina et al. (2019)(U19), and Maters et al. (2017)(M17).
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C. Additional figures

Figures for Chapter 5

Figure C.1.: Meteorological conditions above the vent in the first 20 h after simulation start to explain variations
in the FPlume-derived MER. Four different atmospheric variables are shown: a) temperature in ◦C, b) air density
in kg m−1, c) specific humidity in g kg−1, and d) the wind speed in m s−1. For each variable the temporal
development in the vertical axis above the vent is given over time in contours and the difference between the two
time steps indicated by the vertical dashed lines in the contour plot (later step minus earlier time step).
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Figure C.2.: Comparison plots for seven ash and SO2 6 h-averaged column loadings (row 1 to 7) in order to explain
the discrepancy between simulated ICON-ART data and Himawari-8 observed data in the SAL analysis. First and
second column: ash column loadings (in g m−2) from the ICON-ART FPlume-rad experiment and Himawari-8.
Third and fourth column: SO2 column loadings (in g m−2) from the ICON-ART FPlume-rad experiment and
Himawari-8.
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Figure C.3.: Horizontally averaged ash particle characteristic radius of the log normal distribution in µm (left, Eq.
5) and horizontal sum of the particle number (right) of the different ash modes: insoluble accumulation (a, b),
mixed accumulation (c, d), insoluble coarse (e, f), mixed coarse (g, h), and giant mode (i, j).
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Figures for Chapter 6

Figure C.4.: Height-dependent settling velocity for the a) accumulation, b) coarse, and c) giant mode. d) shows
the height-dependent wind speed above Barbados over time, and e, f, g) the vertical settling distance for the
accumulation, coarse, and giant mode during the direct transport with the winds from the location of the La
Soufrière volcano towards Barbados, respectively.
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Figure C.5.: Ash concentration in µg m−3 above Barbados split into the different modes: a) insoluble accumulation
mode, b) mixed accumulation mode, c) insoluble coarse mode, d) mixed coarse mode, and e) giant mode. f) shows
the total ash concentration and is the same as in Figure 6.3c.
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Figure C.6.: a) ICON-ART ash plume top heights with a detection threshold of AOD>0.2 at 14:40 UTC on
10 April 2021, b) MISR plume top height at 14:36 UTC on 10 April 2021, c) MODIS RGB image at 14:36 UTC
on 10 April 2021 from NASA Worldview webpage, d) ICON-ART cloud top heights, e) ICON-ART column AOD
above cloud top from d, f) ICON-ART combined ash plume top heights and cloud top heights (if AOD from e
larger than 10.0 or in the absence of clouds, the ash plume top height is used, else the maximum cloud height is
used), g) ICON-ART cloud particle (liquid, solid, snow, rain drops) mass in kg m−3, e) ICON-ART ash mass in
kg m−3, and f) horizontal winds at the La Soufrière volcano in different altitudes.
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Figure C.7.: As Figure 6.8, but for 6 UTC on 10 April 2021.
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Figure C.8.: As Figure 6.8, but for 17 UTC on 10 April 2021.
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Figure C.9.: As Figure 6.8, but for 5 UTC on 11 April 2021.
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Figure C.10.: As Figure 6.8, but for 16 UTC on 11 April 2021.
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Figure C.11.: As Figure 6.8, but for 18 UTC on 11 April 2021.
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Figure C.12.: As Figure 6.8, but for 4 UTC on 12 April 2021.
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Figure C.13.: As Figure 6.8, but for 6 UTC on 12 April 2021.
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Figure C.14.: As Figure 6.8, but for 15 UTC on 12 April 2021.
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Figure C.15.: As Figure 6.8, but for 18 UTC on 12 April 2021.
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Figure C.16.: As Figure 6.8, but for 3 UTC on 13 April 2021.
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Figure C.17.: As Figure 6.8, but for 7 UTC on 13 April 2021.
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D. Symbols and acronyms

Acronyms

1-D one-dimensional

3-D three-dimensional

AHI infrared Advanced Himawari Imager

ALWC aerosol liquid water content

AOD aerosol optical depth

ATHAM Active Tracer High-Resolution Atmospheric Model

BCO Barbados Cloud Observatory

BET Brunauer-Emmett-Teller method

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization

CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation

CAM-chem Community Atmosphere Model with chemistry

CCN cloud condensation nuclei

CNES Centre National d’Etudes Spatiales

DFG Deutschen Forschungsgemeinschaft

DKRZ German Climate Computing Center

DWD German Weather Service

ESP eruption source parameter

GOES-16 Geostationary Operational Environmental Satellite 16

GOES-17 Geostationary Operational Environmental Satellite 17

IASI Infrared Atmospheric Sounding Interferometer

ICON-ART ICOsahedral Nonhydrostatic model with Aerosol and Reactive Trace gases

IN ice nucleating particle

IR infrared

JAXA Japan Aerospace Exploration Agency

JMA Japan Meteorological Agency

KIT Karlsruhe Institute of Technology

KPP Kinetic PreProcessor

LAM limited area mode

LW long-wave

LWC liquid water content

MECCA Module Efficiently Calculating the Chemistry of the Atmosphere

MER mass eruption rate

MINX MISR INteractive eXplorer
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MISR Multiangle Imaging SpectroRadiometer

MISR RA MISR Research Aerosol algorithm

MODIS MOderate Resolution Imaging Spectroradiometer

MOZART-4 Model for OZone And Related chemical Tracers (Version 4)

MPI-M Max-Planck-Institute for Meteorology

MOCAGE Modèle de Chimie Atmosphérique de Grande Echelle

NAME Numerical Atmospheric-dispersion Modelling Environment

NASA National Aeronautics and Space Administration

NBL neutral buoyancy level

NCAR National Center for Atmospheric Research

NMMB-MONARCH-ASH Nonhydrostatic Multiscale Model on the B-grid – Multiscale Online Nonhydrostatic

AtmospheRe CHemistry model – ASH

ODE ordinary differential equation

O-MIF anomalous oxygen mass-independent fractionation

PSD particle size distribution

RRTM Rapid Radiative Transfer Model

S5P ESA/EU Copernicus Sentinel-5 Precursor

SAL (method) structure, amplitude, location (method)

SSA single scattering albedo

SW shortwave

TGSD total grain size distribution

TROPOMI TROPOspheric Monitoring Instrument

UTLS upper troposphere lower stratosphere

UV ultraviolet

VEI volcanic explosivity index

VolRes Volcanic Response team

VZA vertical zenith angle

WRF/ARW Weather Research and Forecasting Model / Advanced Research WRF
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Chemical species

Al aluminium

Ca / Ca2+ calcium

CH4 methane

Cl− chlorine

CO2 carbon dioxide

Fe iron

H hydrogen

H+ hydrogen ion

H2O water

H2O2 hydrogen peroxide

H2S hydrogen sulfide

HCl hydrogen chloride

HF hydrogen fluoride

HSO−
3 hydrogen sulfite

HSO−
4 hydrogen sulfate

H2SO4 sulfuric acid

K / K+ potassium

Mg / Mg2+ magnesium

N2 nitrogen

Na / Na+ sodium

NH3 ammonia

NH+
4 ammonium

NO−
3 nitrate

O oxygen

O(1D) atomic oxygen (excited state)

O2 oxygen

O3 ozone

OH hydroxyl radical

OH− hydroxide ion

S(IV) dissolved sulfur in oxidation state 4 (SO2, HSO−
3 , SO2−

3 )

S(VI) dissolved sulfur in oxidation state 6 (HSO−
4 , SO2−

4 )

Si silicon

SiO2 silica

SO2 sulfur dioxide

SO2−
3 sulfite

SO2−
4 sulfate

Ti tritanium
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Physical variables and constants

Symbol Description Unit

[A] number concentration of species A molecules cm−3 (gas phase)

or mol L−1 (aqueous phase)

Ap area of the particle cross-section m2

α sticking or accommodation coefficient –

Bλ spectral complex refractive index –

β coagulation coefficient m3 s−1

βa volume absorption coefficient m−1

βb volume backscattering coefficient m−1

βe volume extinction coefficient m−1

βs volume scattering coefficient m−1

c speed of light m s−1

cA mean speed of species A m s−1

ccrit critical concentration for nucleation kg m−3

cH2SO4 mass mixing ratio of H2SO4 kg kg−1

cpd specific heat capacity of dry air at constant pressure J kg−1K−1

cv specific heat capacity of dry air at constant volume J kg−1K−1

Ca0,l coagulation rate of mass specific number concentration kg−1s−1

C̃a0,l coagulation rate of zeroth moment m−3s−1

Ca3,l coagulation rate of mass mixing ratio kg kg−1s−1

C̃a3,l coagulation rate of third moment m3 m−3s−1

Co3,l condensation rate of mass mixing ratio kg kg−1s−1

C̃o3,l condensation rate of third moment m m−3s−1

χ(d) particle size dependent term for condensation rate m3 s−1

χT particle size independent term for condensation rate –

Dg,A diffusion coefficient of species A in air m2 s−1

dk,l median diameter for k-th moment of mode l m

dp particle diameter m

E∗ normalized MER –

Ê activation energy in Arrhenius equation J mol−1
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E0,l emission rate of mass specific number concentration kg−1 s−1

E3,l emission rate of mass mixing ratio kg kg−1 s−1

Eg emission rate of gas g kg s−1

Eph SO2 emission rate of phase ph kg s−1

ESO2 mean SO2 emission kg s−1

Etot total mass eruption rate kg s−1

ε total attenuated backscatter km−1 sr−1

η coefficient correcting for free molecular effects –

F broadening factor in Troe equation –

f Coriolis parameter s−1

fe function of emission profile –

fF source and sink terms for horizontal momentum N kg−1

g asymmetry parameter –

gz acceleration due to gravity m s−2

γ uptake coefficient –

H plume height m

h Planck’s constant J s

HA Henry’s law coefficient of species A mol L−1 atm−1

H0
A Henry’s law coefficient of species A at 273 K mol L−1 atm−1

Hph plume height of phase ph m

HT phase duration-weighted mean plume height m

∆solH enthalpy change of dissolution kcal mol−1

Il integral for condensation rate of mode l s−1

Iλ spectral radiance W m2sr−1

Jg photolysis rate coefficient of gas g s−1

Kh horizontal component of the kinetic energy m2s−2

ki rate coefficient (i = 0, 1, 2, ..,∞ ,a ,b, ...) differs

Kn Knudsen number –

Kw equilibrium constant of water autoionization M2

Lg chemical loss rate of gas g kg s−1

λ wavelength m

λair mean free path of air m
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Ṁ3 production rate of third moment of condensable material s−1

MA molar mass of species A kg mol−1

Mair molar mass of air kg mol−1

Mk,l k-th moment of particle size distribution of mode l mk m−3

N total number concentration of particles m−3

nph number of eruption phases –

Nu0,l nucleation rate of mass specific number concentration kg−1s−1

Nu3,l nucleation rate of mass mixing ratio kg kg−1s−1

ν radiation frequency s−1

Ωl coefficient to divide condensable mass –

ω single scattering albedo –

p scattering phase function –

pA partial pressure of species A atm

p00 reference pressure hPa

Pl chemical production rate of gas g kg s−1

Φin flux of gas phase species into droplet molecules cm−3 s−1

Φout flux of aqueous phase species out of droplet molecules cm−3 s−1

Π Exner function –

Ψ̂0,l mass specific number concentration of mode l kg−1

ψ̂0,l mass specific number concentration of mode l with diameter dp kg−1

Ψ̂3,l mass mixing ratio of mode l kg kg−1

ψ̂3,l mass mixing ratio of mode l with diameter dp –

Ψ̂g mass mixing ratio of gas g kg kg−1

Q̃ diabatic heat source terms s−1

Qe extinction efficiency –

R∗ universal gas constant J mol−1 K−1

r droplet or particle radius m

rv radius of the vent m

Rad rate of gas adsorption s−1

Rd gas constant of dry air J kg−1 K−1

RH relative humidity %

ρ̂ plume mixture density kg m−3
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ρa air density kg m−3

ρg density of gas g kg m−3

ρp particle density kg m−3

S Suzuki distribution function kg s−1

S∗ normalized Suzuki distribution function –

Sp total surface area per unit volume of air m2m−3

σe extinction cross section m2

σl standard deviation of mode l –

T temperature K

t time s

T 0 reference temperature K

tph phase duration s

∆t model time step s−1

τ optical depth or optical thickness –

θ scattering angle ◦

θv virtual potential temperature K

v = (vt , vn, w) three-dimensional wind vector m s−1

ve,ph exit velocity of phase ph m s−1

vn horizontal wind component normal to the triangle edges m s−1

vsed,k,l sedimentation velocity for k-th moment of mode l m s−1

vt horizontal wind velocity tangential to the triangle edges m s−1

w vertical wind component m s−1

W0,l wet deposition rate of zeroth moment kg−1 s−1

W3,l wet deposition rate of third moment kg kg−1 s−1

x effective particle size –

z geometric altitude (vertical coordinate) m

z∗ normalized plume height –

∆zi thickness of vertical model level i m

ζ vertical component of the relative vorticity s−1
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