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Abstract

Clouds cover large areas of the Earth and influence the Earth’s radiative energy budget and the global
water cycle. What we observe in the atmosphere is a combination of different types of clouds that form
in different ways. Cloud formation is primarily influenced by atmospheric dynamics, but the presence
of aerosols is necessary to complete the process because, in an aerosol-free atmosphere, supersaturation
must rise to 300 percent for clouds to form. However, the influence of aerosols on clouds does not end
at this stage. By acting as cloud condensation nuclei (CCN) and ice nucleating particles (INPs), any
perturbation to them can alter the microphysical properties of the cloud. However, the extent and quality
of aerosol influence on cloud formation is one of the most important open questions in climate science.
Volcanic eruptions, rich sources of various chemical compounds in the atmosphere, can help to improve
the understanding of aerosol effects on clouds by providing natural laboratories with locally high aerosol
conditions adjacent to an unperturbed environment.

In this thesis, I have studied numerically how cloud microphysical properties respond to a volcanically
perturbed environment. To accurately simulate the microphysics of volcanic clouds formed directly in
the plume, as well as those of meteorological clouds influenced by mid- or long-range transported vol-
canic particles, aerosol-specific descriptions of the efficiency of CCN and different INPs are required.
In addition, an ice nucleation scheme that accounts for the competition between homogeneous and het-
erogeneous ice nucleation, INP depletion, and raindrop freezing is needed to assess the relevance of
these processes in different ice and mixed-phase cloud regimes. The ICON-ART (ICOsahedral Nonhy-
drostatic - Aerosols and Reactive Trace gases) model meets these requirements, where high-resolution
simulations with a comprehensive double-moment cloud liquid and ice microphysical scheme and the
aerosol module allow the investigation of the influence of volcanic aerosols on clouds. Therefore, to as-
sess the impact of volcanic aerosols on clouds, I used the ICON-ART model and simulated two volcanic
eruptions that differ in emitted substances and locations: the 2014 Holuhraun eruption and the 2021 La
Soufriere eruption. The former is an Icelandic volcano that emitted mostly sulfur dioxide (SO,), while
the latter is located on the Caribbean island of Saint Vincent and was an ash-rich eruption. Sulfuric acid is
a precursor gas formed by the reaction of sulfur dioxide with OH radicals in the presence of water vapor.
It can then form new particles such as sulfate particles. Sulfate particles act as CCN, so the Holuhraun
case is an appropriate case to investigate the effect of volcanic eruption on the warm cloud processes
and the mixed-phase regime that can be affected by the changes in cloud droplet number concentration.

The La Soufriere eruption, on the other hand, is an appropriate case to study the competition between



homogeneous and heterogeneous ice nucleation, since it is an ash-rich eruption in which ash can act as
ice nucleating particles (INPs).

In the Holuhraun case, the results showed a significant increase in both the mass and number concentra-
tion of cloud droplets and a decrease in their size, which caused a reduction in the autoconversion and
accretion processes. The reduction in autoconversion and accretion, in turn, caused a decrease in the
mass and number concentration of raindrops in the warm clouds. In the case of La Soufriere, however,
no such results were observed and we did not see any significant effects of volcanic aerosols on warm
clouds. However, our results showed that the number concentration of ice and snow decreased in the
presence of volcanic ash, as homogeneous freezing decreased in the presence of heterogeneous freez-
ing. For both cases, the behavior of graupel was studied, but the results showed that its behavior does
not follow a specific path, since its formation depends on the riming and rain-freezing processes, which
in turn are strongly influenced by the size of cloud droplets, raindrops, ice, and snow. The results also
showed that the activation of mixed mode aerosols as CCN also caused a decrease in the number of cloud

droplets and an increase in rain and graupel.



Zusammenfassung

Wolken bedecken grofie Teile der Erde und beeinflussen den Strahlungsenergiehaushalt der Erde und den
globalen Wasserkreislauf. Was wir in der Atmosphire beobachten, ist eine Kombination verschiedener
Arten von Wolken, die sich auf unterschiedliche Weise bilden. Die Wolkenbildung wird in erster Linie
durch die atmosphérische Dynamik beeinflusst, aber die Anwesenheit von Aerosolen ist notwendig, um
den Prozess der Wolkenbildung, denn in einer aerosolfreien Atmosphire muss die Ubersittigung auf 300
Prozent ansteigen, damit sich Wolken bilden kénnen. Der Einfluss der Aerosole auf die Wolken endet je-
doch nicht in diesem Stadium. Da sie als Wolkenkondensationskerne (CCN) und Eiskeimteilchen (INPs)
wirken, kann jede Storung die mikrophysikalischen Eigenschaften der Wolke verdndern. Das Ausmal3
und die Qualitit des Einflusses von Aerosolen auf die Wolkenbildung ist jedoch eine der wichtigsten
offenen Fragen der Klimawissenschaft. Vulkanausbriiche, die reichhaltige Quellen verschiedener chemi-
scher Verbindungen in der Atmosphire sind, konnen dazu beitragen, die Auswirkungen von Aerosolen
auf Wolken besser zu verstehen, da sie natiirliche Laboratorien mit lokal hohen Aerosolbedingungen
neben einer ungestorten Umgebung darstellen.

In dieser Arbeit habe ich numerisch untersucht, wie die mikrophysikalischen Eigenschaften von Wol-
ken auf eine vulkanisch gestdrte Umgebung reagieren. Um die Mikrophysik von Vulkanwolken, die
sich direkt in der Vulkanfahne, sowie von meteorologischen Wolken, die durch mittel- oder weitrdu-
mig transportierte vulkanische Aerosol beeinflusst werden, genau zu simulieren, sind aerosolspezifische
Beschreibungen der Effizienz von CCN und verschiedenen INPs erforderlich. Dariiber hinaus wird ein
Eiskeimbildungsschema benétigt, das die Konkurrenz zwischen homogener und heterogener Eiskeimbil-
dung, INP-Verarmung und Regentropfengefrieren beriicksichtigt, um die Bedeutung dieser Prozesse in
verschiedenen Eis- und Mischphasenwolkenregimen zu bewerten. Das Modell ICON-ART (ICOsahedral
Nonhydrostatic - Aerosols and Reactive Trace gases) erfiillt diese Anforderungen, wobei hochauflésende
Simulationen mit einem umfassenden wolkenmikrophysikalischen Zwei-Momenten-Schema fiir fliissi-
ges Wasser und Eis sowie das Aerosolmodul die Untersuchung des Einflusses vulkanischer Aerosole auf
Wolken ermoglichen. Um die Auswirkungen vulkanischer Aerosole auf die Wolken zu bewerten, habe
ich daher das Modell ICON-ART verwendet und zwei Vulkanausbriiche simuliert, die sich hinsichtlich
der emittierten Substanzen und der Standorte unterscheiden: den Ausbruch des Holuhraun 2014 und
den Ausbruch von La Soufriere 2021. Bei ersterem handelt es sich um einen islandischen Vulkan, der
hauptsédchlich Schwefeldioxid (SO,) ausstieB3, wihrend der zweite Ausbruch auf der Karibikinsel Saint
Vincent stattfand und eine aschereiche Eruption darstellte. Schwefelsdure ist ein Vorldaufergas, das bei

der Reaktion von Schwefeldioxid mit OH-Radikalen in Gegenwart von Wasserdampf entsteht. Sie kann



dann neue Partikel wie Sulfatpartikel bilden. Sulfatpartikel wirken als CCN, so dass der Holuhraun-Fall
ein geeigneter Fall ist, um die Auswirkungen eines Vulkanausbruchs auf die warmen Wolkenprozesse
und das Mischphasenregime zu untersuchen, die durch die Anderungen der Anzahlkonzentration von
Wolkentropfchen beeinflusst werden konnen. Der Ausbruch von La Soufriere hingegen ist ein geeigne-
ter Fall, um den Wettbewerb zwischen homogener und heterogener Eisbildung zu untersuchen, da es sich
um eine aschereiche Eruption handelt, bei der Asche als Eiskeimteilchen (INPs) fungieren kann.

Im Holuhraun-Fall zeigten die Ergebnisse einen signifikanten Anstieg sowohl der Massen- als auch der
Anzahlkonzentration von Wolkentropfchen und eine Abnahme ihrer Grofle, was zu einer Verringerung
der Autokonversions- und Akkretionsprozesse fiihrte. Die Verringerung der Autokonversion und der Ak-
kretion fithrte wiederum zu einer Abnahme der Masse- und Anzahlkonzentration der Regentropfen in
den warmen Wolken. Im Fall von La Soufriere wurden jedoch keine derartigen Ergebnisse beobachtet,
und wir konnten keine signifikanten Auswirkungen vulkanischer Aerosole auf warme Wolken feststellen.
Unsere Ergebnisse zeigten jedoch, dass die Anzahl der Eis- und Schneekonzentrationen in Gegenwart
von Vulkanasche abnahm, da homogenes Gefrieren in Gegenwart von heterogenem Gefrieren abnahm.
Fiir beide Fille wurde das Verhalten von Graupel untersucht, aber die Ergebnisse zeigten, dass sein Ver-
halten keinem bestimmten Pfad folgt, da seine Bildung von den Riming- und Regengefrierprozessen
abhingt, die wiederum stark von der Grofe der Wolkentropfchen, Regentropfen, Eis und Schnee beein-
flusst werden. Die Ergebnisse zeigten auch, dass die Aktivierung von Mixed-Mode-Aerosolen als CCN
ebenfalls eine Abnahme der Anzahl von Wolkentropfchen und eine Zunahme von Regen und Graupel

bewirkt.
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1. Introduction

Clouds are estimated to cover between 60 to 70 % of the Earth at any given time (Rossow et al., 1993;
Jakob, 2001). Clouds occur in a variety of forms and on a wide range of spatial and temporal scales. As
such, they are an important modulator of the Earth’s radiative energy budget by scattering and absorbing
shortwave radiation and terrestrial longwave radiation. They are also directly linked to the global water
cycle, transferring water from the atmosphere to the Earth through precipitation.

In addition to cloud droplets and ice crystals, the atmosphere consists of gases and suspended liquid
and solid particles (called aerosols) of various sizes and chemical compositions (Boucher et al., 2013).
Aerosol particles are either emitted directly into the atmosphere, such as dust and sea salt, or they can
be the result of nucleation of gaseous precursors. Similar to clouds, aerosol particles, regardless of size,
strongly influence weather and climate by absorbing and scattering short and longwave radiation and
changing the radiation balance between the Earth and the atmosphere. This property is called the aerosol
direct effect, but it is not of interest in this study. What is of interest in this work is the effect of aerosols on
the cloud microphysical processes, since aerosols, depending on their physical and chemical properties,
can serve as cloud condensation nuclei (CCN) and activate droplets when a critical supersaturation is
reached. In addition to the aerosol particles that serve as CCN, some of them can be activated as ice
nucleating particles (INPs). Either as CCN or INPs, any perturbation in the chemical composition or
number concentration of aerosols can affect the microphysical process inside clouds. These effects are
known as the aerosol indirect effect and are studied in this thesis.

Clouds respond to aerosol perturbations in a variety of ways, most of which are still uncertain. Numer-
ous observational and numerical studies have attempted to quantify the uncertainties in understanding
aerosol-cloud interactions (ACI). Twomey (1974) found that enhanced aerosols lead to an increase in
cloud droplet number concentration; due to the increased scattering cross section in otherwise unper-
turbed conditions, the cloud albedo is increased (first aerosol indirect effect). Albrecht (1989) hypothe-
sized that the effect of aerosol perturbations on warm rain formation is to enhance low-level cloudiness
over the oceans. Specifically, he pointed out that an increase in aerosol concentration leads to a reduction
in collision and coalescence processes and consequently to a reduction in drizzle, which in turn leads to
the liquid water content of shallow clouds being retained for longer, potentially increasing cloud lifetime
(a part of the second aerosol indirect effect).

In addition to the above-hypothesized effects, there are a variety of processes that partially offset these
aerosol effects on clouds, such as reduced maximum supersaturation as more droplets compete for the

available water vapor (Twomey, 1959), the increased evaporation rate of smaller droplets (Small et al.,
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2009), increased droplet spectral dispersion (Liu and Daum, 2002; Brenguier et al., 2011), or increased
evaporation due to cloud top mixing (Ackerman et al., 2004). Because of this, and more importantly,
because the various effects are counteracting each other, at larger scales clouds can generally buffer the
effect of anthropogenic aerosols, so the resulting net forcing could be small (Khain et al., 2008; Khain,
2009; Stevens and Feingold, 2009; Tao et al., 2012). While most research on aerosol effects on clouds
has focused on low-level stratiform clouds, some studies have noted possible aerosol effects on cirrus
clouds (Sassen et al., 1995; Strom and Ohlsson, 1998) as well as mixed-phase clouds (Rosenfeld and
Lensky, 1998; Williams et al., 2002; Andreae et al., 2004; Koren et al., 2005, 2008, 2010a,b; Lin et al.,
2006; Li et al., 2011; Niu and Li, 2011). Rosenfeld and Woodley (2000) investigated the reason for the
presence of supercooled liquid droplets near cloud tops after the over-seeding due to the heavy smoke
and concluded that the continental aerosol reduces the mean radius of cloud droplets and thus suppresses
the collision and coalescence and the warm rain process. Therefore, there is more opportunity for cloud
droplets to freeze at higher altitudes and release more latent heat, which invigorates the vertical growth of
the cloud (Rosenfeld and Woodley, 2000; Andreae et al., 2004; Rosenfeld et al., 2008). In mixed-phase
clouds, the increasing concentration of aerosols acting as cloud condensation nuclei (CCN) reduces cloud
mass by increasing droplet evaporation through the Wegener-Bergeron-Findeisen (WBF) mechanism and
reducing the intensity of updrafts. Lee et al. (2021) investigated the role of ice processes in mixed-phase
clouds and the interaction of mixed-phase clouds with aerosols using a large eddy simulation framework.
They found that in the mixed-phase clouds, the increasing concentration of aerosols acting as cloud
condensation nuclei (CCN) decreases the cloud mass by increasing the evaporation of droplets through
the WBF mechanism and decreasing the intensity of updrafts. In contrast to this, in the warm clouds, the
absence of the WBF mechanism makes the increase in the evaporation of droplets inefficient, allowing
the cloud mass to eventually increase with the increasing concentration of aerosols acting as CCN. Their
results showed that when there is an increasing concentration of aerosols acting as INPs, the deposition
of water vapor is more efficient than when there is an increasing concentration of aerosols acting as CCN,
which in turn allows the cloud mass to increase in mixed-phase clouds. Despite all that has been done,
understanding aerosol-cloud interactions remains one of the most open questions in atmospheric science.
An example of the perturbation of aerosol concentrations by a cause external to the atmospheric system
would be the eruption of volcanoes. The link between volcanic eruptions and weather and climate has
been suggested as early as the 18th century (Schmincke, 2004) and has been investigated in recent studies
(e.g. Timmreck, 2012; von Savigny et al., 2020), where it was found that the large explosive volcanic
eruptions can influence weather and climate. The physicochemical properties and atmospheric lifetime
of volcanic aerosols modulate their interactions with clouds and radiation. For example, aged ash (coated
with sulfate) differs from fine ash (uncoated) not only in optical properties (Muser et al., 2020) but also
by affecting ice and cloud nucleation (Maters et al., 2020; Umo et al., 2021). Volcanic emissions consist
of a mixture of gases, aerosols, and silicate particles. 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 (Bruckert, 2023). Non-explosive volcanic activities with slow degassing are associated with
at least regional climate impacts (Durant et al., 2010).

One of the gases emitted by volcanoes is sulfur dioxide (SO,), which interacts with hydroxyl radicals
(OH) to form sulfuric acid (HySO4), which rapidly forms sulfate aerosols (SO;Z). Sulfate particles are
activated as CCN within the cloud droplets so any perturbations on them in the atmosphere can alter
cloud microphysical properties. Malavelle et al. (2017) examined the effect of a very large perturbation
of atmospheric SO, concentrations after the eruption of the Holuhraun volcano on Iceland in the fall
of 2014. They found in satellite data a significant reduction in cloud droplet effective radius, but only
insignificant alterations of liquid water path. They further concluded that several general circulation
models overemphasized an increase in liquid water path in response to the extra aerosol. Toll et al. (2017)
analyzed multiple volcanic eruptions and found ambiguous results with LWP responses of either sign.
However, an increase in LWP was found when McCoy et al. (2018) carefully conditioned on moisture
convergence. Haghighatnasab et al. (2022) investigated the effect of Holuhraun volcanic aerosols on
clouds using the ICON (ICOsahedral Nonhydrostatic) model (Zingl et al., 2015). Although they found
a significant increase in cloud droplet number concentration, no changes in LWP or cloud fraction could
be attributed to the volcanic aerosol. The results of the study by Peace et al. (2024) showed that the
airmass history and background meteorological factors can strongly influence aerosol-cloud interactions,
as they found an in-plume shift to smaller and more numerous cloud droplets in the first two weeks of
the Holuhraun eruption, but the in-plume shift to smaller and more numerous cloud droplets is neither
observed nor modeled in the third week. According to the meteorological fields in their simulation, the
third week is drier in terms of relative humidity and precipitation.

In addition to the perturbation of clouds by emitting a variety of aerosols that can be activated as CCN,
volcanic eruptions can also affect cloud ice formation. Volcanic ash can act as INPs and influence hetero-
geneous ice formation in mixed-phase clouds in both immersion freezing and deposition ice nucleation
modes (e.g., Steinke et al., 2011; Schill et al., 2015). In cirrus clouds, the ice crystal concentration is
mainly determined by the maximum supersaturation reached in an updraft, which determines the num-
ber of homogeneously frozen haze droplets. In these clouds, the presence of INPs such as volcanic
ash can decrease the ice crystal concentration by reducing the maximum supersaturation (Barahona and
Nenes, 2009a; Barahona and Nenes, 2009b; Cziczo and Abbatt, 1999), so an increase in INPs can lead
to changes in the cloud’s radiative properties. INPs are generally rare in the atmosphere. Their main nat-
ural sources are desert dust particles and some biological aerosols, while anthropogenic aerosols (soot,
metallic particles) are generally less efficient INPs (Hoose and Mohler, 2012). Due to the low background
concentration of INPs, an increase in INPs causes earlier cloud glaciation, more efficient precipitation
formation via the ice phase, and a shorter lifetime of mixed-phase clouds (Hoose et al., 2008; Paukert
and Hoose, 2014). Explosive eruptions inject large amounts of ash and gaseous aerosol precursors into
the atmosphere, providing a natural laboratory to study the effect of ash perturbation on ice formation.

Volcanic clouds forming in this environment are expected to be overseeded, i.e. in a regime where the
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addition of further ice nuclei leads to a reduction in crystal size and an increase in cloud lifetime (Durant
et al., 2008). Laboratory experiments (Durant et al., 2008; Fornea et al., 2009) and atmospheric mea-
surements (Bingemer et al., 2012; Seifert et al., 2011) have investigated the role of volcanic ash particles
as potential ice nuclei. For example, Fornea et al. (2009) found that the volcanic ash particles (250 < d
< 300 um) from the eruption of Mt. St. Helens nucleate ice by immersion freezing at temperatures of
about 255 K, and Seifert et al. (2011) observed the glaciation effect in ash-influenced cloud layers over
Germany after the eruption of Eyjafjallajokull in April 2010 using ground-based lidar.

The previous examples illustrate that volcanic eruptions, which are a rich source of aerosols and trace
gases, can be considered natural laboratories that can contribute to a deeper understanding of ACI. How-
ever, a fundamental understanding and quantification of the cloud response to forcing requires both a
system-level and a process-level understanding. To accurately simulate the microphysics of volcanic
clouds formed directly in the plume, as well as that of meteorological clouds influenced by mid- or
long-range transported volcanic particles, aerosol-specific descriptions of the efficiency of CCN and dif-
ferent INPs are required (Hoose and Mohler, 2012; Ullrich et al., 2017). In addition, an ice nucleation
scheme is needed that addresses the competition between homogeneous and heterogeneous ice nucle-
ation, INP depletion, and the freezing of raindrops (Bangert, 2012; Paukert and Hoose, 2014; Hande and
Hoose, 2017; Paukert et al., 2017) to assess the relevance of these processes in different ice and mixed-
phase cloud regimes. The ICON-ART (ART stands for Aerosols and Reactive Trace gases) model meets
these requirements, where high-resolution simulations with a comprehensive double-moment cloud lig-
uid and ice microphysical scheme (Seifert and Beheng, 2006; Bangert, 2012) and the aerosol module
ART (Rieger et al., 2015; Donner et al., 2016; Gasch et al., 2017; Weimer et al., 2017) allows the inves-
tigation of the influence of volcanic aerosols on clouds.

The purpose of this study is to investigate how clouds respond to volcanic eruptions. Therefore, taking
into account the above mentioned advantages, the ICON-ART model is used to simulate two different
volcanic eruptions in order to evaluate the cloud response to volcanic eruptions. This study was carried
out by simulating the 2014 Holuhraun eruption and the 2021 La Soufriere eruption. For each volcanic
eruption, the ICON-ART model was configured to simulate a volcanically perturbed environment adja-
cent to an unperturbed one, called the VOLCANO simulation, and the same configuration but without a
volcano, called NO_VOLCANO. Since the VOLCANO and NO_VOLCANO simulations are identical
in all other respects, we were able to determine the effect of volcanoes on microphysical properties by
comparing the results of these simulations. Holuhraun was a fissure eruption emitting mostly SO, so it
was an appropriate case to study CCN activation and the riming process, while La Soufriére was an ash-
rich volcano with a plume height top of 23 km (Horvéth et al., 2022), which can answer our questions
about INPs and competition between homogeneous and heterogeneous ice nucleation.

Through the simulation of these two eruptions and the evaluation of the results, the following scientific

questions were answered:



1. How does CCN perturbation affect the warm rain process in the case of a sulfate-rich vs. an

ash-rich eruption?

2. To what extent do parameters related to subgrid updraft velocity influence cloud droplet number

concentration? And how does model tuning improve the simulated cloud droplet concentration?
3. How are ice phase processes (e.g., riming) affected by CCN perturbation?

4. How do the simulated cloud droplet concentrations and snow water content compare to satellite

observations in the case of the Holuhraun eruption?

5. How is the competition between homogeneous and heterogeneous ice nucleation affected by the

presence of ash particles acting as INPs?

6. Is the behavior of cloud hydrometeors affected by the activation of mixed aerosol (an insoluble

particle coated by a soluble one) as CCN?

Before addressing these questions, I will first provide the theoretical background including a brief de-
scription of aerosols and cloud formation, and describe the aerosol influence on cloud formation and
structure in Chapter 2. I will then give a description of the ICON-ART model framework with a focus on
the 2-mom microphysics scheme (Seifert and Beheng, 2006) in Chapter 3. This chapter continues with
a description of the governing equations for CCN activation and ice nucleation as they are specifically
applied in ART. In Chapter 4, I will first present the setup of ICON-ART used for the simulation of
the Holuhraun case, after that the configuration of performing sensitivity experiments to obtain the most
appropriate setup, then the configuration of performing two simulations with and without the volcanic
plume, and finally the analysis of the results of these simulations. A similar description of the simulation
of the La Soufriere eruption is given in Chapter 5. The final chapter summarizes the results of this thesis,

answers the research questions above, and provides an outlook.
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2. Aerosols and their impact on cloud formation and structure

The aim of this study is to investigate how clouds respond to volcanic eruptions in order to improve
the understanding of aerosol-cloud interactions. For this purpose, two volcanoes that are dissimilar in
properties, time, and location were simulated using the ICON-ART model. Before describing the model
framework and its configuration to simulate a volcanically perturbed environment adjacent to an unper-
turbed one, it seems appropriate to describe the general characteristics of aerosols - especially volcanic
aerosols - and cloud properties. This chapter includes a general description of aerosols, cloud formation
processes, cloud structure, and aerosol-cloud interactions, and consequently the effect of aerosols on

cloud microphysical properties.

2.1. Aerosols

Aerosols are liquid and solid particles suspended in the atmosphere that are emitted from natural and
anthropogenic sources (Penner et al., 2001; Solomon et al., 2007; Seinfeld and Pandis, 2016) and play
an important role in modulating the radiative balance of the Earth-Atmosphere system (Malavelle et al.,
2017): directly by absorbing or scattering the solar shortwave radiation and terrestrial longwave radia-
tion, and indirectly by influencing cloud formation as they serve as cloud condensation nuclei (CCN) or

ice nucleating particles (INP).

2.1.1. Aerosol general features

Aerosols are categorized in a variety of ways based on different characteristics such as size distribution,
solubility, and source of production. For example, those emitted directly into the atmosphere are called
primary aerosols, while those formed from gaseous precursors or as a result of condensation of these
gaseous substances onto a pre-existing particle are called secondary aerosol particles. Two important
components of volcanic emissions are ash particles and gaseous sulfur. Ash particles are the primary
aerosols, while sulfate particles, which are the product of the reaction of SO, with OH radicals, are
included in the category of secondary aerosol particles. Water solubility is the basis for another clas-
sification of aerosols. Based on this classification, aerosols are divided into two groups, hydrophobic
particles, which have no desire to combine with water and naturally repel water, and hygroscopic parti-
cles, which are soluble in water. The chemical composition of aerosols determines the hygroscopicity of
particles (Dusek et al., 2006; Ma et al., 2013), e.g., sulfate belongs to the category of soluble aerosols and

acts as CCN. Aerosols are also categorized according to their size distribution. According to this, parti-
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cles with a diameter smaller than 0.1 pum are classified in the Aitken mode. These particles are produced
by the gas-to-particle or nucleation process. Particles with a diameter in the range of 0.1 um to 1 pm are
classified in the accumulation mode. These particles are the result of coagulation of the smaller particles
or condensation of gaseous substances, such as water vapor, on the pre-existing particles. Particles with a
diameter larger than 1 um are sorted in the coarse mode. The richest sources of particles in this category
are dust, coarse anthropogenic particles released into the atmosphere from agricultural and industrial
activities, and sea salt particles. In this study, sea salt emissions are considered as background aerosols.
The lifetime of particles in the coarse mode is short because they are removed from the atmosphere by
dry deposition due to their relatively large size and the force of gravity. Finally, when the diameter of the
particles exceeds 10 um, they are arranged in the giant mode. In this work, sulfate particles are classified
into Aitken and accumulation modes, sea salt particles are found in accumulation and coarse modes, and

ash particles are classified into accumulation, coarse, and giant modes.

2.1.2. Aerosol direct and indirect effects

Aerosol particles can affect the radiative budget of the Earth’s atmosphere either directly or indirectly.
They modulate the radiative budget by scattering and absorbing solar and terrestrial radiation. This leads
to an increased reflection of solar radiation back into space and will mostly lead to a cooling, but under
certain conditions also to a warming of the surface. This effect is called the aerosol direct effect. The
magnitude of the direct aerosol radiative forcing depends mainly on the aerosol composition, its size
distribution and concentration, and the surface albedo below the aerosol (Zieger et al., 2013).

By acting as cloud condensation nuclei or ice nucleating particles, aerosols can influence the micro-
physical properties of clouds. These effects on cloud formation, known as the aerosol indirect effect,
can significantly affect cloud lifetime (Albrecht, 1989; Rosenfeld and Woodley, 2000), cloud albedo
(Twomey, 1977; Ramanathan et al., 2001), the onset of precipitation (Andreae et al., 2004), and the
amount of precipitation (Albrecht, 1989; Rosenfeld, 1999; Lohmann, 2002; Khain et al., 2005; Fan
et al., 2009) by a complex interaction between cloud microphysics and dynamics (Williams et al., 2002;
Van den Heever et al., 2006). The effect of aerosols on cloud albedo is known as the aerosol first indirect
effect, or Twomey effect. According to this effect, in a cloud with a constant liquid water content, an
increase in aerosols leads to more but smaller cloud droplets. The reduction in droplet size leads to an
increase in the optical thickness of the cloud and consequently to an increase in the reflection of solar
radiation (Twomey, 1959). Increased aerosol concentrations can also suppress warm rain processes by
reducing particle size and causing a narrow droplet spectrum that inhibits collision and coalescence pro-
cesses (Rosenfeld, 1999). This in turn leads to an increase in cloud lifetime and cloud cover. The aerosol
effect on precipitation processes is considered as part of the aerosol second indirect effect (Albrecht,
1989). The effect of aerosols on microphysical processes is of interest in this thesis and will be discussed

in more detail in 2.2.2. Figure 2.1 shows the direct and indirect effects of aerosols.
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Figure 2.1.: Aerosol direct effect - scattering and absorbing radiation (left) and aerosol indirect effect - increasing
cloud optical thickness and its cooling effect, suppressing the warm rain process by reducing cloud droplet size,
and increasing cloud lifetime (middle and right).

2.2. Cloud formation

The formation of clouds in the atmosphere is due to a combination of dynamical and microphysical
processes. In the following sections, I will first briefly describe the dynamical aspect of cloud formation

and then look at the microphysical aspect.

2.2.1. Dynamical aspect of cloud formation

Clouds are formed by the cooling of moist air, which causes water vapor to condense. The most common
cooling mechanism in the atmosphere is adiabatic cooling due to the expansion of air as it rises. There are
four main types of air rising (Rohli and Li, 2021), each of which produces distinctive cloud forms; these
forms can also be mixed. Orographic lifting occurs when an air parcel is lifted upslope as it is pushed
against a mountain or hill on the windward slope; the clouds formed in this way are called orographic
clouds. The second mechanism is the local rise of heated air parcels that form convective clouds. Also,
when several parcels of air converge near the surface, the air is forced to ascend. This convergence is
particularly common in the coastal zone where relative humidity is likely to be high. A surface low-
pressure cell is an example of a convergence zone. Finally, forced lift occurs when large masses of
air meet. The meeting point is called a weather front, and depending on the classification of the front
(warm front or cold front), different types of clouds are formed. The clouds that form over a warm front
are stratiform, while cumulonimbus clouds are seen over a cold front. Figure 2.2 illustrates these four
mechanisms.

Water vapor over land and sea surfaces rises through one or more of the above mechanisms and enters
the atmosphere, increasing the relative humidity, RH, in the atmosphere. Relative humidity is a measure
of how much water vapor is present in a water-air mixture compared to the maximum possible amount,

and is given by
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Figure 2.2.: Four cloud formation mechanisms, orographic ascent (top left), convective ascent (top right), upward
motion due to large-scale pressure systems (bottom left), and frontal ascent (bottom right).

e

RH = ex(T)

2.1

where e is the vapor pressure of water in the parcel and e; is the saturated vapor pressure of water at
the temperature of the parcel. As Eq. 2.1 shows, the saturated water vapor pressure depends on the
temperature. When the relative humidity rises, the moist air, which is lighter than the adjacent dry air
composed mainly of nitrogen and oxygen, rises as an air parcel. The air pressure decreases with height,
so the lifted air parcel expands and consequently cools down due to the reduction of molecular collisions.
When the temperature of the air parcel falls to the dew point temperature (7), the air parcel is saturated,
which means e = e, and the relative humidity reaches 100%. The dew point temperature is defined as the
temperature to which moist air must be cooled at a constant pressure and mixing ratio to reach saturation
with respect to water. For a cloud to form, a large volume of moist air must be cooled below its dew
point and become supersaturated, i.e. e > e;.

In supersaturated air, cloud droplets can form by one of two microphysical processes (Pruppacher and
Klett, 1997). Homogeneous nucleation is the formation of cloud droplets by the collision of pure water
vapor molecules and the nucleation of water vapor onto embryonic droplets consisting only of water.
The supersaturation required to form cloud droplets homogeneously greatly exceeds the observed super-
saturation in the atmosphere. Therefore, cloud droplets cannot form in natural clouds by homogeneous
nucleation. Instead, there is an alternative process that allows cloud droplets to form at much lower super-
saturations. This process, called heterogeneous nucleation, is the condensation of water vapor molecules
on foreign substances, such as an aerosol, which reduces the saturation vapor pressure above the droplets.
The governing equations for cloud droplet formation and growth are categorized as microphysical pro-

cesses and are presented in the next section.

10
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2.2.2. Microphysical aspect of cloud formation

As mentioned above, the necessity of the presence of aerosol particles for cloud formation is undeniable.
Aerosols facilitate the cloud formation process by reducing the water vapor pressure above the droplet,
allowing cloud droplets to form under low supersaturation conditions. To better understand their role
in this process, I describe Kohler’s theory (Kohler, 1936), which is the basis of this process. Kohler’s

theory is a combination of the curvature (Kelvin) effect and the solute (Raoult) effect.

Curvature effect

Water vapor pressure (e) is defined as the pressure exerted at the surface of a solid or liquid by molecules
in its vapor phase at a given temperature in a closed system. The saturation vapor pressure over a curved
surface droplet as a function of radius, e(r), is discussed in relation to the saturation vapor pressure over
a flat surface radius, es(c0). Figure 2.3 shows a sketch of water molecules in a curved surface droplet and
a flat surface droplet. As can be seen, in the spherical droplet the intermolecular forces surrounding the
red molecule are smaller than the forces over the red molecule in the flat surface droplet, so this molecule
is more unstable and can evaporate faster. To prevent this molecule from evaporating, the vapor pressure

over the curved surface droplet must be increased.

Figure 2.3.: Water molecules in a curved (left) and a flat (right) surface droplet and the intermolecular forces over a
selected molecule in these two droplets. These forces are smaller across the molecules on the surface of a curved
surface droplet. In this case, the vapor pressure must be increased to prevent the molecule from evaporating.

The curvature effect, which shows the saturation vapor pressure over the embryo, is much higher than

that over a flat surface droplet described by the Kelvin equation, which is given by (Yau and Rogers,

1996)

11
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eg(r) ( 20 ) A
=eX =exp(— 2.2)
es(0) P pwR,Tr p( r)
where r is the radius of the cloud droplet, and
2
R (2.3)
pwR,T

where o is the surface tension and is defined as the property of the surface of a liquid that allows it to
resist an external force due to the cohesive nature of its molecules, R, is the gas constant for water vapor,
T is the temperature, and p,, is the density of water. According to Eq. 2.2, the ratio of the saturation
vapor pressure over a curved droplet to the saturation vapor pressure over a flat surface droplet, called
the saturation ratio (s), is inversely proportional to the cloud droplet radius; therefore, a small droplet
needs a higher saturation ratio to not evaporate. The net growth rate of droplets depends on the vapor
deficit, e — es(r). Yau and Rogers (1996) summarized the situation of a droplet with radius r in different

conditions as follows

Evaporation ife—es(r) <0
droplet situation : ¢ Equilibrium radius if e — e (r.) =0 (2.4
Growth ife—ey(r) > 0.

The equilibrium radius . at which the condensation and evaporation rates are equal and the droplet is in

equilibrium is given by

20

= 2.5
pwR,T Ins (2:5)

Ie

For a droplet to be stable, it must grow to a radius greater than r. (Yau and Rogers, 1996). Eq. 2.5

shows that the equilibrium radius is inversely proportional to the saturation ratio, which means that very

small droplets require high supersaturation (S =s—1 = :f(<°:)) — 1) in order to not evaporate (Yau and

Rogers, 1996), and since the observed supersaturation in the atmosphere is not that high, a solution to
this limitation is needed. The alternative is to activate aerosols in the cloud droplets, which reduces the
saturated vapor pressure on the droplet. This effect is called the solute (or Raoult) effect and is discussed

in the following subsection.

Solute effect

Many aerosols are soluble in water, so they can act as cloud condensation nuclei, where water condenses
on them to form a cloud droplet. When aerosols are added to a liquid, some of the liquid molecules at the
surface are replaced by the aerosol molecules. Therefore, the presence of a solute in the cloud droplet
reduces the equilibrium vapor pressure above the solution droplet. Thus, a solution droplet can be in

equilibrium with the environment at a lower supersaturation than a pure droplet of the same size. Figure

12
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Figure 2.4.: A pure water droplet (left) and a solution droplet (right). Adding aerosols to a pure water droplet
reduces the number of water molecules near the surface of the droplet, thereby decreasing the needed vapor
pressure over the droplet to not decay.

2.4 illustrates how the addition of aerosol decreases the supersaturation required for a cloud droplet to
not evaporate.
The fractional reduction in vapor pressure over a flat surface of a liquid droplet due to the presence of a

solute is given by Raoult’s law

e Ty

eS(oo) N ny, + N

(2.6)

where ¢’ is the equilibrium vapor pressure over a solution containing n,, molecules of water and n
molecules of a dissolved solute.

For a dilute solution (ny < n,,), Raoult’s law is written as

el

- 2.7)

€ (°°) ny

If the dissolved molecules in a solution are dissociated, n; must be multiplied by the degree of ionic
dissociation of the solute (7). For both sodium chloride and ammonium sulfate, i can be considered to be
2 (Yau and Rogers, 1996). The number of molecules for water with mass m,, and a solute with mass m;
are given by

ny, = Nomy, /M, (2.8)

and

ng = iNomy /M (2.9)

where Ny is Avogadro’s number and M,, and M, are the molar masses of the water and the solute. The

droplet mass (m,,) is defined as

13
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4
my, = g7rr3pw (2.10)

where p,, is the density of water and r is the radius of the droplet. Substituting equation 2.10 into 2.8 and

then 2.8 and 2.9 into 2.7, it can be expressed as

' 3imgM, B
¢ _qoomMw P (2.11)
eg(0) 47r3p, M r3
where
imsM,
g JimsMy, (2.12)
47TM; Py

Koéhler equation

Combining the curvature and solute effect for a solute droplet leads us to the Kohler equation, which

gives supersaturation as follows

&) . A B
= (2.13)

S=s5s—1=
Figure 2.5 shows the Kohler curve, a combination of the above effects. The solid black curve is the
combination of the two red and blue curves representing the curvature and solute effects, respectively.
This curve is a representation of the conditions under which a solution droplet is in equilibrium with
its environment. This figure shows that when the radius is small, the solute effect dominates, so a
small solution droplet is in equilibrium with its environment below a saturation ratio equal to 1 (relative
humidity below 100%). Droplet size is increased by increasing the relative humidity, which can be
increased to 100% and slightly higher. The critical saturation ratio (s*) corresponds to the peak of the
Kohler curve, and r* is the critical radius. Up to this point, an increase in droplet radius is dependent on
an increase in ambient relative humidity, but beyond this point, the droplet will continue to grow without
the need for further increases in ambient saturation ratio. Up to size r*, the droplet is in stable equilibrium
with its environment, i.e., any change in the saturation ratio causes the droplet to grow or evaporate until
it reaches equilibrium again. Beyond r*, the equilibrium is unstable, i.e., any change in the saturation
ratio will cause the droplet to grow or evaporate, but further away from the equilibrium size. When the
droplet formed around a cloud condensation nucleus reaches the size r*, the cloud condensation nucleus
is said to be activated (Yau and Rogers, 1996). The critical supersaturation and the critical radius are

given by

(2.14)

and
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Figure 2.5.: The schematic illustration of the curvature and solute terms and their combination that produces
the Kohler curve. The line with a saturation ratio equal to 1 shows the equilibrium for the flat surface of pure
water, below which the solute effect dominates and above which the curvature effect dominates. s* is the critical
saturation ratio corresponding to the critical radius, r*.
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Since the activation process depends on the critical supersaturation of each particle being equaled or
exceeded by the ambient supersaturation, the number of particles from a given aerosol population that
can act as a CCN is a function of supersaturation.

The parameterization of the activation of aerosols within the cloud droplets will be described in Chapter
3.

2.3. Microphysical processes in different phases of clouds

Clouds are classified into liquid, mixed-phase, and ice clouds based on the phases of the water present
and the temperature of the cloud top (Levin and Cotton, 2008). When the temperature of the cloud top
is warmer than 0 °C, water can be in either the vapor or liquid phase, so clouds in this temperature range
are called liquid or warm phase clouds. Liquid clouds are free of frozen hydrometeors. In addition to
liquid droplets, clouds can also consist of ice crystals. Water droplets in the atmosphere do not freeze
instantaneously at 0 °C (Hoose and Mohler, 2012). Their freezing can either be due to the activation
of aerosol as ice nucleating particles (INP) within the cloud droplet, or it can occur homogeneously at

about —38 °C (Pruppacher and Klett, 1997; Lohmann et al., 2016). In the regime where homogeneous
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ice nucleation occurs, clouds consist entirely of ice particles and are referred to as ice phase clouds. At
temperatures between —38 °C and 0 °C, the simultaneous presence of water vapor, supercooled liquid
droplets, and ice crystals is possible. Clouds that represent this three-phase colloidal system are called
mixed-phase clouds, MPCs (Korolev et al., 2017). Most convective clouds that extend into air colder than
about —10 ° C are mixed-phase clouds, although the ratio of ice crystals to water droplets may be small
until the cloud builds up to lower temperature levels (Levin and Cotton, 2008). Figure 2.6 illustrates the

types of cloud phases and their components.
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Figure 2.6.: Classification of clouds based on temperature. The warm phase cloud includes liquid droplets and its

top level is below 0 °C, the mixed-phase clouds are between 0 °C and —38 °C and include supercooled liquid
droplets, and ice crystals together, and the ice phase clouds are at temperatures colder than —38 °C and include
only ice crystals.

In the following subsections, the procedures for cloud droplet growth and ice particle production and

growth are described.

2.3.1. Cloud droplet mechanisms

The process of cloud droplet formation has been described in detail in Section 2.2. As the air parcel rises,
it expands, cools, and eventually becomes saturated with respect to liquid water. At this point, the water
vapor pressure exceeds the saturation pressure of water, and cloud droplets are formed by condensation
of water vapor on aerosol particles. In the next step, the formed cloud droplet grows by absorbing more

water vapor and then colliding with other cloud droplets.

Diffusion growth

In the previous subsection, we described how a cloud droplet is formed by diffusion of water vapor

first on a cloud condensation nucleus and then toward the droplet surface to reach the critical radius.
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After reaching the critical values, diffusion (condensation) is still the dominant growth process of newly

formed cloud droplets in the early development of a cloud (Yau and Rogers, 1996), so the formed cloud

droplets grow by diffusion of water vapor molecules onto their surface.

The mass growth rate of an individual cloud droplet due to the diffusion of water molecules is given by
dmd

where m; and r; are the mass and the radius of the droplet, and S.,, and Sy are the saturation of the
environment (r = o) and saturation at r; given by the Kohler curve. As can be seen, the growth rate is
proportional to the difference between S,,, and S;. This means that the larger the difference, the faster
the water vapor will diffuse and stick to the surface. G is the growth coefficient which incorporates the
effects of the mass transport of water vapor molecules to the droplet surface and the transport of heat

generated by condensation away from the droplet surface. It is given by

pWRToo pWLV LV -
G= S 2.17
<MWDves(Tw) Mk T \RT.—1 ) @.17)

where p,, is the density of water, R is the universal gas constant, 7., is the ambient temperature, D,, is the
diffusion coefficient, M,, is the molar mass of water, L, is the latent heat of condensation, and K7 is the
thermal conductivity of air.
The radius of many activated droplets is larger than the critical radius, so Sy ~ 1. By derivation from Eq.
2.10 and a combination of the result with Eq. 2.16, the size growth of a cloud droplet is given by

% ~ rldG(Sem, —1). (2.18)
It can be said that although the growth rate of the droplet mass is proportional to the radius, the growth
rate of the droplet size is inversely proportional to its radius, so the radius of the smaller activated droplets
grows faster than that of the larger droplets (Levin and Cotton, 2008). Condensation of water vapor on
an activated cloud condensation nucleus is important in the size range from the activation size of aerosol
particles (0.1 pm) to about a radius of 10 um (Lamb and Verlinde, 2011; Pruppacher and Klett, 2012).
The growth of cloud droplets by condensation slows down as the droplets become larger. This process
alone in warm clouds is much too slow to produce raindrops with radii of a few millimeters; on the
other hand, the droplets growing by condensation consume supersaturation faster than it is produced by
cooling the air, so supersaturation begins to decrease. Therefore, there must be another mechanism to
bridge a cloud droplet size to a raindrop size. This mechanism is growth by collision and coalescence

and will be described in the following section.
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Collision and coalescence growth

The growth mechanism that is significantly important for droplets larger than 10 pum is coalescence
between cloud droplets (Yau and Rogers, 1996). This mechanism is also responsible for precipitation in
warm clouds. Although there are still some uncertainties about the reason for the increase of the cloud
droplet radius to a raindrop radius in a short time, it is generally agreed that collisions and coalescence
of droplets are responsible for this sharp increase (Yau and Rogers, 1996). Due to the airflow around
the falling cloud droplet, the droplet cannot collide with all the droplets in its path, but the collision
process is strongly dependent on the droplet size. Therefore, the collision efficiency is defined as the
ratio of the cross-sectional area over which droplets are collected to the geometric cross-sectional area
of the collector droplet (Levin and Cotton, 2008). When a cloud droplet has reached a radius of 20 um,
its collision efficiency increases rapidly with increasing size, so that after reaching this threshold, the
droplet grows rapidly by collision. The coalescence process, however, is more important after the cloud
spectrum evolves to include a spread of sizes and fall velocities (Yau and Rogers, 1996). For collisions,
and thus coalescence, to occur, the distribution of velocities of the hydrometeors must be wide enough
for there to be significant differential motion between them. If the cloud droplets become large enough,
they can continue to grow by accretion of cloud water. Figure 2.7 shows a large enough cloud droplet
that the gravitational force on it can overcome the updraft velocity so it can fall, collecting droplets in its

path. It grows larger and larger through collision and coalescence until it becomes a raindrop.

. Collected Droplet
‘ Collector Droplet

] Raindrop

Figure 2.7.: A collector droplet which is large enough to overcome the upward motion and fall. It collects the
droplets in its falling path and becomes larger. In the end, it converts to a raindrop.
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2.3.2. Ice particle mechanisms

As mentioned above, cloud droplets freeze homogeneously at temperatures colder than —38 °C. In
mixed-phase clouds, however, ice nucleation is initiated heterogeneously by four different nucleation
pathways, including deposition of water vapor on an ice nucleating particle (INP) directly and without
passing through the liquid state (deposition nucleation), immersion of an INP in a cloud droplet and
subsequent freezing (immersion freezing), condensation of water vapor on an INP and freezing of the
resulting cloud droplet (condensation freezing), or freezing of cloud droplets on contact with an INP
(contact freezing). Although INPs represent a small fraction of all atmospheric aerosols (Rogers et al.,
1998), they have a large influence on the microphysics of mixed-phase clouds (DeMott et al., 2010).
Figure 2.8 shows these pathways. As can be seen, the deposition mechanism occurs where liquid water
is assumed to be absent, so it can be said that compared to other pathways, deposition freezing plays a
minor role in MPCs where INPs are expected to be activated to droplets first (Ansmann et al., 2008), but

it may still be important for cirrus clouds (Cziczo et al., 2013).
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Figure 2.8.: Schematic representation of known primary ice nucleation pathways possible in the atmosphere.

Many observational and numerical studies have investigated these pathways in different cloud phases.
For example, Cui et al. (2006) using the Model of Aerosols and Chemistry in Convective Clouds (MAC3)
showed that immersion freezing is generally the dominant pathway, while contact freezing plays little
to no role, and deposition nucleation was significant in the early stages of cloud development. Phillips
et al. (2007), using a double-moment scheme for bulk microphysics for cloud-system-resolving models
(CSRMs), showed that contact freezing has little effect on heterogeneous ice nucleation in deep convec-
tive clouds. The observational study of Ansmann et al., 2009 showed that immersion freezing prevails
over condensation and deposition nucleation in altocumulus clouds. Field et al. (2012) had similar ob-
servations in lee-wave clouds, and Boer et al. (2011) and Westbrook and Illingworth (2011) in stratiform
clouds. They found that immersion or contact freezing dominates ice production. The results of Hande
and Hoose (2017) supported the results of previous studies regarding the dominant role of immersion

and contact ice nucleation. Therefore, it can be said that since immersion and contact freezing require
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the presence of liquid water, they are thought to be the dominant ice formation pathway in mixed-phase
clouds (Hande and Hoose, 2017).

Secondary ice production

Observations show that the number concentrations of ice crystals in real clouds are not always repre-
sented by the number concentrations of INP. In particular, many studies have found that at temperatures
warmer than —10 °C, the concentration of ice crystals can exceed the concentration of INP (e.g., Koenig,
1963; Braham, 1964; Mossop and Ono, 1969; Mossop, 1970; Hobbs, 1974). The reason for this may
be the processes that produce secondary ice particles. There are several hypotheses for the formation of
secondary ice. One of the hypotheses is ice multiplication by fracturing of fragile ice crystals that may
break during the collision with each other (Vardiman, 1978). Fragmentation of large particles during
freezing (Mason and Maybank, 1960) is another scenario to explain higher ice particle concentrations
than INPs. This hypothesis states that a liquid cloud droplet may be trapped inside a growing ice shell
formed around the droplet and undergo pressure inside the shell. Further freezing causes this pressure
to increase, and when the pressure exceeds a critical point, the ice shell may crack or shatter to relieve
the internal pressure. The ice fragments resulting from the cracking or shattering of the droplet serve
as secondary ice (Korolev and Leisner, 2020). Secondary ice particles can also be produced during the
sublimation of ice particles (Oraltay and Hallett, 1989; Dong et al., 1994), which is most likely to occur
around —15 °C. At temperatures between —3 °C and —8 °C, the most likely mechanism for secondary
ice production is the collision of droplets larger than 12 um with a large graupel particle, called the
Hallett-Mossop (HM) process (Hallett and Mossop, 1974; Mossop and Hallett, 1974), which has been

quantified in models more than other hypotheses. Figure 2.9 shows these four processes.
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Figure 2.9.: Secondary ice production processes. Ice-Ice collision (top left), Fragmentation of a large particle
during the freezing (top right), sublimation of ice particles and production of more but smaller ice crystals (bottom
left), and splintering during riming called the Hallet-Mossop process (bottom right).
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Diffusion growth

When an ice crystal forms either heterogeneously or homogeneously, it is affected by various mecha-
nisms: it can sublimate again in the first stage after formation due to the reduction of supersaturation
over ice, or it can grow in various ways. Ice particles have the chance to grow by vapor deposition as
long as the surrounding environment is supersaturated with respect to ice. The growth mass rate of an
individual ice crystal is given by

% — 47CpiGlS: (2.19)

where m,, is the mass of the ice crystal, C is the crystal shape factor, p; is the ice density, S; is the

supersaturation with respect to ice, and G/ is the effective diffusivity for ice, given by

—1
G — | PRI _piks (L (2.20)
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where R is the universal gas constant, 7. is the ambient temperature, L; is the latent heat of sublimation
or deposition, Kr is the thermal conductivity of air, and D,, is the diffusion coefficient. In mixed-phase
clouds, the depositional growth rate of an ice particle is much larger than the depositional growth rate of
a cloud droplet. Ice crystals can grow at the expense of surrounding cloud droplets due to the fact that
the saturation vapor pressure with respect to ice is less than the saturation vapor pressure with respect
to water, so in an environment that is supersaturated with respect to ice and subsaturated with respect
to water, cloud droplets will evaporate and the water vapor produced will lead to an increase in the
depositional growth of ice crystals. The depositional growth of ice crystals at the expense of evaporating
cloud droplets was first described by Wegener (1911), Bergeron (1935), and Findeisen (1938); and is
referred to as the Wegener-Bergeron-Findeisen (WBF) process. Figure 2.10 is a representation of the
saturation vapor pressure with respect to water (red) and ice (blue), and a schematic comparison between
an ice crystal and a cloud droplet in their equilibrium situation (1) with their situation between the blue
and red curves (2), where the saturation vapor pressure with respect to ice is lower than that with respect
to water. The green vectors show that in this region the cloud droplet loses its molecules and the ice

crystal gets more vapor molecules on its surface and becomes larger.

Riming and aggregation

In addition to depositional growth and the WBF process, several microphysical pathways are possible in
MPC:s to increase the size of ice particles. Ice crystals can grow by collection processes including riming
and aggregation. Riming is the process by which supercooled water droplets collide with ice or snow
particles to form graupel. Aggregation is the process by which ice particles collide and stick to each
other, resulting in larger particles. This process reduces the number of ice particles, and the resulting
ice crystals fall faster due to their increased mass. Figure 2.11 illustrates the riming and aggregation

processes.
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Figure 2.10.: A representation of the saturation vapor pressure with respect to water (red) and ice (blue) - the
left side, and the schematic comparison between an ice crystal and a cloud droplet in their equilibrium situation
(middle) with their situation between the blue and red curves (right), where the saturation vapor pressure with
respect to ice is lower than that with respect to water. The green vectors show that in this region the cloud droplet
loses its molecules and the ice crystal accommodates more vapor molecules on its surface and becomes larger.

The growth of ice particles, first by the deposition of water vapor followed by riming and/or aggregation,
can produce particles capable of precipitation. If the temperature between the cloud base and the ground
is below 0 °C, these particles will reach the ground as snow, otherwise, they may reach the ground as

rain because they melt as they fall from the cloud base.

2.4. Aerosol-cloud interactions

As discussed in the cloud formation subsection (2.2.2), the presence of aerosols is crucial for cloud
formation. However, a perturbation in aerosols can alter all of the microphysical processes of the cloud.
In warm clouds, the increase in aerosol number concentration leads to an increase in cloud droplets.
Under such conditions, many cloud condensation nuclei result in smaller droplets due to competition
for available water vapor. The smaller droplets have smaller collision cross sections and slower falling
speeds, so they are less likely to collide with each other and grow larger. In addition, the presence of
smaller cloud droplets narrows the cloud droplet size spectrum (Martin et al., 1994, Liu and Daum, 2002;
Andreae et al., 2004), thus decreasing the coalescence efficiency, which requires the presence of larger
droplets to increase the ratio of coalescence to the number of collisions. Consequently, the warm rain
process is suppressed (Albrecht, 1989; Rosenfeld, 1999). This increase in the number of aerosols and
the consequent increase in the number of cloud droplets and the decrease in the size of cloud droplets
can also delay the onset of precipitation (Andreae et al., 2004).

In addition to warm clouds, MPCs can also be affected by aerosols acting as either CCN or INP. High

CCN concentrations can delay the onset of precipitation and thus shift precipitation to the leeward side in
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Figure 2.11.: An ice crystal passes through the supercooled liquid droplets, collecting them and growing larger,
called the riming process (left); the ice particles stick to each other and form a larger particle, called the aggregation
process (right).

orographic MPCs (Saleeby et al., 2009; Zubler et al., 2011). With suppression of the warm rain process,
there is more opportunity for cloud droplets to freeze at higher altitudes. It has been hypothesized that the
latent heat released from the condensation process invigorates the vertical growth of the cloud (Rosenfeld
and Woodley, 2000; Andreae et al., 2004; Rosenfeld et al., 2008). Therefore, ice crystals have a greater
chance of being produced, especially from immersion freezing, which has already been mentioned as the
most dominant ice nucleation process in MPCs. Figure 2.12 shows a comparison of cloud structure and

components between a clean (low emission aerosol) and a polluted (high emission aerosol) environment.
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Figure 2.12.: Cloud components and structures in a clean and polluted area; according to Rosenfeld et al. (2008).

The aerosol perturbation also affects ice crystal growth processes. In general, in a polluted area, the WFB
process increases but the riming process decreases, thus affecting the formation of snow, graupel, hail,

and cold precipitation resulting from their melting (Van den Heever et al., 2006; Tao et al., 2007; Cheng
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2. Aerosols and their impact on cloud formation and structure

et al., 2010). As the number of cloud droplets increases but their size decreases, WFB occurs at a higher
rate because smaller particles are more unstable and evaporate quickly in a subsaturated environment,
increasing the growth of ice crystals by the WFB process. Thus, diffusional growth is indirectly affected
by the number of cloud droplets (Figure 2.13, left). On the other hand, the riming process, which is
strongly dependent on cloud droplet size, is reduced due to the lower collection efficiency of smaller
droplets (Borys et al., 2000, 2003), (Figure 2.13, right). In addition, since riming is reduced in clouds
forming in this situation, it is hypothesized that secondary ice particle production by the rime-splintering

process (Hallet-Mossop process) is also suppressed.
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Figure 2.13.: The WFB process and the riming process in a clean and polluted area. The WFB process increases

in a polluted area because the cloud droplet becomes smaller and more unstable. On the other hand, the riming
process decreases in a polluted area because the cloud droplets are smaller and less likely to collide with an ice
crystal.
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3. ICON-ART model framework

In this work, the effect of volcanic aerosols on cloud microphysical processes is investigated using the
ICON-ART model. ICON-ART consists of the ICOsahedral Nonhydrostatic weather and climate (ICON)
model and the Aerosols and Reactive Trace gases (ART) module. The ICON model is a weather and
climate model developed jointly by the German Weather Service (Deutsche Wetterdienst, DWD), the
Max Planck Institute for Meteorology (MPI-M), the German Climate Computing Centre (Deutsches
Klimarechenzentrum, DKRZ), the Karlsruhe Institute of Technology (KIT) and the Centre for Climate
Systems Modeling (C2SM). It can be used to simulate various processes at both coarse and very high
resolution, covering regional to global scales (Zingl et al., 2015; Heinze et al., 2017; Giorgetta et al.,
2018). The ART extension, developed at the Institute of Meteorology and Climate Research (IMK) at
the Karlsruhe Institute of Technology (KIT), is capable of simulating gases and aerosol particles in the
troposphere and stratosphere, taking into account the processes of emission, transport, physicochemical
transformation, and removal of trace gases and aerosols (Rieger et al., 2015; Schroter et al., 2018).

In the following, I first describe the basis of ICON in Section 3.1, and the basis of ART, including a brief
description of gas phase chemistry, and the aerosol dynamics processes in ART in Section 3.2. The cloud
microphysics and the aerosol-cloud interaction processes in ART are then described in Sections 3.3 and

3.4.

3.1. Basics of the ICON model

ICON solves the fully compressible non-hydrostatic Navier-Stokes equations on a horizontally unstruc-
tured triangular grid which is on a spherical icosahedron. In general, the horizontal grid which is a
triangular Arakawa C grid (Arakawa, 1977), is given by RnBk, where # is the number of initial divisions

of the icosahedron edges and k is the number of bisection iterations. The total number of horizontal cells

is given by
Neett = 20 n*4k (3.1
and the spatial resolution, Ax, will be
— 4
Ac— |2, (3.2)
Neell

where r, is the mean radius of the Earth.
The vertical grid of ICON consists of a set of vertical layers with a terrain-following structure (gener-

alized smooth-level coordinates) as described by Leuenberger et al. (2010), and since ICON is a non-
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3. ICON-ART model framework

hydrostatic model, a height-based vertical coordinate system must be used. ICON is capable of mixing
one-way nested and two-way nested meshes within a model application. It allows two-way interaction
between the finer and coarser meshes. In addition to the nesting capability of ICON, another regional
mode of ICON is introduced that, similar to the nested mode, is intended for simulations with finer grid
spacing and smaller scales. This mode, used in this study, is called the Limited Area Mode (LAM).
ICON-LAM is driven by externally provided boundary data, which may come from a global model or
a coarser resolution LAM run in advance. During the simulation, the boundary conditions are updated
periodically by reading input files. In this setting, the interaction is only one-way from the coarser grid

to the finer grid.

3.2. Basics of ART module

ART consists of an aerosol module (Rieger et al., 2015) and a gas-phase chemistry module (Weimer
et al., 2017; Schréter et al., 2018), which solve the diffusion equations of aerosol and gaseous tracers.
For this purpose, the following processes have to be considered within the ICON code: advection, tur-
bulent, diffusion, and changes due to subgrid-scale convective transport that are calculated. In addition,
the following processes are quantified in the ART submodule: sedimentation, washout, coagulation,
condensation from the gas phase, radioactive decay, emissions, the chemical reaction rates of gaseous
species, and aerosol nucleation. ART includes modules to treat the interaction of aerosol particles and
trace gases with other physical parameterizations, such as the interaction of aerosols with clouds (i.e.,
the two-moment microphysics). This part, which is of particular importance in the scope of this thesis,
will be described in Section 3.4.

In the following sections, the gas-phase chemistry, the aerosol module, and the parameterization of clouds

in ART will be explained in detail.

3.2.1. Gas-phase chemistry in ART

ART contains the routines to calculate the chemical reaction rates of gaseous species in terms of their
sources and sinks. Based on Stockwell and Calvert (1983), Weimer et al. (2017) found that the main
atmospheric sink for the gaseous species is the reaction with OH radicals, so they introduced a predictor-
corrector method according to Seinfeld and Pandis (2016) to determine the depletion of a tracer via
reaction with OH. This OH depletion mechanism was then implemented in ICON-ART. The production
of OH in ICON-ART depends only on the photolysis of O3 and the available concentrations of HyO, CHy
and CO. A more detailed description of this simplified OH chemistry scheme can be found in Weimer
et al. (2017). In this thesis, the described chemistry scheme is applied to the depletion of SO, - as a
volcanic emitted gas - by OH radicals and its transformation into HySO4. Stockwell and Calvert (1983)

proposed a three-step reaction chain for the above process

26



3.2. Basics of ART module

SO, +0OH+M — HOSO; +M 3.3)
HOSO; + 0, — HO, +SO3 (3.4)
SO;+H,O+M — HSO4 + M. 3.5

The sulfuric acid (H,SO4) produced in this process tends to either create new sulfate particles under the
nucleation process or condense on the pre-existing particles and make them larger. The nucleation and

condensation processes are explained in the following section.

3.2.2. Aerosols in ART

The transport of aerosols in [CON-ART is more complicated than the transport of gaseous tracers because
a two-moment description must be considered for aerosols. Two-moment is referred to as two prognostic
variables namely number concentration and mass mixing ratio for each size mode. The aerosol size
distribution is generally represented in different (size) modes. The aerosol module in ART also considers
several size modes, for each mode, these two prognostic variables are transported. The barycentric-
averaged specific number concentration ‘i’o,l represents the zeroth moment of the size distribution of

mode / and is defined by

N o
N Pas- N
Py =L =L

(3.6)
Pa  Pa

and the barycentric-averaged mass mixing ratio @37[ derived from the third moment of the size distribu-

tion of mode / and is given by

. Pl W
Py =l =L 3.7)
’ Pa Pa
where N; denotes the number concentration of mode [, M; shows the mass concentration of mode /, and
pq is the air density.
In ART, the aerosol size distribution is described by log-normal distributions that are a function of the

particle diameter d,. This distribution for the number concentration is

lI,\’()l (lndp—lnd01)2
Yo,(Ind,) = ——exp(——F—F—5—— 3.8
ondy) = e P o, ) G:8)
and for the mass mixing ratio is given by
\AP31 (lndp—lnd31)2
Y;,(Ind,) = ——exp(——F—F—5—"—— 39
(indy) V2zxlno p( 21n’ oy ) G2
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3. ICON-ART model framework

where dy ;, d3;, and 0; denote the median diameter of the number distribution, the median diameter of
the mass distribution, and the standard deviation of the mode /, respectively. Using a constant standard
deviation oy, for each mode, the median diameters dp; and d;; can be derived from two prognostic

variables ‘i’OJ and ‘?3,1 by

9,
doj= ¢+ 93’ % (3.10)
sPpexp (5 In“o;)¥o,
and
Ind;; = Indy,; +31In’ 5 (3.11)

where p,, is the particle density.
In the end, the transport equations for the barycentric-averaged specific number concentration and the

mass mixing ratio are given by

PP . —
8(pa D) __ V.(0pa¥o.1) = V.(pav"¥5 )
4 5 ' (3.12)
o (Vsed.01Pa¥0,) — Woy — Cay, + Nuy, — Eoy
and
7‘% . -
B(paa ) __ V.(0pa¥31) = V.(pav"¥5,)
t ’ (3.13)

0 .
~ %2 (Vsed 3,PaV3,1) — W31 —Cay, +Nuy, +Coy, — E3

where ¥ is the barycentric mean of velocity, V.(9p, o) and V.($p,¥3 ;) represent the advection term,

and V.(p,v"¥(,;) and V.(p,v"¥3,) are the change due to turbulent fluxes of the specific number and
mass mixing ratio of mode /. Deviations from the barycentric mean are denoted by v/ = v — ¥ and
¥ =W — P, The sedimentation velocity of the specific number and mass mixing ratio of a tracer of
mode /, are denoted by v,.q0,; and vsq 3. Wo, and W3 represent the removal of particles due to wet
deposition. In ICON-ART, wet deposition describes the washing out of aerosols by precipitation and is
parameterized based on Rinke (2008). The changes in the number and mass concentration of particles
due to the coagulation are given by C,0; and C3 ;. The terms representing the changes due to nucleation
of new particles are N, and N,3 ;, they only affect the Aitken mode. Condensation of gaseous substance
onto existing particles C,0; is only a source term for the mass mixing ratio. Finally, the relevant emission

fluxes are denoted by Ep; and E3 ;.
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3.2. Basics of ART module

As mentioned above, the particle size distribution of aerosols in ART is described by log-normal dis-
tributions. This work is based on the simulations performed with the new aerosol dynamics module
implemented in ART, AERODYN (AEROsol DYNamics). This module consists of the aerosol size dis-
tribution in Aitken, accumulation, coarse, and giant as well as three mixing ratio states including soluble,
insoluble, and mixed modes. Water solubility is the basis for defining these states. Various aerosol types
can be treated with this module, however, we only focused on sea salt (Na and CI), which we applied
as the background aerosol, sulfate (SOZZ), and volcanic ash (VA), which are considered as the volcanic
aerosols. Figure 3.1 illustrates a qualified scheme of the aerosol size distribution (bottom), as well as
the classification of the soluble, insoluble, and mixed substances. The mixed mode represents the state
where an insoluble particle is coated by a soluble particle. As can be seen, sulfate and sea salt are clas-
sified as soluble particles, so they can be activated as cloud condensation nuclei (CCN), while ash is an
insoluble substance and acts as ice nucleating particles (INP). The mixed particles are also considered as

CCN since the outer layer is soluble and can absorb water.

Soluble Insoluble Mixed
A

SO, Na VA

dN
dinD

Ait acc coa 2 glant

101 10° 10
D [um]

Figure 3.1.: Chemical composition of the soluble and insoluble substances and the mixing state of the particles
(top row) and particle size distribution (bottom row) of soluble particles (solid line), insoluble particles (dashed
line), and mixed particles (dotted line). Figure adapted from Muser et al. (2020).

The aerosol dynamic processes such as nucleation, condensation, and coagulation play the most impor-
tant role in the vertical distribution of aerosols (Kipling et al., 2016). These processes can change the
physicochemical properties of volcanic aerosols such as particle size and shape within a volcanic cloud
(Muser et al., 2020). As mentioned, the aerosol dynamic processes are implemented in ICON-ART with

the AERODYN module. In the following subsections, these processes will be introduced in detail.
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3. ICON-ART model framework

Nucleation

The nucleation process is one of the aerosol dynamic processes during which gaseous precursors are
converted into aerosol particles. The aerosols produced in this process are called secondary aerosols
because they are not emitted directly into the atmosphere.

One of the substances emitted by volcanoes is sulfur dioxide (SO;). Therefore, the conversion of sulfur
dioxide into sulfate (SOi_) particles is important in this work. In section 3.2.1 we described how SO,
reacts with OH to form sulfuric acid. Sulfuric acid is converted to sulfate in the presence of water by the

following two processes

H,SO4 +H,0 — H30" +HSO,, (3.14)

and

HSO; +H,0 — H3;0" +S0; . (3.15)

Kerminen and Wexler (1995) stated that the rate at which H,SO4 — H,O particles nucleate depends
mainly on the ambient temperature, the relative humidity, and the acidity. According to their study, for
a given temperature, 7', and relative humidity, RH, a critical concentration of HySOj4 (g), is required for

nucleation to occur. The C,;, can be estimated from the following formula

Ceris = 0.16exp (0.1T —3.5RH — 27.7) (3.16)

where C,,; is in ug m~3, T is in Kelvin, and RH is scaled 0-1. If the amount of H,SO4 (g) exceeds this
value, new particles will be created.

The nucleation parameterization of sulfate particles introduced by Kerminen and Wexler (1995) is used
in ICON-ART. For the sulfuric acid mass mixing ratio cg,s0, > %—;"’, the nucleation rate is defined as
follows

Cerit

CHzSO4 - Pp

Ar (3.17)

Nz i =

where At is the model time step. Using Eq. 3.17, the number concentration of Aitken particles is

calculated from the assumed size distribution and is given by

6 exp(4.5-1n*(ou;))

3
p d3 JAit

Nuo.aic = “Nu3 Air- (3.18)

The newly nucleated sulfate particles are assigned to the Aitken mode of soluble particles.
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3.2. Basics of ART module

Condensation

In addition to producing new materials, sulfuric acid can also condense on pre-existing particles, such
as volcanic ash in this case, and produce larger particles, the current process is called condensation.
Therefore, unlike nucleation, condensation has no effect on the number concentration of the particle
size distribution and only affects the mass mixing ratio of the particle size distribution. In I[CON-ART
only one parameterization for the condensation of sulfuric acid is used, which is based on Whitby and
McMurry (1997) and adapted from Riemer (2002). The production rate of the third moment of gaseous
H,S0y is not available in ICON-ART so the condensation rate of the third moment of mode / is approx-

imated by the mass mixing ratio cg,s0,, and the model time step, Af, and is given by

CH,SO, Q
i

A (3.19)

C(}3,l =

where € is a dimensionless coefficient and is defined as the condensation rate of the third moment per

the production rate of the third moment of gaseous H,SOy.

Coagulation

This process occurs when two aerosol particles stick together due to Brownian motion or electromagnetic
forces, creating a larger particle. Coagulation can occur between two similar modes as well as between
two different modes. Table 3.1 shows the modes involved in the coagulation process and the resulting
mode. The abbreviations are soluble (sol), insoluble (insol), Aitken (Ait), accumulation (acc), and coarse
(coa). For example, when two particles in soluble accumulation mode coagulate, the resulting particle
remains in soluble accumulation mode. Coagulation of an insoluble accumulation mode particle with a

soluble Aitken mode particle results in an insoluble accumulation mode particle.

Table 3.1.: The modes involved in and resulting from the coagulation process in ICON-ART. The abbreviations are
soluble (sol), insoluble (insol), Aitken (Ait), accumulation (acc), and coarse (coa).

sol_Ait | sol_acc | insol_acc | mixed_acc | insol_coa | mixed_coa

sol_Ait sol_Ait | sol_acc | insol_acc | mixed_acc | insol_coa | mixed_coa
sol_acc sol_acc | insol_acc | mixed_acc | insol_coa | mixed_coa
insol_acc insol_acc | mixed_acc | insol_coa | mixed_coa
mixed_acc mixed_acc | insol_coa | mixed_coa
insol_coa insol_coa | mixed_coa
mixed_coa mixed_coa

As can be seen in this table, two coagulation rates can be considered, intramodal and intermodal. In
ICON-ART, the parameterization of the coagulation terms C,,, and C,;,, is based on the work of Riemer

(2002) and references therein.
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3.3. Cloud microphysics

Numerical Weather Prediction (NWP) models use microphysical schemes to calculate the processes
involved in cloud formation and precipitation. The schemes that predict only the specific mass content
of certain hydrometeor categories, such as cloud water, rainwater, cloud ice, and snow, are called single-
moment (or one-moment) schemes. Other microphysical schemes calculate the number concentration of
hydrometeors in addition to the mass content. Microphysical schemes in this category are called double-
moment (or two-moment) schemes. The ICON model includes both single-moment and double-moment
schemes, but since the study of both mass and number concentrations of hydrometeors is important
to us in this work, we concentrate on the two-moment scheme. ICON’s double-moment microphysics
scheme is based on the Seifert and Beheng (2006) scheme and predicts the specific mass and number
concentrations of cloud droplets, raindrops, cloud ice, snow, graupel, and hail. The cloud microphysics
scheme is best suited for convection-permitting or convection-resolving scales, i.e., mesh sizes of 3
km and finer. To predict the evolution of number concentrations, the double-moment scheme includes
different parameterizations of nucleation processes and all relevant microphysical interactions between
these hydrometeor categories.

Here we briefly describe the basic equations and methods of hydrometeor parameterization within this
scheme. First, we describe the treatment of the microphysical processes between cloud droplets and
raindrops in the warm phase, and then the parameterizations of the processes in the cold phase, including
nucleation, freezing of water droplets, accumulation, conversion of ice to snow and graupel, sedimenta-

tion, and melting.

3.3.1. Warm-phase processes

The parameterization of cloud droplets and raindrops in the Seifert and Beheng (2006) scheme, which
follows the philosophy of Beheng and Doms (1986), Doms and Beheng (1986), and Seifert and Beheng
(2001), is based on the decomposition of the drop size distribution into a cloud droplet and a raindrop
portion. In this scheme, it is assumed that the size distributions of hydrometeors f(m), which depend
on the drop mass m, can be approximated by an analytical distribution function called the generalized

I'-distribution and given by

f(m)=Am" exp(—AmH*) (3.20)

where m is the particle mass in kg, and v, and p, are constants and take different values for each hydrom-
eteor type tabulated in Table 3.2. The coefficient A, which is proportional to the number concentration,
and A, which is related to the mean mass of the particles, are expressed by the number (N) and mass (L)

densities.
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N v+l
A=t a5 3.21)
e
r(v;rl)
A= [—E lm] " (3.22)
(%)
with the mean particle mass m = %

The power moments of this size distribution function are then used to represent the particle number and
mass densities. The moments (M) of order n are given by
M" = / m" f(m)dm. (3.23)
0

By substituting equation 3.21 and 3.22 into 3.20 and performing integration, the moment of order n

becomes

N (3.24)

Seifert and Beheng (2006) partitioned the entire drop size spectrum f,,(m) into two discontinuous func-

tions (f.(m), f»(m)), so the moments for cloud droplets (M”) of order n are given by

Mf:/o m"fw(m)dm:/o m" fo(m)dm (3.25)

and for raindrops (M) are given by

M= /0: m" f,,(m)dm = /me"fr(m)dm. (3.26)

The drop mass m* separates cloud droplets from raindrops and is given a value of m* = 2.6 x 10710
kg, corresponding to a radius of »* = 40 um (Seifert and Beheng, 2006). This value was derived from
results obtained by numerically solving the stochastic collection equation. f,(m) and f,(m) are the size
distribution functions of cloud droplets and raindrops, respectively. The moment of order n = 0 of the
distribution f,,(m) is the number density of cloud droplets and raindrops M? = N, and M? = N,, while

the first moment corresponds to the mass densities M! = L. and M! = L,.

Table 3.2.: Coefficients of Egs. 3.20 and 3.40 for all hydrometeors.

vV o u a b o B
cloud 1 1 0124 03 375x10° 2/3
rain 0 03 0.124 03 159.0 0.266
ice 0 03 0835 039 317.0 0.362
0
1

snow 05 5.13 0.5 27.70 0.220
graupel 0.3 0.142 0.314 46.40 0.260
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The budget equation for the /" moment of each hydrometeor class i € {c,r} follows

agfi FV.[VM!] - VK, VM + j[vsed,i,anﬂ] =% (3.27)
Z

where V is the three-dimensional wind velocity, K}, is the turbulent heat diffusivity, V., is the mean sed-

imentation velocity, and the term —K;, VM is the parameterization of the hydrometeor turbulent fluxes.
S represents sinks and sources, which in the case of pure warm phase processes consist of nucleation,
condensation, autoconversion, accretion, self-collection, sedimentation, and evaporation of raindrops
(Seifert and Beheng, 2006).

In this study, the formation of cloud droplets is parameterized in the ART module, so the description
of this part will be given later in the corresponding section (3.4.1). Assuming that the cloud droplets
have been formed in ART, the subsequent processes such as diffusional growth and collision and coa-
lescence will be discussed in this section. As described in 2.3.1, the first process after cloud formation
is the diffusional growth of the cloud droplets. Kogan and Martin (1994) showed that all clouds, except
extremely maritime ones, quickly relax to thermodynamic equilibrium between water vapor and water
droplets. Thus, the use of the standard saturation adjustment technique to treat condensation growth
seems appropriate in almost all cases. Saturation adjustment brings the relative humidity back to exactly
100% when supersaturation occurs (Straka, 2009) and on the other hand it compensates for subsatura-
tion with respect to liquid water. By eliminating subsaturation and supersaturation with respect to liquid
water, the saturation adjustment establishes a thermodynamic equilibrium between water vapor and lig-
uid water through condensation and evaporation of cloud droplets, respectively, assuming that clouds
immediately relax to thermodynamic equilibrium (Oertel et al., 2023). The supersaturation generated
in the updraft is not passed to the microphysics, but condensed to liquid water via a saturation adjust-
ment (Lebo et al., 2012; Barrett et al., 2019). The amount of condensation produced by the saturation
adjustment scales linearly with the time step length (Barrett et al., 2019) and is used for the diffusional
growth of cloud droplets. The saturation adjustment is performed before the microphysical processes are
calculated. These processes are described below.

Two processes parameterized in the microphysics scheme are autoconversion and accretion. Autoconver-
sion is the process by which cloud droplets become raindrops through collision and coalescence, while

accretion is the growth of raindrops by collecting cloud droplets. The autoconversion rate is given by

L, | ke (Vet2)(Vet4)
ot | 20m*  (v.+1)2

au

x L2m2 |1+ (3.28)

Puu(7) | Po
(1 - 7)2] Pa

where k.. = 4.44 x 10° m’kg—2s~! is the collision efficiency and is based on the estimate of Pinsky et al.
(2001), pg = 1.225 kgm~3 is the air density at the surface, and 7 is a dimensionless internal time scale

and is defined as
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L
T=1-—=5 (3.29)
Lc+L,
and function ®,,(7) is given by
@, (T) =400 %7 (1 — 7973, (3.30)
The corresponding accretion rate is
oL 1/2
S| = kLol @(7) (52) (3.31)
ac
with k., = 2.25 m*kg~'s~!, and
4
Dp(t)= [ — (3.32)
A\ t45x1075 ) ’

Another process considered in this scheme is self-collection. The self-collection process is the coag-
ulation of cloud droplets or raindrops so that the resulting particle remains in the same category of

hydrometeor. Self-collection of cloud droplets is expressed by

JON,
ot

Vc+2p0L2_ a~Nc

“Vet+lp, © Ot (535

—Re

sc au

and assuming an exponential distribution for raindrops, this results in the following self-collection rate

-9 1/2
Krr Po
— Ky rLr 1 e - .34
kN, <+lr> <Pa> (3.34)

where k., = 7.12 m3kg*1s*1 and x,, = 60.7 kg*1/3.

ON,
ot

The next process considered in this section is the evaporation of raindrops. Seifert and Beheng (2006)
used an approach similar to Murakami (1990) to derive a parameterization equation for the n’* moment
of the raindrop size distribution. They began by estimating the characteristic time for the evaporation of
a raindrop and used this time to calculate the rate of change of the power moments.

The last process considered is the sedimentation of particles, which is crucial for the quantitative model-
ing of surface precipitation. The corresponding number- and mass-weighted mean fall velocities are used

to consider sedimentation in a two-moment scheme based on number (n=0) and mass densities (n=1).

1

1 o0 oo
= 1 [ fumyv o) = W |y ) (335)

where v,, is the individual terminal fall velocity of drops and is approximated using an empirical relation

similar to Rogers et al. (1993) but with an increase in the terminal fall velocity with height
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Figure 3.2.: An illustration of warm cloud processes in the Seifert and Beheng (2006) scheme. The top row shows
the self-collection process for cloud droplets and raindrops. The bottom row shows the connection between water
vapor and liquid hydrometeors and the processes involved, such as evaporation, autoconversion, and accretion.

a

1/2
Vi <p°> [ag — bre™*P"] (3.36)

where p, and py are air density and air density at surface conditions, ag = 9.65 ms~!, bg = 10.3 ms~!,
and cg = 600 m~! and D, is the raindrop diameter.
Assuming an exponential size distribution for the raindrop ensemble, after integrating Eq. 3.36 from 0

to oo, the equation for the weighted fall velocity is given by

1/2 —(3n+1)
C
Vop = <ZZ> [aR — b <1 + ;) ] : (3.37)

An illustration of these processes is summarized in Figure 3.2. The top row shows the self-collection
process for cloud droplets (light blue) and raindrops (pink). The bottom row shows the connection
between water vapor, cloud droplets, and raindrops and the processes involved, such as evaporation,
autoconversion, and accretion. As mentioned above, the condensation process is described in the ART

section.

3.3.2. Cold-phase processes

In this section we describe the ice-phase parameterization of Seifert and Beheng (2006). Similar to

the warm phase scheme, the nucleation of ice particles will be discussed in the corresponding section
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3.3. Cloud microphysics

in the ART section (3.4.2), but other processes that play a role in the formation and transformation of
frozen hydrometeors, including ice particle growth by water vapor deposition, freezing of water droplets,
collection processes, melting of ice particles, and sedimentation of ice particles will be briefly described
here.

Assuming that the ice crystals are formed, the deposition growth equation of a single particle is given by

Pruppacher and Klett (1997)

dm,-
dt

47 C; F,(m;) S; 4w
_ ) S G 1) 51 Dy Fum) (3.38)

dep R,T Liy Liy _ !
Poo( o, T T\ RT 1

where C; = D;/c; = D;/2 is the capacity of spherical particles and C; =~ D; /7 is the capacity of hexagonal

crystals (Harrington et al., 1995). T is the temperature, p is the pressure, D; is the diameter of the cloud
ice, §; is the supersaturation with respect to the ice, L;, is the latent heat of sublimation, p;, is the
saturation vapor pressure over ice, R, is the specific gas constant for water vapor, Ky is the thermal
conductivity, and D, is the molecular diffusion coefficient of water vapor. The ventilation coefficient F,
for spherical particles is given by

1/2

F, = a,+b,Ny*Ny/ (3.39)

with a, = 0.78 and b, = 0.308, and for thin plates, based on Hall and Pruppacher (1976), a, = 0.86 and
b, = 0.28. The Schmidt number Ns. = 0.71 and the Reynolds number of a single ice particle falling with

terminal fall velocity v; is given by

1/2
NRe(m):M, vi(m;) = oymP <p°> : (3.40)

Vair a

The integration over Equation 3.38 gives the mass density of a particle ensemble as follows

_[rim
Jo dt

dep

dL;
ot

fi(m)dm. (3.41)

dep

Assuming a generalized I" -distribution for f;(m) the integration results in

dL;
ot

4 _
=% Gy (T.p)Di() Fn S (3.42)

i

dep

where F is averaged ventilation coefficient given by

Fv,n = Qyent.n +Bvent,n N;C/3 N}eéz (ﬁz) . (3.43)

with
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Ha
Ayent,n = Ay il F( va+2) (3.44)
() [
and
F(Va+"+3/ﬁba+1/2ﬁa> [(%tl) 3/2ba+1/2Batn—1
Event,n = bv vsz (345)
F( Ha )

Vatl
()

where constant a,, b,, ¢, and B, are shown in Table 3.2 for each hydrometer.

The second process we describe in this section is the freezing of raindrops, and conversion to ice, graupel,
and hail. Seifert and Beheng (2006) described the heterogeneous freezing of raindrops based on Bigg
(1953). They used an equation from Khain et al. (2000) which gives the relative time rate of change of

the size distribution as follows

1 a(m)
fr(m) ot

= —m Apes €Xp [Bpet (I3 —T) — 1] = —m Jjt (T) (3.46)
het

where Aj.; = 0.2 kg~ 's~! and By, = 0.65 K~ ! are based on the estimate by Pruppacher and Klett (1997).

The corresponding moment equations are then given by

oM!

= = — M 0 (). (3.47)

het

Finally, assuming an exponential distribution regarding particle diameter D for raindrops f,(D) = Ae=*D ,

that A and A are the barycentric mean of coefficients in Eq. 3.21 and 3.22, results in

IN,
ot

= _Lrjhet(T) = _Nrmrjhet(T) (3.43)

het

and

oL,
ot

= —20 L, Jpet (T). (3.49)

het

This scheme also parameterizes various collection processes, including aggregation, riming, and ice mul-
tiplication. The aggregation process occurs when ice crystals collide due to turbulent motion within the
clouds, forming larger ice crystals or snow particles. Snowflake particles can also aggregate with ice par-
ticles, other snowflakes, and graupel particles to form larger snowflakes and graupel. Graupel is formed
when supercooled water droplets collide with the ice or snow particles, a process called riming. As

mentioned earlier, another process is ice multiplication. This process occurs when more ice particles are
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3.3. Cloud microphysics

Table 3.3.: Interactions between hydrometeors, adapted from Seifert and Beheng (2006).

cloud droplets raindrops ice crystals snowflakes

cloud droplets | self-collection:
c+c—c
autoconversion:
ct+c—r

raindrops accretion: selfcolection:
r+c—r r+r—r
breackup:
r+r—r

ice crystals | riming: riming to graupel: aggregation to snow:
i+c—i i+r—g i+i—s
conversion to grau-
pel:

i+c—g

ice multiplication:
i+c—1i

snowflakes riming: riming to graupel: aggregation to snow: | aggregation:
s+c—i r+s—g S+i—s S+s—s
conversion to grau-
pel:

s+c—g

ice multiplication :
s+c—i

graupel riming: riming: aggregation:
g+tc—g r+g—g sS+g—8
ice multiplication :
g+c—i

produced from existing ice crystals, snowflakes or graupels. The most common mechanisms for ice mul-
tiplication to occur are shattering or partial fragmentation of large droplets during freezing, mechanical
fracturing of ice crystals during sublimation, and ice splinter formation during the riming of ice particles
(Figure 2.9).

In order to avoid bringing up a lot of long equations of the parameterization of the above mentioned
processes, I have summarized these processes in Table 3.3, similar to Seifert and Beheng (2006). The
abbreviations are cloud (c), rain (r), ice (i), snow (s), and graupel (g). The detailed description and
corresponding equations for each process can be found in Seifert and Beheng (2006).

In addition to the processes already described, two other processes in this scheme act to reduce ice par-
ticles. Melting and sedimentation of ice particles. For the first, assuming a generalized I distribution for
the number density size distribution for graupel (f,(m)), the time rates of change of the power moments

are as follows
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oM

Mg _2m
at N

L;

X NgDy (g )"~ F () (3.50)

Kr Dr (T—T5) + DLy [ pv  piv(T3)
D, R, T T3

melt

where L; is the latent heat of melting, K7 is the conductivity of heat, Dy and D, diffusivity of heat and
diffusivity of water vapor, T and T3 denote the temperature and temperature of freezing point, p, and
D1y are water vapor pressure and saturation vapor pressure over liquid water, and 7, is the mean mass of
graupel, N, is the number concentration of graupel, D, is the diameter of graupel, and F,, is the mean

th

ventilation coefficient for the n'* moment given by

Fv,n (mg) — avem‘,n + Event,nNsl‘cﬁN]zz (ﬁg) . (35 1)

Equations 3.50 and 3.51 apply to the melting of all types of ice particles, namely graupel, snow, and
cloud ice.

Sedimentation of cloud ice, snow, and graupel is similar to sedimentation of cloud droplets and raindrops.
The velocity-mass relations for cloud ice, snow, and graupel are assumed to be power laws, and the size
distributions are assumed to be generalized I" distributions so that the mean fall velocities for the n'"

moment of each particle type are given by by

He mbe (3.52)
F( n+;2+1)

I—w(n-l-vg-i-ﬁe—kl) [F( Vet1 )] B.
m

with e € {i,s,g}.

3.4. Aerosol-cloud interactions in ART

As mentioned in the previous section, various parametrization processes exist that solve the governing
equations of cloud formation, development, precipitation, and processes in the ice phase. We have de-
scribed some of them in the previous section, but the most important processes of interest in this study
are the activation of volcanic aerosol particles as cloud condensation nuclei and ice nucleating particles

as well as homogeneous and heterogeneous ice nucleation which will be described in the next sections.

3.4.1. Cloud droplet formation parametrization in ART

The cloud droplet formation parameterization in ICON-ART is based on the work of Fountoukis and
Nenes (2005). They extended the cloud droplet formation parameterization of Nenes and Seinfeld (2003)
so that the new parameterization allows for a log-normal representation of the aerosol size distribution
and includes a size-dependent mass transfer coefficient for water droplet growth to account for the effect

of size on droplet growth rate. The advantage of this parametrization is the use of a computationally
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3.4. Aerosol-cloud interactions in ART

inexpensive framework that directly links complex chemical effects on aerosol activation in global or
regional weather and climate models.

In this parameterization, the particle size distribution is defined as follows

na(D,) (3.53)

S S O B Y1)
dinD, = \/2rIno; 21n’ o

where D), is the particle diameter, N; is the aerosol number concentration, Dy ; is the geometric mean
diameter of mode i, o; is the geometric standard deviation for mode i, and n,, is the number of modes in
the distribution.

To find the activated droplet number, the connection between the particle size distribution, n4(D)), and
the critical supersaturation must be found. The critical supersaturation of a particle with diameter D), can

be obtained as follows
2/ AN\
I - -
S = \/E.<3Dp> (3.54)

where A’ = ‘;f_%[;’ and B’ = % are obtained from Seinfeld and Pandis (1998). In these variables, o is

the surface tension, M,, and M, are the molar mass of water and the molecular weight of the solute, p,,
and py are the density of water and the density of the solute, and i is the number of ions resulting from
the dissociation of a solute molecule. Using these constants and taking the derivative over Eq. 3.53, the

critical supersaturation distribution is given by

i : 1n2 S/ ) S/ 2/3
2N; (S¢.i/S") ] (355

ng(§)=y) ————exp | —
5(5) ; 39v2zing " ! 2In;
where S;,J- is the critical supersaturation of a particle with diameter D, ;. Integrating Eq. 3.55, we obtain

the the CCN spectrum (concentration of particles with S'. < §'), F¥ (S'), as follows

, N i N: 211’1(S/ /SI)
FS S':/n/S’dS’: —erfc| —=2——|. 3.56
(8) = Jy ns($)dS' =Y Ferfe| —m o (3.56)
Finally, the number of activated droplets is calculated by
Ny =FS (Spax) (3.57)

where 5,4, is the maximum parcel supersaturation. A detailed description of the calculation of s,,,, can
be found in Fountoukis and Nenes (2005).

As mentioned above, the new scheme includes a size-dependent mass transfer coefficient for water
droplet growth. To add this, an average value of the water vapor diffusivity is introduced into the pa-
rameterization. Fountoukis and Nenes (2005) investigated two ways to determine the upper and lower

bounds of the droplet diameter needed to calculate the average water diffusivity. They finally concluded
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3. ICON-ART model framework

that the most accurate way is to use an empirical correlation derived from the numerical simulation of
the parcel model.

The ART parameterization of cloud droplet formation also includes the adsorption activation of insoluble
CCN via the Frenkel-Halsey-Hill adsorption theory (Kumar et al., 2009) as well as the effect of giant

CCN in the cloud activation parameterization (Barahona et al., 2010).

3.4.2. Ice nucleation parametrization in ART

In addition to the cloud droplet formation parameterization, cloud ice nucleation is also parameterized
in ART. There are two main processes that govern the ice nucleation process, homogeneous and hetero-
geneous ice nucleation. Homogeneous ice nucleation occurs at temperatures below —38 °C (Pruppacher
and Klett, 1997; DeMott et al., 2003) and does not involve an ice nucleating particle (INP), whereas
heterogeneous ice nucleation occurs at warmer temperatures and in the presence of an INP. The parame-
terization of homogeneous and heterogeneous ice nucleation used in this work is based on the studies of
Barahona and Nenes (2008, 2009a,b) and Ullrich et al. (2017).

Barahona and Nenes (2008) provided a parameterization of ice nucleation when homogeneous freezing
is the only active mechanism. Homogeneous freezing of liquid aerosol droplets is a process that occurs
due to the spontaneous fluctuations of temperature and density within the supercooled liquid phase Prup-
pacher and Klett (1997). This process depends only on the temperature, the particle size distribution of
the aerosol population, and the saturation ratio with respect to ice, s;. The time evolution of s; within an

adiabatic air parcel without initial liquid water is given by (Pruppacher and Klett, 2012).

ds; M,p dw; AHM,, dT  gM
i ZaP DV | B 8 (3.58)
dt M, p¢ dt RT, dt RT
and the temporal evolution of the temperature is defined as follows
dT V  AH; dw;
ar _ &V A awi (3.59)

where AHj is the latent heat of sublimation of water, g is the acceleration of gravity, ¢, is the heat capacity
of air, p{ is the ice saturation vapor pressure at 7' (Murphy and Koop, 2005), p is the ambient pressure,
w; the mass mixing ratio of ice, V is the updraft velocity, M,, and M, are the molar masses of water and
air, respectively, and R is the universal gas constant.

The ice mixing ratio rate is given by

i o2 (D, D,)dD.dD, (3.60)

dWl pl Do max / c,max 2 dD
D,, min

( ,min

where p; and p, are the ice and air densities, respectively. D, is the volume-equivalent diameter of an

dN.(D,) -
dD,.

number distribution function, N.(D,) is the number density of ice crystals in the parcel formed at D,;

ice particle, D, is the wet diameter of the freezing liquid aerosol, n.(D.,D,) = is the ice crystal
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3.4. Aerosol-cloud interactions in ART

Dy min, and D, 4, are the limits of the droplet size distribution, and D, i, and D¢ ey are the limits of

the ice crystal size distribution. The growth term % is given by (Pruppacher and Klett, 1997)

dDC . (Sl' — si,eq)

dt — T\Dc+T ceb
with
and
r,— piRT  [27M,, i (3.63)

©2p9M, V' RT oy
where K7 is the thermal conductivity of air, D, is the water vapor diffusion coefficient from the gas to ice
phase, s; ¢4 is the equilibrium ice saturation ratio, and ay is the water vapor deposition coefficient on ice.
Barahona and Nenes (2008) assumed that most of the crystals are nucleated before maximum saturation

ratio, S; mqx. The effective growth parameter is defined as

I+ D
- F ln sSmax
= v 1 LM (3.64)
l—‘] 1—‘1 Dc,smax - Do

where ¥ = 1.33, an is the equivalent diameter of the largest ice crystal at S; ;. (maximum ice
here y = 1.33, and D the equivalent d ter of the largest ystal at S;,

Cvsmax
saturation ratio).
They then defined the fraction of frozen droplets for a pure homogeneous as follows using the parameters

defined below

pi [k(T)]l/z |: 2avsimax :|3/2 aVk(T)SimaX*Z
- _ P 2avs;, _ AV )Simax 5 3.65
f Pua ﬁNo nF(s,-7max — 1) X ZF(Si,max - 1) 0 ( )

where V is the vertical velocity in ms—!, N, is the number concentration of the liquid aerosols in cm ™,

B= Ajy "ppo, o= ngRS%W — f’%“, and k(T) is defined as follows (Khvorostyanov and Curry, 2004)
whi )2

In(J(si)/J(Simax))

Si — Si max

k(T)= (3.66)
where J is the homogeneous nucleation rate coefficient which is the number of ice embryos formed with
a size that just exceeds the critical value per unit volume of liquid per unit of time (Pruppacher and Klett,
1997).

Barahona and Nenes (2008) used the data of Koop et al. (2000) for J between 108 and 10%?m 35! to fit
k(T)

k(T) = 0.0240T?% — 8.035T +934.0. (3.67)
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They also obtained s; qy by solving J(s;max) = 10'%s~!m=3 (Koop et al., 2000), using the analytical fit
of Ren and MacKenzie (2005).

The exponential term in Eq. 3.65 approaches unity because they assumed that freezing depletes a negli-
gible amount of aerosol. Finally, the total number of ice crystals formed by homogeneous freezing would

be given by

N;=N,e (1 —e /). (3.68)

Barahona and Nenes (2009a,b) provided an ice cloud formation parametrization that calculates the ice
crystal number concentration from precursor aerosol and ice nuclei. This parametrization provides an
analytical solution of the cloud parcel model equations and accounts for competition effects between
homogeneous and heterogeneous freezing, and between heterogeneous freezing in different modes.

To avoid bringing a large number of equations and since in our work, the Ullrich et al. (2017) scheme
is used to calculate the number of heterogeneously activated nuclei, the relationship between homoge-
neous and heterogeneous ice nucleation in Barahona and Nenes (2009b) is summarized in the flowchart
summarized in Figure 3.3.

In this flowchart, N* = v/2(aVT})>/? (ﬁ%%)_l that I';, o and V have already been introduced. Nj;,
is the limiting INP concentration that completely inhibits homogeneous freezing (Barahona and Nenes,
2009a) and Ny, is the ice crystal number concentration from heterogeneous freezing.

According to the flowchart, the parameterization of cloud ice nucleation in the first step depends on the
temperature. If the temperature is above 235 K (=38 °C), pure heterogeneous ice nucleation will oc-
cur, otherwise the model first calculates the limiting number concentration of INP that would prevent
homogeneous nucleation and then compares it with the ice crystal number concentration resulting from
heterogeneous freezing (Nj). If Ny, exceeds Ny, the code recalculates the pure heterogeneous freez-
ing. However, if the above condition is not met, homogeneous freezing is computed. In this case, the
fraction of frozen particles, f., can be modified if the conditions for both ice nucleation are present. The

ice crystal number concentration from combined heterogeneous and homogeneous is given by
N; =N, e 7°(1—e77°) + Nier (Shom) (3.69)

where Sy, is @ homogeneous freezing threshold.
In general, the total ice crystal concentration, &;, from the combined effect of heterogeneous and homo-

geneous freezing is summarized as follows

N N;=N, e /(1 —e7¢) + Nyt (Shom)  if fo >0and T < 235K (3.70)

Niper (smax) if f, <0and T > 235 K.
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Input: p, T, V, deposition coefficient, aerosol
and INP characteristic (size, composition)

yes

Output: Pure heterogeneous freezing:

calculate N,

J

Nhet (Si.ma):) — 1 (1 +Si.max) ex 2
N* VAS* Si,max p }vSi,max

e

Nhet(Shom) Z Nlim ?

Pure homogenous freezing fraction:

3/2
Fonom = PRI |28V S /
c,hom Pa ﬁNv ﬂr(Si.mch’*l)

Output:
Ice crystal number concentration
from combined
heterogeneous and homogenous freezing:

N; = Noe_f”(l — e_f‘) + Nhet (Shom)

Correct fe nom
for competition effects from INP:

3/293/2
fe =|1= Nier (Slmm)
fc,hum Nlim

Figure 3.3.: Parameterization algorithm, taken from Barahona and Nenes (2009b).

-

1

In this study, ash particles are activated as INP. The Ullrich et al. (2017) scheme calculates the number
of heterogeneously activated particles. This parameterization is for mineral dust, but we assume that ash
behaves similarly. In this parameterization, the aerosol surface area distribution, temperature, and ice
saturation ratio are the key parameters to calculate the number of activated particles. The framework
is based on the database of laboratory measurements with the Aerosol Interaction and Dynamics in
the Atmosphere (AIDA) cloud chamber at KIT. It follows the ice nucleation active surface site (INAS)
density, which is based on the work of Vali (1971) and assumes that the freezing of the supercooled
droplets is, to a first approximation, time-independent and that ice nucleation is induced by specific sites

on the aerosol surface. The INAS density, Ny, for a polydisperse aerosol sample is given by

]V,'J(T, S,) = Nae,j{l — CXP[—SQEJNS(T, S,)}} (371)
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where N; ; is the ice number concentration formed on the aerosol, N, ; is the total aerosol number
concentration, and S, ; is the individual aerosol surface area in size bin j. More information can be
found in Vali (1971), Connolly et al. (2009), and Niemand et al. (2012). Assuming that S, ;N; < 1 and
that Ny is constant throughout the aerosol size distribution, the INAS density will be

N(T,S;)  Ni(T,S;)

NJ(T.S)) ~ - 3.72
S( l) NyeSae Sae ( )

where N; is the ice number concentration and s, 1s the aerosol surface area concentration. For each size

mode of ash particle, j, the surface area concentration is calculated by

Sash,j = Ty, ;xp(20,, ;) (3.73)

where d,, j and Oy, ; are the diameter of ash particles and the standard deviations of ash distributions
for each mode size ;.
Two following equations are given INAS density for immersion and deposition nucleation, respectively
(Ullrich et al., 2017).

Ny(T) = exp(150.557—0.517T); T € [243,259] K (3.74)

N(T,S;) = exp{a(S; — 1)/ *cos[B(T — y)Parccot [k (T — 1)]/m} (3.75)

where the parameters in Eq. 3.75 are summarized in Table 3.4.

Table 3.4.: Constant parameters of Eq. 3.75 for ash particle, this table is taken from Ullrich et al. (2017).

Aerosol ‘ o ‘ B ‘ Y ‘ K ‘ A ‘ Valid T range (K)
Ash | 285.692 | 0.017 | 256.692 | 0.080 | 200.745 |  [206, 240]

Finally using N, from Eq. 3.74 and 3.75 and the surface area concentration, S, ; from Eq. 3.73 for each
mode, the number of activated particles is calculated via Eq. 3.71. These numbers serve as Ny, in Eq.
3.69 and 3.70.
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4. Simulation of the Holuhraun eruption 2014-2015

Due to its geographic location, Iceland is home to a large number of active volcanoes. This huge island
lies on the Mid-Atlantic Ridge where the Eurasian and North American tectonic plates meet. The tectonic
plates are not fixed, but either collide or move apart. Volcanoes are most common at these geologically
active boundaries, where conditions allow magma from the Earth’s mantle to rise to the surface. Figure
4.1 illustrates the location of these tectonic plates and boundaries (dark blue curves) and the location of
two volcanoes simulated in this thesis (two red triangles). The location of Iceland and the intersection of
the Eurasian and North American plates are well shown. One of the Icelandic volcanoes is the Holuhraun
volcano, which is one of the cases studied in this thesis. We have simulated the initial phase (the first
six days) of this eruption in order to evaluate volcanic aerosol effects on the microphysical properties
of the cloud. The second case studied in this thesis is the La Soufriere volcano, which is located on the
boundary between the Caribbean Sea plate and the South American plate. Figure 4.1 also shows the

location of these tectonic plates. The simulation results for this volcano are given in the next chapter.
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Figure 4.1.: Map of tectonic plates and their boundaries (dark blue curves) as well as the location of two volcanoes
studied in this thesis (two red triangles). The figure is taken from https://www.thoughtco.com.

This chapter starts with some general information about the 2014 Holuhraun volcano eruption, followed
by the steps to prepare and set up the files needed to simulate this eruption, and ends with the analysis of

the results of the simulations performed.
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4. Simulation of the Holuhraun eruption 2014-2015

4.1. Location and properties

Holuhraun is a lava flow field created by fissure eruptions (Ilyinskaya et al., 2017). A fissure is a linear
volcanic crater through which lava erupts, usually without explosive activity. The Holuhraun fissure was
located within the Askja fissure swarm north of the Vatnajokull ice cap. However, the Holuhraun lavas
are compositionally similar to recorded historical eruptions from the Birdarbunga volcanic system 45
km to the southeast (Geiger et al., 2016). Figure 4.2 shows the location of the Holuhraun fissure and its
position in relation to other craters. As can be seen, the eruption occurred along a fissure and the lava
field extended to the east and northeast of the fissure (Fig. 4.2 (b)).

The volume of erupted lava (~ 1.640.3 km—2), as well as the emission of a significant amount of sulfur
dioxide (~ 11 — 19 Tg), marks the Holuhraun event as the most massive fissure eruption and the largest
tropospheric volcanic sulfur pollution event since the Laki eruption of 1783-1784 C.E. (Gislason et al.,
2015; Schmidt et al., 2015; Gauthier et al., 2016). The 2014-2015 Holuhraun eruption lasted 183 days,
from August 29, 2014 to February 27, 2015, and emitted ~ 11 Tg of sulfur dioxide into the troposphere
over six months (Ilyinskaya et al., 2017). In addition to being rich in sulfur dioxide, the plume rising
from the vent also contained a large amount of water vapor and other gases, but it carried very little
volcanic ash (Schmidt et al., 2015).

Large fissure eruptions (> 1 km~?) strongly affect air quality, terrestrial and aquatic environments, cli-
mate, and health due to their enormous release of gases and aerosol into the troposphere and lower
stratosphere (Ilyinskaya et al., 2017). The repeated emission of sulfur dioxide in the Holuhraun area for
six months caused a decrease in air quality and affected the chemistry of precipitation and snow around
Iceland (Gislason et al., 2015; Galeczka et al., 2016; Stefansson et al., 2017). This massive fissure
eruption, which produces many aerosol particles, can be considered a natural laboratory that provides
a good opportunity to quantify aerosol-cloud interactions, which are one of the large uncertainties in

atmospheric science (Malavelle et al., 2017; Haghighatnasab et al., 2022).

4.2. Holuhraun simulation setup

This section describes the simulation setup we used to simulate the Holuhraun eruption with the ICON-
ART model. We ran a pair of simulations, one with the volcanic plume included and one without (called
"VOLCANO’ and 'NO-VOLCANO’). These two simulations are completely identical in all other re-

spects. The general settings common to both simulations are described in the next subsection.

4.2.1. General setup

The simulations were performed on an R2B10 triangular grid with a horizontal resolution of Ax =
2.48 km, while 75 vertical layers resolved the atmosphere to 30 km. The vertical resolution increases

toward the top of the model with a model layer thickness of 20 m in the boundary layer and a maximum
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Figure 4.2.: (a) Map of southeastern Iceland showing central volcanoes and associated fissure swarms. (b) Map
of eruptive vents (dark triangles) and the final extent of the Holuhraun lava field after the eruption ceased on
February 27, 2015 (~ 85 km?, red area). The figure is taken from Geiger et al. (2016). ©2016. American
Geophysical Union. All Rights Reserved.
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layer thickness of 400 m near the top of the model. The European Center for Medium-Range Weather
Forecast (ECMWF) Integrated Forecasting System (IFS) data were used as initial and boundary data
for the meteorological fields. The time step, At, is 20 s, and for each run, eight-day simulations were
performed from 00:00 UTC on August 30, 2014 to 00:00 UTC on September 7, 2014. The Holuhraun
volcano started erupting at 05:00 o’clock on August 31, but the emission rate of SO, on that day was
negligible (Carboni et al., 2019), so we considered the start of the eruption at 00:00 on September 1. We
chose these 6 days because the lava field had developed sufficiently during this period (Kolzenburg et al.,
2017) and significant amounts of SO, had been emitted to the atmosphere. We mentioned that the simu-
lations cover eight days, including six days of volcanic activity. Therefore, the results for August 30-31
do not include the volcano effects, but they are used for the spin-up of the concentration persistence of
sea salt, which was used as the background aerosol. Figure 4.3 shows the ICON domain used in these
simulations, which includes the North Atlantic Ocean from 50-80 °N, 40 °W- 20 °E. Our initial results
showed that the volcanic emissions were distributed towards the east and northeast of Iceland. Therefore,
the domain covers the eastern part of Iceland more than the western part.

In addition to this general setup, which is common to both VOLCANO and NO-VOLCANO simula-
tions, a more specific setup must be specified for the application of the aerosol dynamics and chemistry

processes. The configuration is done using the XML files and is described in the next subsection.

4.2.2. Model configuration using XML files

An XML file is an extensible markup language file that organizes data for storage and transport. Unlike
many programming languages, XML files use human language with actual words instead of computer
code and programming syntax, making them easier to understand and use. These files use tags to describe
the components of a file. These tags follow specific syntax guidelines and surround the data, clearly
defining and explaining it. One of the advantages of using XML files is extensibility, allowing users
to customize and create their markup symbols, as well as giving users complete control and the ability
to create an unlimited set of symbols to describe their content. In addition, the XML markup language
exchanges data in a straightforward manner, making it easy for computers to process XML files. They
can be easily opened and edited using any text editor. With respect to the advantages listed above, the
XML files are used in the ICON-ART model to store and transport data, including tracer and mode
initialization, the data associated with the nucleation, condensation, and coagulation processes, and the

required chemistry and emission information. The contents of each XML file are presented below.

Tracers Aerosol XML file

Aerosol tracers are defined by an XML file containing all liquid and and solid particles involved in the
aerosol dynamics. This file includes the zero moment (specific number concentration) and the third

moment (mass mixing ratio) of each aerosol tracer. The aerosol XML file also specifies the relevant
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Figure 4.3.: The ICON domain used in the simulations. It covers the region from 50-80 °N, 40 °W- 20 °E. The red
dot shows the location of the Holuhraun volcano. The color bar shows the geometric height of the Earth’s surface
above sea level, and the blue color shows the ocean.

modes for each tracer. This determines the state of the tracer and which part of the size distribution it
belongs to. For example, using Sol-Ait for a particular tracer determines that it is soluble and its size is
in the Aitken mode range. In addition, the solubility, density, and molecular weight must be determined
for the third moment. In some cases, a metadata is unique and defined only for this case. For example,
"inucleation" is used only for tracers in the Aitken mode and means that this particle is a result of the
nucleation process.

Secondary aerosols are particles that are not emitted directly into the atmosphere, but are formed from
gaseous precursors. The Holuhraun eruption was rich in sulfur dioxide, and as described in Chapter
3, this gas eventually converted to sulfate particles through the nucleation process and grew to Aitken
mode. Therefore, one of the tracers we have defined in this file is sulfate. Besides sulfate particles, sea
salt particles were used as background aerosols to obtain more realistic results and to avoid having a clear

sky in the simulations performed. Table 4.1 summarizes the mode and solubility of the aerosols provided
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in this file for the Holuhraun case. "1" means that the desired mode is included in the simulation and "0Q"

means that it is not.

Table 4.1.: Aerosols components and relevant modes in the Holuhraun simulation. The last column shows the
solubility of each case.

Aerosol/ mode ‘ Aitken ‘ accumulatlon coarse H soluble
sulfate 1 1 Yes
seasalt 0 1 Yes

In this file, we have also defined "inucleation" metadata for sulfate in Aitken mode to show that it forms

by nucleation.

Modes XML file

The aerosol modes are also defined by an XML file that defines the median diameter (dy ;) with respect
to the zeroth moment and the standard deviation of each mode (o0;). The solubility and size ranges
are the basis for the classification of each mode. For example, one of the modes in this file is sol_ait,
which includes the soluble Aitken size particles. When these two factors are defined, the additional data
is assigned to them. The standard deviation, the median diameter, and the states of these modes are
initialized in each simulation with the values listed in Table 4.2. The median diameter with respect to
mass is calculated at every grid point in the code using Eq. 3.12. This file also contains metadata that
determines whether this mode will be shifted to a larger mode and if so, which mode will be the resulting

mode. The condensation and coagulation processes are also specified in this file.

Table 4.2.: Median diameter with respect to the specific number concentration and the standard deviation of differ-
ent modes at initialization.

Aitken Accumulation Coarse Giant
state/size d()’[ O; d()J O; d()J O; d()J Oj
[um] [=] | [um] [-] |[um] [=][[pm] [-]

soluble | 0.01 1.7 | 0.2 2.0 20 22 — —
insoluble | 0.01 1.7 | 0.2 2.0 20 22 12 20
mixed 001 17| 02 2.0 20 22 — —

Most of the data for the production of aerosols and their preparation as cloud condensation nuclei and ice
nucleating particles is contained in this file. An example of this file is shown in Table 4.3. The defined
parameters in this table are "kind" (set to 2mom), which means that this mode can be assigned both mass
and number, "shift2larger", which shows that sol_ait has this ability to shift to the larger mode — in this
case, sol_acc — when its diameter reaches 0.03 um. This mode is the result of the nucleation process
(which is defined in the Aerosol Tracer XML file), but can be larger due to the condensation process
—specified by "condensation". It can also coagulate with other relevant modes (based on Table 3.1) and

produce larger particles, where "icoag" defines this ability. In our study, however, three metadata are
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more important than others, "ikoehler", "diss_fact", and "ifreeze", which specify whether this mode can
be a CCN or an INP. The first two are related to CCN activation and the last one is related to the ice
nucleation process. It is clear that sol_ait is a soluble mode, so it served as a CCN, not an INP, so for it

"ikoehler" is 1, and "ifreeze" is O.

Table 4.3.: The metadata in the modes XML file for the sol_ait mode

sol_ait
kind 2mom
do; 0.01E—6
(o]} 1.7

shift2larger sol_acc
shift_diam | 0.03E—6

condensation 1
icoag 1
ikoehler 1
diss_fact 0.2
ifreeze 0

Point source XML file

As mentioned above, the only difference between VOLCANO and NO-VOLCANO simulations is the
amount of sulfur dioxide emitted. In order to apply this difference, a module of the ICON-ART model
must be introduced, which adds point source emissions to the existing tracers. One of the XML files
of particular importance in this work is responsible for applying this difference, called the Point Source
(abbreviated PntSrc) XML file. This XML file consists of the geographic coordinates of the location
of the volcano, the time of the emission, the height of the eruption from the ground, the name of the
erupted substances, and the specified source strength of the substances injected into the atmosphere, as
well as the unit of the source strength. This file may contain multiple point sources at different locations
or times, either for a single tracer with different source strengths or for different tracers. One of the items
that must be specified in this file is the source strength of the volcanic emission. In the Holuhraun case,
as mentioned above, the volcanic emission is SO;. For the VOLCANO simulation, the source strength
of SO, is based on the estimate of previous studies that evaluated the SO, emission rate up to 120 kt/d
in early September 2014 (Schmidt et al., 2015; Malavelle et al., 2017; Carboni et al., 2019). Therefore,
the source strength of SO, was set to 1388 kg/s (it must be mentioned that in some of the test simulations
we used 1007 kg/s. Based on the estimate by Pfeffer et al., 2018). Another parameter that needs to be
defined in this file is the geographic coordinates of the volcano’s location. As shown in Figure 4.2(b),
the lava emerged from the Earth’s crust through a large fissure. Therefore, instead of using a crater as
the location of the point source emission, we selected four hypothetical points along this fissure as the
location of the volcano’s crater. These four points are approximately located along the location of the

black triangles shown in Figure 4.2(b). The determined source strength is divided equally among these
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four vents. These four points differ only in location, but are completely similar in terms of the emitted
substance, the height above ground, and the start and end times of the emission. The start time of the
eruption was considered to be midnight on September 1, and the end time was midnight on September
7. This XML file also contains the height of the eruption from the ground. In this work, the height of the
craters was considered to be 50 m, based on the estimate of Schmidt et al. (2015).

The above setting was used in the VOLCANO simulation. In the NO-VOLCANO simulation, the same
point source XML file is used, but the source strength of SO, was set to zero kg /s for all four selected
points.

Table 4.4 summarizes this data for one of the points above.

Table 4.4.: Content of the Point Source XML file in VOLCANO and NO-VOLCANO simulations for one crater

Point Source’s content/ Simulation VOLCANO NO-VOLCANO
substance TRSO2 TRSO2
source strength 347.22 0

unit kg/s kg/s

lat 64.88 64.88

lon -16.83 -16.83

height 50 50

startTime 2014-09-01T00:00:00 | 2014-09-01T00:00:00

4.3. Sensitivity simulations on cloud droplet concentration

In order to find the most appropriate setup for running the VOLCANO and NO-VOLCANO simulations,
many test runs with different configurations in both the code and the setup of the simulations were
performed over two days on September 1 and 2, 2014 (this section only includes VOLCANO’s results
for these test simulations). We started by running simulations with a simple setup and no changes in the
code. In one of these simulations, which we called "S_50", the simulation was run with 50 vertical levels.
Since the horizontal resolution is Ax = 2.48 km, we then increased the number of vertical levels to 75 in
line with other simulations at this resolution, the corresponding simulation is called "S_75". Comparing
the results of "S_50" and "S_75" showed us a significant enhancement in the number concentration of
cloud droplets (N.), as can be seen in Figure 4.7. To find the reason for this, the parameters involved in
the production of cloud droplets were evaluated.

The most important process was CCN activation, where water vapor condenses on an aerosol particle to
form a cloud droplet. The number concentration of activated particles (N;) in ICON-ART is a function
of the varying chemical and physical aerosol properties and the updraft velocity, w (Bangert, 2012). The
description of the aerosol properties has been discussed in Section 3.3.1. However, the contribution of
the vertical velocity needs to be discussed. Vertical velocity is used to calculate the maximum supersat-
uration, which is a critical factor in estimating N; based on Eq. 3.57. The cloud-scale updraft velocity

is not explicitly resolved in global climate models (GCMs) due to the coarse special resolution (Morales
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and Nenes, 2010; Tonttila et al., 2011). Therefore, the subgrid-scale vertical velocity parameterization
must be applied to address this issue. One way to overcome this problem is to use the average updraft
velocity (w), but this approach results in an inaccurate estimation of the cloud droplet number concentra-
tion and consequently of all other cloud processes that depend on N, (Morales and Nenes, 2010). Many
climate models integrate the activation parameterization for a given probability density function (PDF)
of the vertical velocity to calculate the aerosol activation in a grid box. For this approach, the PDF of
the subgrid scale vertical velocity must be known. A common approach is to use the grid-scale vertical
velocity as the center of the PDF and to determine the width corresponding to the turbulence, e.g., the
vertical eddy diffusivity or the turbulent kinetic energy, TKE (e.g., Storelvmo et al., 2006). In ICON-
ART, this issue is addressed by diagnosing the vertical velocity from grid-resolved quantities such as
the grid-scale turbulent kinetic energy and the updraft velocity. In this method, a Gaussian probability
distribution function P,,(w') of subgrid-scale vertical velocities, w', is introduced based on Morales and
Nenes (2010)

(v =)

PW(W/) 202
w

(= ) 4.1

1
= —€X
V2no, P

where o, is the standard deviation of the vertical velocity and is calculated by applying TKE as follows

o, = V2TKE. (4.2)

In reality, there is a distribution of updrafts in each grid cell, each of which could be associated with
its own droplet number (Morales and Nenes, 2010). Therefore, in the end, a weighted average of the

activated particles is calculated by numerically computing the integrals

1 TN B )
Jo Pu(w)dw'

(4.3)

where Ny(w') denotes the corresponding Ny to w'. Figure 4.4 illustrates a 9-cell grid with a specific cell
called A containing 9 subgrids with their own updraft, shown with a different blue spectrum correspond-
ing to each updraft velocity (left), the right image shows a schematic PDF for the vertical velocity in grid
cell A. For each w’ a corresponding Ny is calculated and used in Eq. 4.3 and N is calculated for cell A.

The standard deviation of the vertical velocity is proportional to the square root of TKE, Eq. 4.2. How-
ever, the use of the prefactor 2 assumes that all turbulent energy is contained in the vertical motion
(TKE = 62/2). If isotropy of the turbulence is considered (62 = 62 = 02), the prefactor becomes 2/3
because TKE = (62 + 62+ 62)/2 (Golaz et al., 2011; Tonttila et al., 2013), where o, and o, are the
standard deviations of the horizontal velocity components. In this study, some of the test simulations
were performed using 2 as the prefactor of TKE, but for our final simulations, 2/3 was chosen, so Eq. 4.2

can be written as

55



4. Simulation of the Holuhraun eruption 2014-2015

P (w’)

e

Figure 4.4.: A schematic illustration of a grid with nine cells and different updraft velocities in a particular cell
called A (left), the PDF of these updrafts (right).
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The activation parameterization predicts only the number of activated particles (N,;), but the nucleation
rate Sj‘(,cct must be calculated to be used in the cloud droplet budget equation (Bangert, 2012). Most
models (e.g., Lohmann et al., 2007; Storelvmo et al., 2006) calculate the nucleation rate by dividing the
difference between the parameterized number of activated particles and the number of pre-existing cloud
droplets by the time step interval (Bangert et al., 2011). In ICON-ART, additional assumptions are made
to derive the nucleation rate. The nucleation rate is calculated in ICON-ART for three cases: in a new
cloud, in an existing cloud, and at the cloud base. If N, is less than 10 cm 3, the cloud is considered to
be new. Two other cases (in-cloud and cloud base) are distinguished by the determination of the partial
pressure over water vapor (e) and the saturation pressure at ambient temperature (e;). If e < e, the cloud
base is the desired case, and conversely, if e > ey, the case refers to in-cloud. For the cloud is newly
formed and for in-cloud activation of aerosol particles above the cloud base, the nucleation rate of cloud

droplets is given by
Ng—N,(t
S,“Vit = max<[ d IC( ) ,0) (4.5)

where Az is the time step used and N,(r) is the number of cloud droplets present in the previous time step
and takes a value only in the case of in-cloud activation.
In the case of the cloud base, the nucleation rate is calculated based on advection and turbulent diffusion

of particles into the cloud base

Kh AT
_ &y
S8 = max <min <XZN[, n Z—;Nd, A‘;) ,0> (4.6)

56



4.3. Sensitivity simulations on cloud droplet concentration

where Az is the thickness of the vertical layers, dz = 1/2(Azx_1 — Az;), and K}, is the turbulent diffusion
coefficient.

The nucleation rates calculated from Eq. 4.5 and Eq. 4.6 are then used in the two-moment cloud micro-
physics scheme of Seifert and Beheng (2006).

In our analysis, we found that the presence of the turbulence term in Eq. 4.7 (Kj) causes a significant
increase in the cloud droplet number concentration. This led us to modify this equation and find a replace-
ment for this term, making it more consistent with the assumption on the vertical velocity distribution
used for the calculation of N,.

Peng et al. (2005) investigated the sensitivity of cloud droplet nucleation to vertical gust velocity. They
compared the nucleated cloud droplet number concentration predicted using the probability density func-
tion of measured in-cloud vertical velocities to predictions using a characteristic vertical velocity value.
Their results showed that using a characteristic vertical velocity equal to 0.8 - 0, gives the best agreement
between simulated and observed N;. Therefore, we modified Eq. 4.6 and replaced the turbulence term

(Ky,) with 0.8 - 0,, based on the estimate given by Peng et al. (2005) and rewrote it as

— (0.8-0,)— Ny
$41 = max (min (AWsz n mNd, A‘t’) ,0> . 4.7)

A brief description of each test simulation using these different configurations and a comparison of their

results is provided in the following subsections.

4.3.1. Setup of the sensitivity experiments

As mentioned above, one of the changes we made was to increase the number of vertical levels from 50
to 75, and we saw a significant difference between N, in them (blue and red histograms in Figure 4.7
and blue and red boxes in Figure 4.8, which will be discussed later). Our evaluations led us to believe
that this difference was due to the behavior of the turbulence parameter discussed above. Figure 4.5
shows the height of the vertical levels in these two simulations (left) as well as the frequency of TKE
(middle) and K}, (right) in cloudy pixels (defined as having a condensed mass of cloud water+cloud ice
>107> kg kg~'). As can be seen, increasing the number of vertical levels leads on the one hand to an
increase in the turbulence parameters (T KE and K}), and on the other hand to a reduction in the space
between the vertical levels, leading to the larger Sj‘(,‘j in Eq. 4.6 and Eq. 4.7. These effects together
lead to the strong increase of N, in the "S_75" simulation compared to "S_50". We then modified these
parameters as discussed in 4.3, e.g., we used Eq. 4.4 instead of Eq. 4.2 (named "S_75_23") and Eq.
4.7 instead of Eq. 4.6 (named "S_75_08"). When we considered these changes separately, we saw
their effect on N, but applying them together (named "S_75_08_23") gave us the closest results to the
observational data compared to the previous setting. Therefore, code-wise, we chose the latter as our

appropriate setup.
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Figure 4.5.: Geometric height at full level center (z_mc) (left), and the frequency of TKE (middle) and Kj, (right)
in the cloudy pixels in "S_50" (blue) and "S_75" (red).

In addition to these code changes, we tested some parameters in the simulation setup. For example,
we changed the source strength of SO, from 251 kg/s to 347.22 kg/s (named "S_75_08_23_347"), did
not consider sulfate in the coarse mode because its mass mixing ratio was negligible compared to two
other modes (named "S_75_08_23_347_rm-coa"), and as a final modification we increased the top of the
model from 23 to 30 km (named "S_75_08_23_347_rm-coa_30"). Table 4.4 shows these simulations.
The left column shows the chosen name of the simulation, the middle column summarizes the description

of each simulation, and the numbers in the right column are further explained in 4.3.2.

4.3.2. Results of the sensitivity experiments

To quantify the effect of the presence of volcanic aerosols, we divided our analysis into two regions,
inside and outside the plume. To find an appropriate threshold to define the boundary between these
regions, we looked at the distribution of the total sulfate mass in both the Aitken (SO4_ait) and accu-
mulation (SO4_acc) modes (SO4 = SO4_ait+ SO4_acc) and identified SO4 = 107> ug m~3 as suitable
threshold. Figure 4.10 shows SO4 on September 4 at 15:00 at an altitude of 1800 m. In this figure, the
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Table 4.5.: Test simulations to find the best setup, name (left), description (middle), relative enhancement (right).

simulation_name description RE %

S_50 Simulation with fifty vertical levels using Eq. 1824
4.2 and Eq. 4.6

S_75 Simulation with seventy-five vertical levels 6167
using Eq. 4.2 and Eq. 4.6

S_75_23 Simulation with seventy-five vertical levels and | 9305
using Eq. 4.4 and Eq. 4.6

S_75_08 Simulation with seventy-five vertical levels and | 4004
using Eq. 4.2 and Eq. 4.7

S_75_08_23 Simulation with seventy-five vertical levels and | 1494
using Eq. 4.4 and Eq. 4.7

S_75_08_23_347 Simulation with seventy-five vertical levels, 1502

using Eq. 4.4 and Eq. 4.7, and change SO,
source strength from 251 to 347 kgs ™!
S_75_08_23_347_rm_coa Simulation with seventy-five vertical levels, 1569
using Eq 4.4 and Eq. 4.7, with 347 kgs~! as
SO, source strength, and with not considering
sulfate in the coarse mode
S_75_08_23_347_rm_coa_30 Simulation with seventy-five vertical levels, 1311
using Eq. 4.4 and Eq. 4.7 with 347 kgs ! as
SO, source strength, without considering
sulfate in the coarse mode, and increasing the
model top from 23km to 30 km

MODIS 42

outermost contour shows SO4 = 107> ug m—3, so this value was chosen as the threshold to define the
boundary between the inside and outside of the plume.

For each test run, the relative frequency distribution of the total column integrated cloud droplet number
concentration was plotted (Figure 4.7), and for each, the relative enhancement (RE) was calculated based

on the study by Haghighatnasab et al. (2022). They defined RE as

RE — mean for inside plume — mean for outside plume

4.8
mean for outside plume (4.8)

which shows the enhancement of /N, inside the plume compared to outside the plume. Figure 4.7 shows
the relative frequency of N, inside (left) and outside the plume (right) for test simulations. For each
simulation, the mean and median are shown in the legend, and the amount of RE (in percent) has been
summarized in the right column of Table 4.5. In addition to assessing the contribution of each modifica-
tion described in 4.3.1, the results were compared with MODIS (Moderate Resolution Imaging Spectro-
radiometer) satellite retrievals. The total column integrated cloud droplets for MODIS, N,,, is calculated

from the cloud top effective radius, 7., and the visible cloud optical depth, 7, as

N, = Bt.r,> 4.9)

59



4. Simulation of the Holuhraun eruption 2014-2015

75°N

70°N

65°N

60°N

55°N

30°wW 20°wW 10°W 0° 10°E

Figure 4.6.: Horizontal distribution of total sulfate in both the Aitken (SO4_ait) and accumulation (SO4_acc)
modes on September 4 at 15:00 at an altitude of 1800 m. The outermost contour indicates that SO4 = 1073
ug m~3 is a good approximation to choose as the boundary between the inside and outside of the plume.

with B = 0.32m~! (Quaas et al., 2006).

Comparing the results of the test simulations with each other and then with the MODIS data showed us
that the RE in the test simulations is much higher than the observation. To explain the difference between
our simulation and the MODIS data, it can be said that the number density of aerosols outside the plume
is probably underestimated because we consider only sea salt as background aerosol, while inside the
plume there is a huge amount of aerosols due to the emission of sulfate, which has caused a significant
increase in N, and on the other hand the almost clear sky due to the lack of background aerosol has
caused a reduction in N, outside the plume. Consequently, the RE from the simulations is much higher
than the RE from the observations. However, it should be noted that the modifications we made in the
code (replacing Eq. 4.2 with 4.4 and Eq. 4.6 with 4.7) have improved our results to be more comparable
with the MODIS data.

To see the distribution of N, in the test simulations more quantitatively, the box plots corresponding to
each PDF inside (top) and outside (bottom) the plume are shown in Figure 4.8. In all the boxes, the
median (the horizontal orange line) has been shifted to the first half, which means that the distribution
is right-skewed, showing that there are many cloudy pixels with low amounts of cloud droplets. By
increasing the vertical levels from 50 to 75, the number of cloudy pixels with a high amount of cloud
droplets was increased by comparing the red histogram/box with the blue histogram/box in Figures
4.7/4.8. It shows that this change produces too many small cloud droplets and shifts the distribution
of N, to the higher numbers. Shifting the tail of the PDF of "S_75" with respect to the PDF of "S_50"

in Figure 4.7 and increasing the third quartile and the maximum number in Figure 4.8 in the "S_75"
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Figure 4.7.: Relative frequency of total column N in different test simulations. The legend shows the name of
each test run, and the mean and the median of N_ in the corresponding simulation.

box with respect to the "S_50" confirms this. However, changing the vertical levels did not affect the
frequency of the low concentration of N, (below 2e8 cm~2), which can be seen in both Figures 4.7
and 4.8, where the value of the median did not change significantly. Figure 4.8 shows it better because
the location of the median line (the horizontal orange line) did not change too much compared to the
changes in the location of the third quartile and the maximum in "S_75" compared to "S_50". Moreover,
the results from outside the plume show no remarkable changes between "S_75" and "S_50", confirming
that the change in vertical levels only affected the pixels with a high amount of aerosol and consequently
a high amount of N.. A notable increase in the mean but not a notable change in the median in "S_75"
compared to "S_50" shows that there are more extreme values in "S_75". As mentioned above, we
related the increase in N, in "S_75" to the change in atmospheric turbulence parameters such as TKE
and K, and minimized their effect by applying new corrections. The results of these simulations are also
shown in Figures 4.7 and 4.8. The orange histogram/box shows the results of using Eq. 4.4 instead of
Eq. 4.2, and the cyan histogram/box shows the results of using Eq. 4.7 instead of Eq. 4.6. The pink
histogram/box is the result of applying these corrections together (using Eq. 4.4 and Eq. 4.7). These
results show that the turbulence parameters are too important in predicting the number concentration of
cloud droplets. However, comparing the results from inside and outside the plume shows that N, outside
the plume is not too much affected by these parameters, while their effect on N, inside the plume, where
too many aerosol particles are involved, is significant. The reason for this could be the enhancement
of the heating source due to the release of more latent heat when more aerosols are activated as cloud
droplets, which in turn leads to an increase in the value of the turbulence parameters, including TKE and
Kj,. The difference between the other simulations is not significant, showing that N, is not affected too
much by other changes.

Finally, the VOLCANO and NO-VOLCANO simulations were performed with the setup of the final
simulation, i.e., "S_75_08_23_347_rm_coa_30".
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Figure 4.8.: Total column N, in different test simulations (colored boxes) and MODIS data (black) for inside (top)
and outside (bottom) of the plume.

4.4. Results on volcanic aerosol impact on clouds

Based on the description given in 4.2 and by applying the modifications described in 4.3, two simulations
have been carried out with respect to VOLCANO and NO-VOLCANQO, in one of which the emission
plume is taken into account and in the other it is not. It should be noted that these simulations cover
8 days from August 30 to September 7 at 00:00. In the following subsections, the results of these

simulations are compared.

4.4.1. Warm clouds

As a first step, the response of the cloud droplet number to the enhancement of the volcanic aerosols was
investigated. Figure 4.9 shows the horizontal distribution of the total number concentration of aerosols
N, in the Aitken and accumulation modes in the NO-VOLCANO (two left columns) and VOLCANO
(two right columns) simulations. In NO-VOLCANO, sea salt is the only aerosol present and it is found
in the accumulation and coarse modes, so this figure shows sea salt only in the accumulation mode. But

in VOLCANO this figure shows the sum of sea salt and sulfate in the accumulation mode plus sulfate
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Figure 4.9.: Horizontal distribution of the total number concentration of aerosols in Aitken and accumulation
modes. The two left columns show N, in 8 days from August 30 to September 6, 2014, for the NO-VOLCANO
simulation and the two right columns show N, in the same days in the VOLCANO simulation. N, is averaged
vertically from the ground to 5 km above ground.

in the Aitken mode. In our simulations, the start time of the volcano’s eruption was considered to be
midnight on September 1. This figure shows the presence of volcanic aerosol from that day onward
in the VOLCANO simulation. The effect of increasing the number of aerosol particles can be seen in
Figure 4.10, which shows the number concentration of cloud droplets N, on simulated days. Figure 4.10
shows the horizontal distribution of cloud droplets (and similar to Figure 4.9, the two left columns show
the results of the NO-VOLCANO simulation and two right columns show the results of the VOLCANO
simulation). In these figures, N, and N, are daily averages over all non-zero values in the vertical levels
from the ground up to 5 km. The enhancement of the cloud droplet concentrations in the presence of
volcanic aerosols is clearly evident. This was expected because in the VOLCANO simulation the number
of aerosols increased and the available water vapor condensed on more particles, increasing the number
of cloud droplets.

In the VOLCANO simulation, since the available water vapor is spread over more aerosols, each aerosol
gets a smaller amount of water vapor and the resulting cloud droplets are smaller. Table 4.6 lists the
effective radius of cloud droplets in these two simulations and the MODIS data on an example day.
Since the effective radius was not calculated online during the simulation, we calculated it offline, but in
order not to run a heavy program, we have calculated it only at an altitude = 7 km, which is considered

as the top of the cloud, and a few times for each day (e.g., 04:00-22:00 by 2-hour intervals). The data
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Figure 4.10.: Horizonatl distribution of number concentration of cloud droplets. The two left columns show N, in
8 days from 30 August to 6 September 2014 for NO-VOLCANO simulation and the two right columns show N,
in the same days in VOLCANO simulation. N, is vertically averaged from ground to Skm above ground.

summarized in Table 4.6 are for the 4th of September, averaged over the above times. As can be seen,
the effective radius decreases inside the plume in VOLCANO compared to NO-VOLCANO but is not
too different outside the plume. We will further describe how the reduction of the cloud droplet radius
can affect microphysical processes. The increase outside the plume in the simulations compared to the
MODIS data may be due to considering only sesasalt as the background aerosol leading to the increase
in cloud droplet radius, and the difference between inside and outside the plume in both VOLCANO and
NO-VOLCANO may be due to the changes in meteorological conditions.

Table 4.6.: Effective radius of cloud droplets inside and outside the plume for VOLCANO, NO-VOLCANO, and
MODIS on September 4.

VOLCANO NO-VOLCANO MODIS
in-Plume out-Plume | in-Plume out-Plume | in-Plume out-Plume
[um] [um] [um] [um] [um] [um]
11.19 31.88 19.75 31.89 11.48 12.74

Similar to the sensitivity experiments in Section 4.3.2, the relative frequency of the total column of N,
was analyzed for two VOLCANO (red) and NO-VOLCANO (blue) simulations inside (left) and outside
(right) the plume and compared with the MODIS data (black) shown in Figure 4.11. The mean and me-

dian of the total column of N, for each simulation and MODIS observation are listed in the legend of this
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Figure 4.11.: Relative frequency of total column of cloud droplets inside and outside the plume for VOLCANO
(red), NO-VOLCANO (blue), and MODIS (black) data for inside the plume (left) and outside the plume (right).

figure, and using these means and Eq. 4.8, the relative enhancement (RE) was calculated for both simula-
tions and MODIS. The results show that the RE is 818%, 93%, and 107% for the VOLCANO simulation,
the NO-VOLCANO simulation, and for MODIS, respectively. This means, for example, that the pres-
ence of sulfate inside the plume in the VOLCANO simulation increased N, by a factor of 8 compared to
the outside plume containing only sea salt. This figure (left panel) shows that for lower values of the to-
tal column of cloud droplets (N;), both VOLCANO and NO-VOLCANO as well as the MODIS data are
highly frequent with close probability. With a slight increase in the total column of N, we reach a tran-
sition where the relative frequency of the MODIS data decreases faster and the simulations deviate from
the observation. This is the point where two simulations seem to overestimate N, compared to MODIS.
For higher values, the difference between VOLCANO and MODIS remains and even increases faster for
too large values, while the frequency of the NO-VOLCANO simulation decreases sharply and is reduced
to below that of MODIS. For too large values of the total column of N, the frequency of VOLCANO
is still high, despite the decreasing trend observed in MODIS. This shows that the VOLCANO simula-
tion overestimates the total column of N, compared to MODIS, while NO-VOLCANO underestimates it
when the total column of N, increases.The reason for this behavior between simulations and MODIS in
the VOLCANO simulation is the presence of a high amount of sulfate in VOLCANO and the lack of it
in NO-VOLCANO, which causes the cloud droplets to increase strongly in VOLCANO but not in NO-
VOLCANO. In addition to the lack of sulfate in NO-VOLCANO, the lack of background aerosol causes
the relative frequency of total column cloud droplets to decrease at higher values compared to MODIS.
Outside the plume (right panel), similar to inside the plume, both VOLCANO and NO-VOLCANO as
well as the MODIS data are highly frequent with close probability for lower values of the total column
of cloud droplets (N,). Despite inside the plume, there is no deviation between VOLCANO and NO-
VOLCANO because both the meteorology and the aerosol distribution are the same outside the plume.
However, the comparison with MODIS showed that while the simulations overestimate the frequency of

low total column N, concentrations (below 2e8 cm~2), they underestimate the frequency of higher total
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column N, values due to the lack of background aerosols. In NO-VOLCANO inside the plume and for
both simulations outside the plume, we have seen regions where the simulations overestimate the total
column of N, compared to MODIS (e.g, below 1.5e8 cm~2 in the left panel and below 2e8 cm~? in the
right panel).The reason for this could be that there is a possibility that the satellite data are biased at such
low concentrations (Grosvenor et al., 2018; Haghighatnasab et al., 2022).

The corresponding box plot similar to Figure 4.11 is shown in Figure 4.12. In this figure it can be seen
that the enhancement of the aerosol concentration inside the plume in VOLCANO causes the distribution
of N, to change so that it has extreme values. The smaller median in NO-VOLCANO (both inside and
outside) and VOLCANO (outside) shows that in these cases N, gets more smaller values compared to

the MODIS data, which is consistent with the discussion above.
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Figure 4.12.: The total column of integrated N, for inside (left) and outside (right) the plume in VOLCANO (red),
NO-VOLCANO (blue), and MODIS data (black).

Perturbations in aerosol number concentration have a direct effect on cloud mass and number concentra-
tion (as discussed earlier), and consequently on cloud microphysical processes and the mass and number
of hydrometeors such as raindrops. These variations are also found in the spatiotemporally averaged
profiles of mass mixing ratio and number concentration of liquid hydrometeors, as well as autoconver-
sion and accretion rates, as shown in Figure 4.13. All profiles discussed here are averaged over cloudy
pixels (as defined in 4.3.1) and over the time period from 00:00 on September 1 to 00:00 on September
7. Both the mass and number concentration of cloud droplets increase inside the plume in VOLCANO
(the red solid lines) compared to similar regions in NO-VOLCANO (the blue solid lines). However, they
remain unchanged outside the plume (the red dotted solid lines and the blue dashed lines), confirming
that the difference between them is due only to the presence of the volcanic plume and not to the me-
teorological conditions. The enhancement of cloud droplets leads to a reduction in both the mass and
number concentrations of raindrops (middle plots). In the VOLCANO simulation there are more aerosol
particles with similar available water vapor than in the NO-VOLCANO simulation. Under such condi-
tions, the produced cloud droplets become smaller (as shown in Table 4.6), which affects the collision

and coalescence processes (autoconversion, bottom right plot) as already discussed in 3.3.1, and causes
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a reduction in the number concentration of raindrops. On the other hand, the smaller cloud droplets and
the low number density of raindrops lead to a reduced accretion rate (top right) and consequently to a
reduced mass concentration of raindrops (middle top). The comparison between the mass mixing ratio
and the number concentration shows that the volcanic plume increased the mass mixing ratio by a factor
of 1.5, while it increased the number concentration by a factor of 4. This shows that the cloud droplets

are smaller, which in turn affects the autoconversion and accretion processes.
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Figure 4.13.: Spatiotemporally averaged (over time 00:00 on September 1 to 00:00 on September 7 and cloudy
pixels) profiles of cloud mass mixing ratio of cloud droplets (top left) and raindrops (bottom left), number con-
centration of cloud droplets (top middle) and raindrops (bottom middle), and accretion rate (top right) and auto-
conversion rate (bottom right) in VOLCANO (reds) and NO-VOLCANO (blues) simulations.

One point to note is that all the profiles are different when compared inside and outside the plume,
which shows the different meteorological conditions of cloud droplets and raindrop formation inside and
outside the plume, regardless of the simulations.

As described above, no changes were observed between the variables outside the plume in the VOL-
CANO and NO-VOLCANO simulations, but the difference between the variables inside the plume in
these two simulations is significant. To see the significance of the difference inside the plume, we ex-
amined the mass mixing ratio (right) and number concentration (left) of cloud droplets and their un-
certainties on September 4, which are shown in Figure 4.14. As can be seen, there are very strong
perturbations in the mass concentration and even stronger perturbations in the number concentration of

the cloud droplets, so that even at some heights the maximum value of the NO-VOLCANO simulation
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Figure 4.14.: Spatiotemporally averaged profiles of the mass mixing ratio (right) and number concentration (left)
of cloud droplets on 4 September (averaged from 00:00 to 23:00 on 4 September) for inside the plume and over
cloudy pixels. The shaded area indicates the uncertainties.

is lower than the minimum value of the VOLCANO simulation. It shows that the presence of volcanic
aerosols significantly increases the number of cloud droplets and widens the distribution of the cloud

droplet mass mixing ratio.

4.4.2. Cold clouds: Mixed-phase clouds

Since Holuhraun did not emit significant ash particles (Schmidt et al., 2015), no INP is considered in
our simulations to be used in heterogeneous freezing. Therefore, the ice particles are the result of ho-
mogeneous freezing. Figure 4.15 shows the spatiotemporally averaged profiles of the mass mixing ratio
of ice crystals (g;) and snow (gs5) as well as their number concentration (&;, Ns) in VOLCANO and
NO-VOLCANO simulations ( the details of the colors and lines are similar to Figure 4.13.).

As can be seen, contrary to the obvious effect of volcanic aerosols on the mass and number of cloud
droplets and raindrops, no significant effect on ice and snow is observed. In addition, the vertical profiles
of the mass and number of cloud droplets and raindrops as well as the autoconversion and accretion
processes (Figures 4.13) show a remarkable change between inside and outside the plume in both VOL-
CANO and NO-VOLCANO simulations, while these differences are not significant for frozen hydrome-
teors (ice and snow), confirming that the absence of INP caused no particular changes not only between
VOLCANO and NO-VOLCANO, but also inside and outside the plume. The mass mixing ratio of ice
crystals did not change inside compared to outside in both simulations, which may be due to the similar
meteorological conditions regarding ice formation as well as the lack of INP inside the plume. For snow,
we see the difference between the inside and the outside of the plume, although it is not too much, but we
do not see any significant changes between VOLCANO and NO-VOLCANO. Snow particles are formed

by the aggregation of ice particles (shown in Figure 2.11). Since there are no changes in the mass of ice
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Figure 4.15.: Spatiotemporally averaged profiles of the mass mixing ratio of ice crystals (upper left) and snow
(lower left), and the number concentration of ice crystals (upper right) and snow (lower right) in the VOLCANO
(reds) and NO-VOLCANO (blues) simulations.

crystals, it was expected that there would be no changes in the snow profile. However, there are other
hypotheses about the processes that produce snow. For example, snow may be the result of the freezing
of raindrops, or it may be the result of a reduction in riming that leaves snow unrimed. Therefore, it can
be said that the different behavior of ice and snow with respect to the inside and outside of the plume
may be due to the processes by which snow is formed, which depend on rain freezing and the riming
process, which is different inside compared to the outside of the plume. Rain freezing has been studied
but not shown here, but the effect of the volcanic plume on the riming process will be discussed later.
Our results (Figure 4.18) show that the snow in VOLCANO and NO-VOLCANO can be different if we
consider only one or a few time steps or a limited area for averaging. However, the fact that we see no
particular changes in the snow profiles in Figure 4.15 may be due to the cancellation of the effects of the
processes involved in snow formation when we average over a longer time and larger area.

In order to analyze the evolution of microphysical quantities and processes in mixed-phase clouds, in
addition to the hydrometeors studied above, we also studied the behavior of graupel, an important mixed-

phase hydrometeor, as it forms during the riming process, which involves both liquid and frozen hydrom-
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Figure 4.16.: Spatiotemporally averaged profiles of the number concentration of graupel (left), the mass mixing
ratio of graupel (middle), and riming rate (right) in the VOLCANO (red) and NO-VOLCANO (blue) simulations.

eteors. As described in Section 2.3.2, the riming process occurs when supercooled liquid droplets collide
with ice and snow particles. In our simulations, we did not see a significant difference in ice and snow
between VOLCANO and NO-VOLCANO simulations, but the effect of the presence of volcanic aerosols
on both the mass and number concentration of graupel was observed (shown in Figure 4.16). This figure,
similar to Figures 4.13 and 4.15, is spatiotemporally averaged (over time from 00:00 on September 1
to 00:00 on September 7 and cloudy pixels) of the graupel number concentration, Ng, (left), the graupel
mass mixing ratio, g,, (middle), and the total riming rate in the VOLCANO (red) and NO-VOLCANO
(blue) simulations. As can be seen, in the VOLCANO simulation inside the plume, both mass and num-
ber have decreased compared to the NOVOLCANO simulation. To explain the reason for this, it can be
said that in the VOLCANO simulation inside the plume, the cloud droplets are smaller (as already seen
in Table 4.6), so the riming decreases because the small cloud droplets are less likely to collide with ice
or snow particles (as seen in Figure 2.15), and consequently the graupel formation decreased. Similar to
Figure 4.13, where the difference between the inside and the outside of the plume is remarkable, Figure
4.16 also shows this difference because both the graupel mass and number concentrations and the riming
process are affected by the processes in the warm phase.

In addition to the cloud droplet number concentration produced in VOLCANO and NO-VLCANO, which
was compared with MODIS data, the snow water content from these simulations was also compared with
observations. For this purpose, we used data from another satellite (CloudSat), one of whose products
is the snow water content, giving us the opportunity to compare our results with it. The CloudSat Snow
Profile product (2C-SNOW-PROFILE) provides estimates of vertical profiles of snowfall rate along with
snow size distribution parameters and snow water content for radar reflectivity profiles observed by the
CloudSat Cloud Profiling Radar (CPR) which, based on an evaluation of the profile and ancillary data,
appear to coincide with snow at the surface. We used this product to compare the snow water content
from our simulations with observational data. Of the six days in September that were simulated, we

found the 4th of September at 04:00 UTC to be the most appropriate time to make this comparison
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Figure 4.17.: CloudSat trajectory (blue curve), sulfate distribution (red contours), and snow distribution (blue
contours), as well as the area over which we averaged for comparison (the red box).

because at that time the sulfate particles were well distributed in the simulation domain and our results
showed that there was a good overlap of snow and sulfate at that time. In addition, the satellite was
passing over the simulation domain at that time, so we could compare the results with the observational
data. Figure 4.17 shows the satellite trajectory over the domain at that time, as well as the horizontal
distribution of the mass mixing ratio of snow (snow water content) and sulfate.

Figure 4.18 shows the vertical profile of snow water content (g m~>) from the CloudSat retrieval (black)
as well as the simulations (VOLCANO in red and NO-VOLCANO in blue) at 04:00 UTC on September
4, averaged over the red box in Figure 4.17 and averaged over cloudy pixels. The comparison showed
that our results are in good agreement with CloudSat, and the VOLCANO simulation results are some-
what closer to the observational data at altitudes below 4 km. However, at higher altitudes, the results
of both simulations overestimate the snow water content compared to the observation. In this figure,
despite Figure 4.15, the difference between snow in VOLCANO and NO-VOLCANO is observed. As
a reminder, it is important to mention that the simulation data in this figure is only at one-time step, but
in Figure 4.15 it is the time-averaged. Also, the area over which we averaged the data is smaller here
compared to the area we averaged in Figure 4.15. In addition, these changes may be due to the differ-
ence between the riming of the snow, which is reduced in the VOLCANO simulation, leaving the snow

unrimed, and as another hypothesis, the snow may be the result of the freezing of raindrops.
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Figure 4.18.: Vertical profile of snow water content from CloudSat (black) and simulations (red-VOLCANO, blue-
NO-VOLCANO). The simulation results are the average of the red box in Figure 4.17 and at 04:00 UTC on
September 4.
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The current study aims at a deep understanding of volcanic aerosol particles and cloud interactions. The
previous chapter investigated the behavior of cloud hydrometeors in the presence of the 2014 Holuhraun
eruption. However, the examination of the Holuhraun eruption did not answer all of our questions be-
cause it carried very little ash, so we could not study the efficiency of heterogeneous ice nucleation. To
complete our journey in studying the effect of volcanic aerosols on clouds, we simulated another vol-
canic eruption that differs from the Holuhraun eruption in location and emitted substances. The second
case is the 2021 La Soufriere eruption, which provides a good opportunity to study heterogeneous ice
nucleation due to the availability of ash particles that can be activated as ice nucleating particles.

In this chapter, similar to the previous one, the general information about the 2021 La Soufriere eruption
will be presented, then the set up of the files necessary to simulate this eruption will be given, and at the

end, the analysis of the results of the simulations performed will be included.

5.1. Location and properties

At the beginning of the previous chapter, a map of tectonic plates and their boundaries was shown (Figure
4.1). As explained there, these boundaries are the hosts of active volcanoes. One of the active volcanoes
studied in this thesis is the La Soufrieére eruption, located on the Caribbean island of Saint Vincent
(13.33°N, 61.18°W); the red triangle near the equator in Figure 4.1.

This volcano erupted on April 9, 2021, almost 42 years after its last major eruption in April 1979 (Fiske
and Sigurdsson, 1982; Horvéth et al., 2022), and lasted several days. The 2021 La Soufriére eruption,
in contrast to the 2014 Holuhraun eruption, was an explosive eruption, not continuous but characterized
by a large number of individual pulses (Bruckert et al., 2023). Horvéth et al. (2022), by tracking the
emergence of cold bubbles near the volcano in animated infrared (IR) brightness temperature images,
counted 46 individual phases during the first five days and 49 phases during the entire eruption period
from April 9 to 22. The first eruption occurred at 12:41 UTC on 9 April (Joseph et al., 2022), followed
by five more on that day. The most intense activity was seen on 10 and 11 April with 22 and 9 eruptions
respectively. After that, the number of eruptions decreased to four, three, and two on April 12, 13, and
14, respectively. Finally, there was one eruption each on April 16, 18, and 22 (Horvith et al., 2022).
The duration of the eruptive phases varied between 10 minutes and 1 hour, and it should be noted that
the beginning and end of a single pulse is somewhat subjective (Horvath et al., 2022). In addition to

the different durations of the individual pulses, their height was also variable. Bruckert et al. (2023)
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5. Simulation of the La Soufriére eruption 2021

stated that the detected eruption phases reached plume heights between 5.7 and 18.7 km. This series of
eruptions ejected a significant amount of ash and SO, into the atmosphere, covering the island of Saint
Vincent with ash and causing the evacuation of tens of thousands of people. The plume drifted mostly
east-northeast and reached neighboring islands, including Barbados 165 km to the east (Horvéth et al.,
2022; Bruckert et al., 2023). Babu et al. (2022), using Ozone Monitoring Instrument (OMI) observations,
showed that the volcanic plume reached Taiwan in the western North Pacific region ten days after the
initial eruption.

To simulate this eruption, we used the setup provided by Bruckert et al. (2023). A brief description
of their setup is given here, but a more detailed description can be found in their paper. Figure 5.1,
which is taken from Bruckert et al. (2023), shows the assumed plume heights and the resulting mass
eruption rate (MER) for very fine ash for the 43 individual eruption phases. To estimate the amount
of ash, Bruckert et al. (2023) calculated the fraction of very fine ash (particles < 32 um) relevant for
atmospheric dispersion using the total Mass Eruption Rate (MER) derived with FPlume and the input
plume height applied to the equation by Gouhier et al. (2019). This figure summarizes the assumed
plume heights and the resulting MER of very fine ash for the 43 individual eruption phases, where the
mass was evenly distributed as insoluble tracers over the accumulation, coarse, and giant modes. These
modes were emitted as log-normal distributions with median mass diameters of 0.8, 2.98, and 11.35
um, respectively, and a standard deviation of 1.4 for each mode. FPlume is a 1-D volcanic plume rise
model that calculates the MER and mass distribution in the column online (Folch et al., 2016). Bruckert
(2023) coupled ICON-ART with the FPlume to better represent the influence of eruption dynamics on
eruption source parameters. The use of FPlume enables simulating of individual eruption phases of
complex non-continuous eruptions and allows a comparison of modeled plumes with observations in the
vicinity of the volcano. Bruckert et al. (2023) used data from the TROPOspheric Monitoring Instrument
(TROPOMI) on board the ESA/EU Copernicus Sentinel-5 Precursor (S5P) satellite from April 09 to 13,
2021 to estimate the SO, mass ejected by the La Soufrieére eruption. They estimated the amount of SO,
to be 0.4 Tg. They distributed the total SO2 amount over the eruption phases by considering the plume
height and phase length, ideally assuming that the emission followed the same profile as the very fine

ash emission.

5.2. La Soufriére simulation setup

This section describes the simulation setup we used to simulate the La Soufriére eruption with the ICON-
ART model. Similar to the Holuhraun case, we ran a pair of simulations, one with and one without the
volcanic plume (called "VOLCANO’ and 'NO-VOLCANO?’). These two simulations are otherwise com-

pletely identical. The general settings common to both simulations are described in the next subsection.
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Figure 5.1.: Prescribed plume height from satellite estimates (a) and online-calculated emission of very fine ash

(b) in the first 96 h of the 2021 La Soufriere eruption. The emission of very fine ash is derived from the Mass
Eruption Rate (MER) modeled with FPlume and a very fine ash parameterization from Gouhier et al. (2019).
The bars indicate the timing of each eruption phase and its length, the figure is taken from Bruckert et al., 2023.
©2023, The Authors.

5.2.1. General setup

The general simulation setup is similar to the Holuhraun case and is summarized in Table 5.1. The
La Soufriere eruption started on April 9 at 12:41 UTC (Joseph et al., 2022), so for each run, 5-day
simulations were performed from 00:00 UTC on April 9 to 00:00 UTC on April 14, using 12 hours as
spin-up for the concentration persistence of sea salt, which is considered as the background aerosol.

Figure 5.2 shows the ICON domain used in these simulations, which includes the latitude range 0-26 °
N and the longitude range 70-20 “W. As described above, and as our primary results have also shown,

the plume is spared to the east, so that the area covered by the domain is the largest to the east.

Table 5.1.: General configuration for La Soufriere eruption simulation

Horizontal resolution ‘ Number of vertical levels ‘ Initial and boundary ‘ Time step
2.48 km | 75 | ECMWEF-IFS | 20s
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Figure 5.2.: The ICON domain used in the simulations. It covers the region from 0-26 °N, 70-20 °W. The red dot
indicates the location of the La Soufriére volcano. The color bar shows the geometric height of the Earth’s surface
above sea level, and the blue color shows the ocean.

5.2.2. Model configuration using XML files

In addition to the setup described above, additional setup must be specified for the application of the
aerosol dynamics and chemistry processes. The configuration is done using the XML files and is de-
scribed in the next subsection. Since we already described the contents of the XML files in Chapter 4,

here just an example of the aerosol tracer, modes, and point source XML file is given.

Tracer XML file

For the simulation of the La Soufriére eruption, a few more aerosol tracers are added to the aerosol
tracers of the Holuhraun case. As mentioned above, La Soufriére was an ash-rich eruption in addition
to the emission of large amounts of sulfur dioxide. Therefore, ash particles have been added to the
aerosol tracer XML file, which can be found in three modes: accumulation, coarse, and giant. On the
other hand, the presence of both sulfate, which is soluble, and ash, which is insoluble, resulted in a new
mode (mixed) described in Chapter 3 (shown in Figure 3.1). In ICON-ART, based on the assumption of
Weingartner et al. (1997), once the mass of soluble species reaches 5% of the total mass in that mode,
particles are shifted to the mixed mode. In this model, the shift of particles from an insoluble mode

to the corresponding mixed mode follows the implementation of Riemer (2002). In volcanic plumes,
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5.2. La Soufriere simulation setup

water or sulfate coats ash particles by condensation and coagulation processes. This coating reduces the
highly irregular shape of volcanic ash particles and makes them more spherical. Table 5.2 summarizes
the mode and solubility of the aerosols provided in this file for the La Soufriere case. "1" means that the
desired mode is included in the simulations and "0" means that it is not. "YES" and "NO" indicate that

the aerosol component can be found as soluble, insoluble, or both as mixed particles.

Table 5.2.: Aerosol components and relevant modes in the La Soufriere simulation. The three right columns show
the solubility of each tracer.

Aerosol/ mode ‘ Aitken ‘ accumulation ‘ coarse glant H soluble insoluble | mixed

sulfate 1 1 Yes Yes
seasalt 0 1 No Yes
ash 0 1 Yes Yes

One point to note is that the sulfate particles are rarely found in the insoluble mode.

Modes XML file

The definition of the modes XML file for La Soufriere is similar to what we did for the Holuhraun
case, but in this case, a few more parameters were added to represent the properties of the insoluble and
mixed aerosols. Median diameter with respect to the specific number concentration and the standard
deviation of different modes were listed in Table 4.2. In this part, we describe the CCN activation and
INP nucleation setup related to each mode and each simulation.

In addition to performing the VOLCANO and NO-VOLCANO simulation (similar to what we did
for Holuhraun), due to the presence of mixed particles, we decided to perform a simulation in which
the mixed aerosol tracers (in addition to the soluble aerosol tracers) can be activated as CCN (called
"VOLCANO-mixed"). Table 5.3 summarizes the parameters relevant to CCN and INP activation in
these three simulations. "1" means the CCN/INP activation is turned on in the desired simulation and

"0" means the CCN/INP activation is turned off.

Table 5.3.: The state of the modes involved in the simulation of the La Soufriére eruption, as well as the parameters
responsible for the CCN activation ("ikoehler") and the INP activation ("ifreeze") in three simulations carried out.

simulation/state soluble insoluble mixed
ikoehler ifreeze | ikoehler ifreeze | ikoehler ifreeze
VOLCANO 1 0 0 1 0 0
NO-VOLCANO 1 0 0 1 0 0
VOLCANO-mixed 1 0 0 1 1 0

Point source XML file

As mentioned in 5.1, the simulation of the La Soufriere eruption is based on the setup of Bruckert

et al. (2023). In the VOLCANO simulation, the emission rates of the ash particles in three modes
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5. Simulation of the La Soufriére eruption 2021

(accumulation, coarse, and giant) and SO,, the coordinates of the vent, and the start and end time of
each pulse (see Figure 5.1) are provided in the point source XML file. The same XML file was used for
the VOLCANO-mixed simulation. However, for the NO-VOLCANO simulation, the source strength of
SO2 and the ash particles were set to zero in the point source XML file, while the other factors (e.g. the
location of the vent) are the same as in the file used for the VOLCANO simulation. Unlike Holuhraun, the
La Soufriére eruption was not continuous, but explosive with short-term pulses. Therefore, we defined
a point source for each pulse, including the start and end time of that pulse, the amount of SO2 and ash
particles emitted in that specific pulse, and the coordinate of the vent, which unlike Holuhraun only gets
a latitude (13.33°) and longitude (61.18 ©). Table 5.4 summarizes an example of the point source XML
file used in the VOLCANO and NO-VOLCANO simulations.

Table 5.4.: Content of the Point Source XML file in VOLCANO and NO-VOLCANO simulation for one pulse.

Point Source’s content/ Simulation VOLCANO NO-VOLCANO
substance TRSO2 and ash TRSO?2 and ash
source strength 4838 and 12581.77%3 Oand 0
unit kg/s kg/s
lat 13.33 13.33
lon -61.18 -61.18
height 9700 9700
startTime 2021-04-09T12:45:00 | 2021-04-09T12:45:00
endTime 2021-04-09T13:05:00 | 2021-04-09T13:05:00

The first source strength number in this table is the source strength of SO2 (=4838), while the second
number (=12581.77%3) is for ash and is evenly distributed in three modes (accumulation, coarse, and

giant), so it has been multiplied by 3.

5.3. Results of aerosol volcanic effects on clouds

Based on the description in 5.2, three simulations were performed. Two of them include volcanic
aerosols, but they differ in the particles that are activated as CCN. In one of them, soluble particles
are the only particles that can participate in the CCN activation process (named "VOLCANQO"), but
when both soluble and mixed modes contribute to CCN activation, the simulation is called VOLCANO-
mixed. In the third simulation, the volcanic plume is not considered (named "NO-VOLCANO"). The
results of these simulations are presented in this section. First, the results of the VOLCANO and NO-
VOLCANO simulations are compared, and in the last part, the comparison between VOLCANO and
VOLCANO-mixed is given.

Figure 5.3 shows the horizontal distribution of sulfate and ash mass concentrations for five days from
April 9 to 13. This figure shows that the volcanic material is moving eastward and covering larger areas

with time.
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Figure 5.3.: Mass concentration of sulfate (top) and ash (bottom) from April 9 to 13, 2021. Variables are vertically
integrated and averaged daily.

5.3.1. Warm clouds

Figure 5.4 shows the horizontal distribution of the number concentration of soluble particles in cloudy
pixels in VOLCANO and NO-VOLCANO for four days (two left columns show NO-VOLCANO, two
right columns show VOLCANO). The comparison of these two pairs of columns clearly shows the
presence of more aerosols in VOLCANO, and it creates the possibility that the number concentration of
cloud droplets will also increase in VOLCANO. However, the horizontal distribution of cloud droplet
number concentration shown in Figure 5.5 does not confirm this possibility. As can be seen, despite the
large number of aerosols in the VOLCANO simulation, the number concentration of cloud droplets did
not change significantly, although a small increase can be seen on April 11-13. The reason for this large
difference between the aerosol distribution and the cloud droplet distribution is that the height of the
plume was higher than the liquid clouds, and due to the lack of water vapor at these heights, the plume

did not have a large effect on the number of cloud droplets.
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Figure 5.4.: Number concentration of soluble aerosols (sulfate+sea salt) in VOLCANO (two right columns) and
NO-VOLCANO (two left columns). The variable is averaged over total nonzero vertical levels and is the daily
average.

To quantify the effect of the presence of volcanic aerosols on the behavior of hydrometeors, similar to

the Holhuraun results, we divided our analysis into two regions: inside and outside the plume. To find
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Figure 5.5.: Number concentration of cloud droplets (in cloudy pixels) in VOLCANO (two right columns) and
NO-VOLCANO (two left columns). The variable is averaged over vertical levels and is the daily average.

an appropriate threshold to define the boundary between these regions, we looked at the distribution of
sulfate and ash mass in the accumulation mode (sum = SO4_acc + ash_acc) and identified sum = 10~*
ug m~3 as a suitable threshold. Figure 5.6 shows the horizontal distribution of SOy4 plus ash on April 11
at 23:00 at 12600 m altitude. In this figure, the outermost contour shows sum = 10~* ug m~—3, so this
value was chosen as the threshold to define the boundary between the inside and outside of the plume. In
the VOLCANO simulation, since the available water vapor is distributed onto more aerosols, a smaller
amount of water vapor condenses on each aerosol and the resulting cloud droplets are smaller. Table 5.5
lists the effective radius of cloud droplets in these two simulations, inside and outside of the plume. The

data in this table are from April 11th at altitude =9800 m and averaged over time (e.g. 04:00-22:00 by

Sulfate + Ash (ug m=3)

Figure 5.6.: Horizontal distribution of sulfate plus ash in the accumulation mode on April 11 at 23:00 at 12600
m altitude. The outermost contour indicates that sum = 10~* ug m—> is a good approximation to choose as the
boundary between the inside and outside of the plume.
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2-hour intervals). Inside the plume, the effective radius in NO-VOLCANO is twice as large as in the
VOLCANO simulation.

Table 5.5.: Effective radius of cloud droplets inside and outside the plume for VOLCANO, NO-VOLCANO on
April 11.

VOLCANO NO-VOLCANO
in-Plume out-Plume | in-Plume out-Plume
[um] [nm] [um] [um]
13.88 23.67 28.01 24.20

As described in 4.4, perturbations in the aerosol number concentration have a direct effect on the cloud
mass and number concentration and consequently on the cloud microphysical processes and the mass
and number of hydrometeors such as raindrops. Figure 5.7 shows spatiotemporally averaged profiles
of mass mixing ratio and number concentration of liquid hydrometeors, as well as autoconversion and

accretion rates in VOLCANO and NO-VOLCANO simulations.
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Figure 5.7.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and over cloudy pixels)

profiles of the mass mixing ratio of cloud droplets (top left) and raindrops (top middle), the number concentration
of cloud droplets (bottom left) and raindrops (bottom middle), and accretion rate (top right) and autoconversion
rate (bottom right) in VOLCANO (red) and NO-VOLCANO (blue) simulations. In this and all similar figures
showing the vertical profile of hydrometeors, solid lines show the result from inside the plume and dashed and
dotted lines show the results from outside the plume.

These profiles are averaged over cloudy pixels (defined as having a condensed mass of cloud water+cloud

ice >107> kg kg~!) and the period from 00:00 April 09 to 00:00 April 14. Both the mass and number

81



5. Simulation of the La Soufriére eruption 2021

concentrations of cloud droplets inside the plume increase in VOLCANO compared to similar regions
in NO-VOLCANO. However, the results show a different behavior for rain. Although the number con-
centration of raindrops decreased in the VOLCANO experiment, there are no detectable changes in the
mass mixing ratio of rain between VOLCANO and NO-VOLCANO. The reduction in raindrop number
concentration is due to the reduction in cloud droplet size (as seen in Table 5.5), which caused the reduc-
tion in the autoconversion process (Figure 5.7, bottom right). The reduction in the number concentration
but no change in the mass mixing ratio of rain in the VOLCANO simulation shows that the raindrops are
larger in the VOLCANO simulation, which could be due to the melting of frozen hydrometeors. Accre-
tion is the process by which cloud droplets and raindrops coalesce to form larger raindrops. Comparing

the accretion rate also confirms that the raindrops are larger in VOLCANO (Figure 5.7, top right).

5.3.2. Cold Clouds: mixed-Phase and ice clouds

Different from the Holuhraun case, the La Soufri¢re eruption emitted ash particles that can serve as INP.
Therefore, the ice particles produced in the VOLCANO simulation are the result of both homogeneous
and heterogeneous ice nucleation. Figure 5.8 shows the vertical profile of the mass mixing ratio and
number concentration of ice particles in the VOLCANO and NO-VOLCANO simulations. Figure 5.8
shows that both the mass (¢g;) and number concentration (N;) of ice crystals decreased in the VOLCANO

simulations.
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Figure 5.8.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels) profiles
of the mass mixing ratio of ice (right) and the number concentration of ice crystals (left) in VOLCANO (red) and
NO-VOLCANO (blue) simulations.

As described in 2.3.2, ice particles can be formed by either homogeneous freezing or heterogeneous
freezing when INPs are present in the atmosphere. To explain the behavior of the ice in these two simu-
lations, the number of INPs (N;yp), the homogeneous freezing rate, and the homogeneous-heterogeneous

rate were examined (Figure 5.9). The left panel in this figure shows the vertical profile of the number
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Figure 5.9.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels) profiles
of INPs (left), homogeneous rate (middle), homogeneous-heterogeneous rate (right) in VOLCANO (red) and NO-
VOLCANO (blue) simulations. For better visualization, the y-axis ranges from 8 to 18 km.

concentration of INPs, the middle panel shows the homogeneous freezing of cloud droplets rate and
the right panel shows the homogeneous-heterogeneous rate, showing the competition between these two
mechanisms. Before analyzing the panels in Figure 5.9, a brief description of the competition between
homogeneous and heterogeneous freezing is given.

As described in 3.3.2, if no INP are present or the INP concentration is low enough, the freezing process
is purely homogeneous and N; is given by Eq. 3.68. However, when INP are present, ; is controlled by
the competition between homogeneous and heterogeneous ice nucleation. INP tend to initiate freezing
first, depleting water vapor and inhibiting homogeneous nucleation before it can occur (DeMott et al.,
1997). As shown in the flowchart in Figure 3.3, N;;,, (the limit on Njyp that would prevent homogeneous
ice nucleation) is the factor that controls the competition between pure homogeneous and heterogeneous
freezing. To show how Nj;,, works in our work, N; has been plotted against Nyyp, inspired by Barahona
and Nenes (2009a) (Figure 5.10). At low Nyyp (below 1072 cm™3) the effect of INP on N; is minimal
and M, is close to the obtained under pure homogeneous freezing. As Njyp increases, it significantly
affects N;, so that N; decreases proportionally to Npyp until homogeneous nucleation is prevented at
Ninp = Njip, where a minimum of N; = Nj;,, is reached. When Nyyp is greater than N, freezing is only
heterogeneous, and &; should be equal to Njyp (Barahona and Nenes, 2009a) . In this figure, however, for
the number above Njyp = 10~!cm™3, this equality is not observed, which might be due to the processes
that decrease N;, such as advection, diffusion, sedimentation, and autoconversion.

The left panel of Figure 5.9 shows that the Nynp are zero both in the NO-VOLCANO simulation and
outside the plume in the VOLCANO simulation. The middle panel shows the homogeneous freez-
ing of cloud droplets. In NO-VOLCANO, the homogenization rate is higher than in VOLCANO due
to the larger size of the cloud droplets. The right panel shows the homogeneous-heterogeneous rate
and compares the mechanisms involved in ice crystal formation in VOLCANO and NO-VOLCANO. It

shows that the overall homogeneous-heterogeneous rate is reduced in the VOLCANO simulation and
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Figure 5.10.: Ice crystal number concentration vs. the number concentration of INPs inside the plume and in
cloudy pixels for the VOLCANO simulation.

as a consequence, despite having more INPs in the VOLCANO simulation, which causes ice particles
to be produced heterogeneously, N; and g; are lower (Figure 5.8) because the presence of INPs causes
the reduction of the maximum supersaturation. These results are consistent with previous studies (e.g.
Barahona and Nenes, 2009a; Cziczo et al., 2013).

In addition to the ice particles, the mass mixing ratio (¢s) and number concentration (N;) of the snow
were also examined and shown in Figure 5.11. As can be seen, ¢, did not change too much in these
two simulations, but the effect of volcanic aerosols on N; is clear. N is reduced in the VOLCANO
simulation, considering no changes in g,, showing that the snow particles are larger in the VOLCANO
simulation. To explain the behavior of snow, the processes involved in its formation have been studied.
Snow particles can be formed either by the aggregation process (the process by which ice particles collide
and stick together to form larger particles) or by the freezing of raindrops at higher altitudes. The results
of the aggregation rate do not show any changes between these two simulations (bottom left), only a
small difference is observed at 6 km. However, the study of snow formation from rain freezing showed
differences between them (bottom right) and the reduction in the VOLCANO simulation. Snow particles
seemed to be smaller in the NO-VOLCANO simulation because the mass did not change too much, but
the number concentration increased in this simulation. Therefore, it can be said that small raindrops
freeze and produce small snow particles.

The last hydrometeor studied is graupel. Figure 5.12 shows the mass mixing ratio of graupel (g,), its

number concentration (Ny), and the processes involved in graupel formation such as riming and rain
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Figure 5.11.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels)
profiles of the mass mixing ratio of snow (top right) and the number concentration of snow (top left), as well as
the aggregation rate (bottom left) and the snow formation from rain freezing rate (bottom right) in the VOLCANO
(red) and NO-VOLCANO (blue) simulations.

freezing. There are no changes when comparing the mass (upper right) and number concentration (upper
left) of graupel in these two simulations. To explain this, the processes involved in the formation of
graupel have been studied. Graupel can be formed either by the riming process (lower right) or by rain
freezing (lower left). Since there are no changes in g, and N,, it seems that these processes cancel
each other out. There are more but smaller raindrops in NO-VOLCANO, so they can freeze to form
graupel, and as can be seen, the rate of graupel formation from rain freezing is higher in this simulation.
However, looking at the magnitude of this rate and comparing it to riming shows that it cannot be the
only process that can compensate for the reduction in graupel due to the riming process. Therefore,
there must be other processes involved in graupel formation. The riming rate shown in this figure is

the total riming. We have examined the riming of ice with cloud droplets and raindrops and the riming
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Figure 5.12.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels)
profiles of the mass mixing ratio of graupel (top right) and the number concentration of graupel (top left), as well
as the graupel formation from rain freezing rate (bottom left) and the riming rate (bottom right) in the VOLCANO
(red) and NO-VOLCANO (blue) simulations.

of snow with cloud droplets and raindrops separately, and the results are shown in Figure 5.13. As
described earlier, snow particles and raindrops are larger in the VOLCANO simulation, so they are more
likely to collide and increase the riming rate. On the other hand, although cloud droplets are smaller
in the VOLCANO simulation, probably due to their higher number concentration compared to the NO-
VOLCANO simulation, the riming process is more pronounced in the VOLCANO simulation (right).
The riming of ice with raindrops and cloud droplets is on the opposite side, i.e. it increased in the
NO-VOLCANO simulation (left). The reason for this can be the number of ice, which is higher in
NO-VOLCANO than in VOLCANO simulation, as well as the size of cloud droplets, which is larger in
NO-VOLCANO than in VOLCANO simulation so that they can collide and increase the riming rate of
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Figure 5.13.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels) pro-
files of ice riming (left) and snow riming (right) in the VOLCANO (reds) and NO-VOLCANO (blues) simulations.

ice. Finally, it can be concluded that due to the different effects of different processes involved in graupel

formation, no changes can be seen in both the mass and number concentration of graupel.

5.3.3. VOLCANO-mixed simulation results

As described in 5.2.2, due to the presence of mixed particles, we ran a simulation where the mixed aerosol
tracers (in addition to the soluble aerosol tracers) can be activated as CCN (called "VOLCANO-mixed").
The results of this simulation are presented in this section.

Figure 5.14 shows the horizontal distribution of the mass mixing ratio of sulfate (top) and ash (bottom)
particles in 5 days from 9 to 13 April.

Similar to what we did for VOLCANO and NO-VOLCANO simulations, the vertical profiles for mass
mixing ratio and number concentration of hydrometeors were plotted and examined. In this case, we

compared the results of the VOLCANO-mixed simulation with the VOLCANO simulation to see the
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Figure 5.14.: Horizontal distribution of the mass mixing ratio of sulfate (top) and ash (bottom) in the "mixed" mode
from April 9 to April 13.
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Figure 5.15.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels)
profiles of the mass mixing ratio of cloud droplets (top left) and raindrops (top middle), number concentration of
cloud droplets (bottom left) and raindrops (bottom middle), and accretion rate (top right) and autoconversion rate
(bottom right) in VOLCANO (red) and VOLCANO-mixed (green) simulations.

effect of activating the mixed mode as CCN on hydrometeors. Figure 5.15 shows the results for cloud
droplets and raindrops, as well as the accretion and autoconversion processes. Comparing the cloud
water content between VOLCANO and VOLCANO-mixed shows no changes, but the cloud droplet
number concentration decreased in the VOLCANO-mixed simulation. This indicates that cloud droplets
are larger in VOLCANO-mixed. In VOLCANO-mixed, aerosol particles are activated as CCN in both
soluble and mixed modes. The soluble is divided into Aitken, accumulation, and coarse modes, while
the mixed is divided into accumulation and coarse modes. Because the larger modes are activated first,
VOLCANO-mixed contains larger CCN than VOLCANO and consequently larger cloud droplets. As
a result, raindrops are more abundant in VOLCANO-mixed, as autoconversion also shows a slight en-
hancement in the VOLCANO-mixed simulation because in this case, larger cloud droplets increase the
probability of collision and coalescence. In general, however, the effect of the presence of mixed mode
in CCN activation is not very large.

We also examined the behavior of ice, snow, and graupel in this simulation compared to the VOLCANO
simulation. These are shown in Figures 5.16 and 5.17. As can be seen, there are no particular changes

in the mass and number concentrations of ice and snow. This is because the homogeneous and hetero-
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geneous processes are similar in these two simulations, so there seems to be no difference in ice and

consequently in snow.
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Figure 5.16.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels)
profiles of the mass mixing ratio of ice (top right) and snow (bottom right), number concentration of ice crystals
(top left) and snow (bottom left) in VOLCANO (red) and VOLCANO-mixed (green) simulations.

The behavior of graupel is, however, affected by the presence of mixed mode in CCN activation. More
graupel was observed in the VOLCANO-mixed simulation. To explain it, the processes involved in
graupel formation including riming were investigated. The riming rate shows an enhancement in the
VOLCANO-mixed simulation which is due to the increase in cloud droplet size in this simulation as
described earlier which increases the probability of collision with ice crystals and snow particles and
consequently riming process and graupel which forms through this process enhance in VOLCANO-
mixed.

In general, the study of the behavior of hydrometeors in VOLCANO-mixed shows that the simultaneous

presence of soluble and insoluble particles, which can form mixed particles, and the participation of
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Figure 5.17.: Spatiotemporally averaged (over time 00:00 on April 9 to 00:00 on April 14 and cloudy pixels)
profiles of the number concentration of graupel (left), the mass mixing ratio of graupel (middle), and the riming
rate (right) in VOLCANO (red) and VOLCANO-mixed (green) simulations.

mixed particles in CCN activation can affect processes such as riming and redistribution of the mass and

number of hydrometeors in mixed-phase clouds.
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6.1. Conclusions

The aim of this study was to evaluate the response of microphysical processes to a perturbation caused
by volcanic aerosols. For this purpose, two volcanic eruptions were simulated with the ICON-ART
model, differing in location and injected material. These eruptions are the 2014 Holuhraun eruption,
an Icelandic volcano that emitted mostly sulfur dioxide, and the 2021 La Soufriere eruption, located
on the Caribbean island of Saint Vincent, which was an explosive eruption that injected large amounts
of ash and sulfur dioxide into the atmosphere. Ash particles act as INPs, and sulfur dioxide converts
to sulfuric acid and then to sulfate particles, which can act as CCN. Therefore, the emission of these
substances into the atmosphere provided a natural laboratory to answer the research questions presented
in the introduction. This chapter summarizes the main results of this thesis by answering these questions
and gives a brief outlook on further research needed to improve the understanding of volcanic aerosol

effects on microphysical processes.

1. How does CCN perturbation affect the warm rain process in the case of a sulfate-rich vs. an

ash-rich eruption?

Both of the volcanoes studied contained large amounts of sulfate, which acts as CCN. However,
due to different meteorological conditions and other factors such as the height of the plume, CCN
behaved differently in these two volcanoes. I simulated the first week of the Holuhraun eruption,
where a low-pressure system is over Iceland during the first days of the simulation. The presence
of this low-pressure system, which causes an upward motion, and the suitable relative humidity
provide suitable conditions for cloud formation. Therefore, any perturbation in the aerosol number
concentration, which serves as CCN and INP, can greatly affect the microphysical properties. As
discussed in Chapter 4, the enhancement of aerosols due to the presence of a volcanic eruption
increased the CCN and consequently the number of cloud droplets. However, the size of the cloud
droplets became smaller because the available water vapor had to be condensed onto more aerosols.
The reduction in cloud droplet size reduced both the autoconversion and accretion processes and
caused a reduction in both the mass and number concentration of raindrops. The results of the La
Soufriere eruption were not as simple as those of Holuhraun. Contrary to Holuhraun, there were no
conditions for large amounts of low-level clouds, and the high altitude of the plume, which injected
the volcanic aerosols into altitudes with low relative humidity, caused the VOLCANO simulation

not to show a large effect on cloud droplets and raindrops compared to NO_VOLCANO, although
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the difference between them can still be seen. In this case, the effect of volcanic aerosols in
reducing the number concentration of raindrops was observed, but no detectable changes in rain
content were observed. The fact that the number of raindrops decreased and no changes in their
mass were observed indicates that the size of the raindrops is larger in the VOLCANO simulation,

which may affect the other processes and hydrometeors.

. To what extent do parameters related to subgrid updraft velocity influence cloud droplet

number concentration? And how does model tuning improve the simulated cloud droplet

concentration?

CCN activation, as the first microphysical process in the process chain of cloud and precipitation
formation, is directly influenced by dynamical parameters. Turbulent kinetic energy (TKE) is
used to calculate the standard deviation of the vertical velocity, which is used to calculate the
supersaturation required for CCN activation. Therefore, any change in 7T KE will cause a change in
supersaturation and therefore CCN. In ICON-ART, three types of clouds are defined (new cloud,
in-cloud, and cloud base), for each of which the cloud droplet number concentration must be
calculated. For new clouds and in-cloud cases, the cloud droplet number concentration is equal to
the concentration of CCN, but for cloud base, the cloud droplet number concentration is affected
by another turbulence parameter, called turbulent diffusion (Kj). Considering these turbulence
parameters (TKE, K;) in the code, the relative enhancement of cloud droplets inside the plume to
those outside the plume in the simulation is remarkably high compared to that from the observation

(ggz ~ 147).

We tuned the model by considering isotropy of the turbulence instead of considering all the turbu-

lent energy in the vertical motion, and by replacing Kj, with a characteristic vertical velocity equal

to 0.8 - 6, which makes the number of cloud droplets more consistent with the vertical velocity

distribution assumption used to calculate CCN. After applying these tunings, the relative enhance-

ment of cloud droplets inside the plume to those outside the plume in the simulation compared
RE;

RE,

to that in the observation ( ~ 35.5) was remarkably reduced compared to the results before

applying these tunings.

. How are ice phase processes (e.g., riming) affected by CCN perturbation?

The first question explained the effect of aerosol number concentration perturbations on the mass
and number concentration of cloud droplets and raindrops. This effect consequently affects cloud
microphysical processes such as riming. Riming occurs when supercooled liquid droplets collide
with frozen hydrometeors (e.g., ice and snow) to form larger particles. This process depends
on the size of the hydrometeors involved, as larger particles are more likely to collide. In the
Holuhraun case, since it carried very little ash, no difference in mass and number of ice and snow

was observed between VOLCANO and NO_VOLCANO. However, the effect of volcanic aerosols
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on the mass and number of cloud droplets and raindrops did have an impact on the riming process.
In the VOLCANO simulation, a reduction in the riming process was observed due to the reduction
in cloud droplet size. In the case of La Soufriere, the results showed that although the reduction
in cloud droplet size can be seen, the riming rate increased. In this case, due to the presence of
INPs, ice and snow are different in the VOLCANO and NO_VOLCANO simulations. On the
other hand, the evaluation of the mass and number concentration of snow showed that the snow
particles are larger in the VOLCANO simulation. Therefore, it can be concluded that the presence
of larger snow increases the snow riming rate and consequently the total riming in the VOLCANO

simulation.

. How do the simulated cloud droplet concentrations and snow water content compare to satel-

lite observations in the case of the Holuhraun eruption?

The total column of cloud droplets (V,) from the VOLCANO and NO_VOLCANO simulations
was compared with the MODIS data. The results showed that for smaller total column of N, both
simulations overestimate N,, but for larger total column of N., VOLCANO overestimates N, while
NO_VOLCANO underestimates it compared to MODIS data. For the VOLCANO simulation,
the larger values of the total column N, observed inside the plume are due to the presence of large
amounts of sulfate. For the NO_VOLCANO simulation, these larger values were not observed due
to the lack of sulfate in this simulation. For outside the plume, both simulations showed the same
results because both the meteorology and the aerosol distribution are the same, but the comparison
with MODIS showed that the simulations underestimated the frequency of larger values of the total

column of N, due to the lack of background aerosols.

Another variable that was compared between simulations and observations is snow water content.
The comparison showed that the simulation results were in good agreement with the CloudSat
data but with more snow in the simulations compared to CloudSat. Although it seemed that the
simulations overestimated the snow water content at higher altitudes, taking into account the un-

certainties, it can be said that simulations and observations are close.

. How is the competition between homogeneous and heterogeneous ice nucleation affected by

the presence of ash particles acting as INPs?

The simulation of the La Soufriére eruption provided an opportunity to study the competition
between homogeneous and heterogeneous ice nucleation, as this eruption emitted ash particles.
The results showed that in the VOLCANO simulation, the number concentration and the mass
mixing ratio of the ice decreased compared to the NO_VOLCANO simulation. The reason for
this is the presence of INP, which tend to initiate ice formation first, depleting water vapor and
inhibiting homogeneous nucleation before it occurs. Our results showed that in the VOLCANO

simulation, when the number of INPs is low, the number of ice particles is not affected by INPs
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and they are formed by homogeneous freezing only. As the number of INPs increases, the number
of ice particles decreases due to the depletion of water vapor, which suppresses homogeneous
freezing. This reduction in the number of ice particles continues until the number of ice particles

is equal to the number of INPs that would prevent homogeneous ice nucleation.

6. Is the behavior of cloud hydrometeors affected by the activation of mixed aerosol (an insolu-

ble particle coated by a soluble one) as CCN?

The simulation of the La Soufriere eruption, which emitted both sulfate as a soluble particle and ash
as an insoluble particle, provides this opportunity to see the behavior of microphysical processes
in the presence of internally mixed aerosols. As the outer layer of mixed aerosols are soluble,
they have the ability to be activated as CCN. Our study showed that when both soluble and mixed
aerosols act as CCN compared to the simulation with only soluble particles activated as CCN, the
number of cloud droplets decreased because in this case more larger aerosols have the chance to be
activated as CCN, so the number of cloud droplets decreased but their size increased. The increase
in cloud droplet size caused, consequently, an increase in raindrop number concentration as the
larger cloud droplets increase the autoconversion efficiency. When examining ice and snow, we
did not observe any changes in ice and snow in these two simulations. However, we did see an
enhancement in the riming process and consequently in the graupel mass and number. The reason
for this is the presence of larger cloud droplets, so they have more chance to collide with ice and

snow particles and form graupel.

6.2. Outlook

We simulated two volcanic eruptions and analyzed the microphysical processes and the behavior of hy-
drometeors in a perturbed state to assess the effect of volcanic aerosols on these processes and hydrome-
teors. Our results were in good agreement with previous studies. For example, we observed an increase
in cloud droplets and a decrease in the autoconversion process, which in turn caused a decrease in rain
in warm clouds. On the other hand, ice and snow decreased, and the behavior of graupel depended on
the size and number of other hydrometeors. However, it seemed necessary to study the behavior of cloud
hydrometeors and microphysical processes in more detail. One of the things that needs to be done is to
check the difference between VOLCANO and NO_VOLCANO simulations and see if these differences
are significant or not. We have already examined the significance of the difference in mass and number
of cloud droplets (Figure 4.14), but such an analysis can be done for all other variables. And the possible
reasons can be found depending on whether the observed changes are significant or not.

Since the Holuhraun eruption is continuous, it is also interesting to evaluate the hydrometeors and micro-
physical processes over time. Since the relative humidity decreased over time (Figure 6.1), it is possible

to study how the plume effect can be influenced by environmental conditions. Another thing that can be
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studied over time is to study the glaciation process over time and see if the phase changes have occurred

or not and how this affects other processes.
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Figure 6.1.: Mean sea level pressure at 12:00 o’clock for September 1-6, 2014 over the simulated area.

In this work the only background aerosol considered was sea salt, therefore one of the things that can be
done to evaluate the pure effect of volcanic aerosols on clouds in more realistic conditions is to run the
simulations closer to reality by adding more background aerosols. In such conditions, the results will be
more realistic because on the one hand, the effect of these background aerosols on cloud properties will
also be considered, and on the other hand, considering the presence of background aerosols will have
effects on aerosol dynamicas processes such as coagulation process and consequently they can affect
cloud properties in a different way.

In addition to studying the microphysical properties of clouds in the presence of a volcanic eruption, it
is of interest to study how cloud microphysics and large-scale processes are linked. Increasing the cloud
droplet number concentration increases the cloud reflectivity, which leads to a cooling effect. These
cooling effects can in turn influence the dynamic process of cloud development. In addition, increasing
cloud number concentration increases cloud lifetime, cloud cover, and cloud buoyancy. We know that the
effect of aerosols on clouds can be influenced by environmental conditions such as changes in wind shear.
Therefore, it would be interesting to see if the changes in cloud microphysics due to the presence of a
volcano can affect the dynamical processes. These dynamical properties can be studied by simulating a
situation where a feature with strong variation in dynamical condition is close to a plume (e.g. a large
cyclone) so that the effect of the plume on it can be investigated. Simulating such a case can demonstrate

the bridge between cloud microphysics and dynamics.
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