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Abstract

The Eyjafjallajokull eruption in Iceland 2010 impressively illustrated the consequences the dispersion
of volcanic aerosol can have on international air traffic. More than 100,000 flights were canceled, as
volcanic aerosol is hazardous for aircraft. Therefore, air traffic control and airlines are highly interested
in reliable forecasts of volcanic aerosol dispersion after future eruptions. Numerical aerosol dispersion
forecast is an initial value problem. This means that, first, the forecast needs to be initialized with an as
exact as possible atmospheric state and composition. Second, the numerical model needs to account for
all processes and feedback mechanisms that are relevant for volcanic aerosol transport.

In this thesis, I aim to improve volcanic aerosol dispersion forecast with En-Var data assimilation and
by considering the aerosol-radiation interaction of internally mixed aerosol. Therefore, aerosol dynamic
processes, such as coagulation, nucleation of sulfate particles, and condensation, are implemented into
the ICON-ART (ICOsahedral Nonhydrostatic - Aerosols and Reactive Trace gases) model. These mi-
crophysical processes form internally mixed particles for which I also implement optical properties,
allowing their interaction with solar and terrestrial radiation. Furthermore, an En-Var data assimilation
method for volcanic aerosol is developed within the data assimilation framework of DWD (Deutscher
Wetterdienst). This data assimilation method provides an estimate of the initial horizontal volcanic ash
distribution. The new implementations are evaluated for the first four days after the Raikoke eruption
2019, which was one of the largest volcanic eruptions during the last 30 years.

Considering aerosol dynamic processes tends to increase the particle size which increases sedimentation.
My results show that the sedimentation of large particles is responsible for the removal of about 50% of
volcanic ash during the first 12 h after the Raikoke eruption. A main driver of this enhanced removal in
my simulations is the coagulation of coarse ash particles with secondary volcanic aerosol, i.e., sulfate
particles. The interaction of short and longwave radiation with internally mixed volcanic aerosol induces
a lifting to some parts of the volcanic cloud. My results suggest that after the Raikoke eruption the
volcanic aerosol cloud top rises about 3 km during the first 12 h and reaches a height of around 20 km
after four days. The assimilation of observational data with the ART En-Var method has the potential to
omit noise in the observational data.

The results of this thesis highlight the importance of aerosol dynamic processes and the interaction of
aerosol with short and longwave radiation for operational volcanic aerosol dispersion forecast. Further-
more, the use of an ensemble based assimilation method for future volcanic aerosol dispersion forecasts

can be advised.
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Zusammenfassung

Der Ausbruch des Eyjafjallajokull in Island 2010 zeigte eindrucksvoll, welche Folgen ein Vulkanaus-
bruch fiir den internationalen Luftverkehr haben kann. Mehr als 100.000 Fliige wurden gestrichen, da
vulkanisches Aerosol eine Gefahr fiir Flugzeuge darstellt. Aus diesem Grund sind die Flugsicherung
sowie Fluggesellschaften sehr an zuverldssigen Vorhersagen der Ausbreitung dieses Aerosols nach Vul-
kanausbriichen interessiert. Die numerische Aerosolausbreitungsvorhersage ist ein klassisches Anfangs-
wertproblem. Das bedeutet erstens, dass die Vorhersage mit einem mdéglichst genauen atmosphérischen
Zustand sowie deren Zusammensetzung initialisiert werden muss. Zweitens muss das numerische Modell
alle Prozesse und Riickkopplungsmechanismen beriicksichtigen, welche fiir den Transport vulkanischer
Aerosole relevant sind.

Im Rahmen dieser Arbeit mochte ich die Ausbreitungsvorhersage vulkanischer Aerosole mit Hilfe einer
En-Var Datenassimilation sowie durch die Beriicksichtigung der Aerosol-Strahlung—Wechselwirkung
von intern gemischtem Aerosol verbessern. Hierfiir werden in das ICON-ART (ICOsahedral Nonhydro-
static - Aerosols and Reactive Trace gases) Modell aerosol-dynamische Prozesse wie die Koagulation,
die Nukleation von Sulfatpartikeln und der Kondensation von gasformigen Komponenten auf Aerosol-
partikel implementiert. Diese mikrophysikalischen Prozesse bilden intern gemischte Partikel. Fiir diese
intern gemischten Partikel bestimme ich optische Eigenschaften, welche eine Interaktion mit kurz- und
langwelliger Strahlung ermdglichen. Dariiber hinaus wird eine En-Var-Datenassimilationsmethode fiir
vulkanisches Aerosol innerhalb der Datenassimilationsumgebung des DWD (Deutscher Wetterdienst)
entwickelt. Die Datenassimilation liefert eine Schétzung des anfinglichen Zustands sowie der Zusam-
mensetzung der Atmosphire. Diese Neuentwicklungen werden fiir die ersten vier Tage nach dem Raikoke—
Ausbruch 2019, einem der grofiten Vulkanausbriiche der vergangenen 30 Jahre, ausgewertet.

Die Beriicksichtigung aerosol-dynamischer Prozesse fiihrt zu einer Zunahme der Partikelgrofle, was
deren Sedimentationsgeschwindigkeit erhoht. Meine Ergebnisse zeigen, dass die Sedimentation grof3er
Partikel fiir die Beseitigung von etwa 50% der Vulkanasche wihrend der ersten 12 h nach dem Ausbruch
des Raikoke verantwortlich ist. In meinen Simulationen ist die Koagulation von grobkornigen (coarse
mode) Aschepartikeln mit sekundidrem vulkanischem Aerosol, d.h. Sulfatpartikeln, eine der Hauptursa-
chen fiir diese hohe Abnahme. Die Wechselwirkung von kurz- und langwelliger Strahlung mit intern
gemischtem vulkanischem Aerosol fiihrt zu einem Anheben von Teilen der Wolke aus vulkanischen Ae-
rosolen. Meine Ergebnisse deuten darauf hin, dass die Wolkenoberseite des vulkanischen Aerosols nach

dem Ausbruch des Raikoke wihrend der ersten 12 h etwa 3 km angehoben wird und nach vier Tagen eine



Hohe von etwa 20 km erreicht. Die Assimilation von Beobachtungsdaten mit der ART En-Var-Methode
kann Rauschen in den Beobachtungsdaten herausfiltern.

Die Ergebnisse dieser Arbeit verdeutlichen die Bedeutung der aerosol-dynamischen Prozesse sowie der
Wechselwirkung von Aerosolen mit kurz- und langwelliger Strahlung fiir die operationelle Ausbrei-
tungsvorhersage vulkanischer Aerosole. Dariiber hinaus kann die Verwendung einer ensemblebasierten
Assimilationsmethode fiir zukiinftige Ausbreitungsvorhersagen vulkanischer Aerosole empfohlen wer-

den.
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1. Introduction

In 2010, the Eyjafjallajokull volcano erupted in Iceland. The eruption lasted for 39 days during April and
May with periods of higher and lower activity (Gudmundsson et al., 2012). During the initial phase of the
eruption in April 2010, northwesterly winds transported the emitted volcanic ash towards central Europe.
As a consequence, large areas of European airspace were closed for eight days from 15 through 22 April
(as reported by EUROCONTROL'"). The closure led to the cancellation of 100,000 flights (Schumann
et al., 2011). These eight days in April resulted in a loss of approximately US$2.2 billion for the aviation
sector alone (Oxford Economics, 2010) and led to further disruptions in global economy (Mazzocchi
etal., 2010; Budd et al., 2011). Similar events can occur also at different volcanoes anytime again.
Since the onset of civil aviation, aircraft encountered volcanic clouds several times, which partially re-
sulted in near accidents. Most reported encounters of aircraft with volcanic clouds occurred at a distance
< 1000 km to the volcano or within 24 h after the eruption (Guffanti et al., 2010). Especially after the
eruption of Mount Galunggung in 1982 and the eruption of Redoubt Volcano in 1989, volcanic ash be-
came widely recognized as a hazard to aircraft (Guffanti et al., 2010). Volcanic clouds usually contain
solid volcanic ash particles and secondary volcanic aerosol. Volcanic ash consists of tephra particles with
diameters < 2 mm (Rose and Durant, 2009). Secondary volcanic aerosol are usually sulfate droplets that
form from volcanic SO, through chemical and microphysical processes (Tabazadeh and Turco, 1993;
Textor et al., 2004; Durant et al., 2010). Both can be hazardous for aircraft.

Jet engines are the most vulnerable parts affected by volcanic ash. Temperatures in modern days jet
engines are high enough to melt volcanic ash particles. The molten particles can deposit on turbine
components and eventually block the air flow through the engine (Casadevall, 1994; Casadevall et al.,
1996). Reports on damages to other aircraft components exist as well, e.g., fogging of wind-screens,
erosion of antenna surfaces, and plugging of the pitot static system (Casadevall, 1994).

Besides volcanic ash, sulfate compounds that form out of volcanic precursor gases can also damage
aircraft components (Carn et al., 2008; Schmidt et al., 2014). Eliaz et al. (2002) report an increased
corrosion of compressor blades in jet engines due to sulfate particles. Furthermore, sulfuric acid enhances
windshield crazing (Bernard and Rose, 1990).

Airlines not only try to avoid volcanic clouds due to the potential risk of fatal damage, but also as the im-
pact of volcanic aerosol on aircraft components shortens necessary maintenance intervals and increases
maintenance costs. Due to these hazards, a strict zero tolerance criterion was in place (Cantor, 1998).

Zero tolerance means, if volcanic ash was forecasted or observed somewhere the corresponding airspace

IEuropean Organisation for the Safety of Air Navigation



1. Introduction

was closed. Only since the aftermath of the Eyjafjallajokull eruption in 2010, threshold ash concentra-
tions of 2 and 4 mg m—3 were defined to separate areas of low, medium, and high contamination (EASA
SIB No.: 2010-17R7, 2015; Beckett et al., 2020). This new regulation is designed to prevent large-scale
airspace closures in the future. However, airlines and air traffic control now rely on a quantitative, timely,
correct, and reliable volcanic aerosol forecast even more than before.

The spatial and temporal distribution of volcanic aerosol in the atmosphere is not only of interest for air
traffic safety. These aerosols can also have a long lasting climatic effect and influence weather (Robock,
2000; Schmincke, 2004; Mather, 2008). The connection between volcanic eruptions and weather and
climate has already been suspected in the 18th century (Schmincke, 2004). Today it is known that the
interaction of volcanic aerosol with solar and terrestrial radiation should be considered in climate models
(Andersson et al., 2015). Similarly, on shorter time scales, i.e., in numerical weather prediction models,
volcanic aerosol can play a role by changing the radiation budget of the atmosphere (Hirtl et al., 2019).
The previous examples highlight the need to adequately represent volcanic aerosol in simulations at
different spatial and temporal scales. In the scope of this work, short time scales, in the order of few days
after volcanic eruptions are of particular interest. Results of such simulations are especially important
for volcanic aerosol dispersion forecasts for air traffic safety and can be of interest for numerical weather
prediction. Furthermore, understanding the underlying physical processes of volcanic aerosol dispersion
during this initial phase after an eruption, can also improve the representation of volcanic aerosols in
climate models (Niemeier et al., 2009).

With this thesis, I aim to improve volcanic aerosol dispersion forecast. In general, numerical aerosol
dispersion forecasting is an initial value problem. Hence, there are two requirements for a correct and
reliable forecast. First, the forecast simulation must be initialized with an as exact as possible atmo-
spheric state and composition at time #y. As the true atmospheric state is generally not known at every
model grid point, the initial atmospheric state and composition at #y can only be an estimation. Second,
an accurate model is needed in which all relevant processes and feedback mechanisms are represented.
In the following, I present the current state of (volcanic) aerosol dispersion models as well as methods

for the determination of the best possible initial condition.

1.1. Current State of Volcanic Aerosol Dispersion Forecast

First numerical models, capable of simulating the dispersion of volcanic aerosol, evolved in the 1980s.
They were inspired by the Mount St. Helens eruption of 1980 (Hopkins and Bridgman, 1985; Armienti
et al., 1988). During the Mount Galunggung eruption in 1982 and the eruption of Redoubt Volcano in
1989 two aircraft encountered the volcanic ash cloud, which resulted in a temporary loss of all engines
(Guffanti et al., 2010). As a response to these two near catastrophic encounters the Volcanic Ash Ad-

visory Centers (VAAC) were established in the 1990s. There are a total of nine VAACs globally. Each
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one is responsible to monitor volcanoes in a specific geographic region. In case of an eruption, the
responsible VAAC delivers volcanic aerosol dispersion forecasts operationally.

The London VAAC is associated with the Meteorological Office of the United Kingdom (UK Met Office)
and issues advisories on the Icelandic volcanoes. For this reason, it has certain importance for German
and central European airspace. Details on its volcanic ash dispersion forecasting system are given in the
following. It should be noted that the German meteorological service Deutscher Wetterdienst (DWD)
and the VAAC in Toulouse are also of relevance for air traffic safety over Germany. The DWD issues
advisories for Deutsche Flugsicherung, the German air traffic control, in addition to the advisories issued
by the responsible VAAC. The Toulouse VAAC monitors volcanoes in Africa and most of Europe.

A comprehensive overview on the current state of the volcanic aerosol dispersion forecasting system
at London VAAC is given by Beckett et al. (2020). The London VAAC uses the NAME (Numerical
Atmospheric-Dispersion Modelling Environment) model for its atmospheric dispersion forecast (Jones
et al., 2007). The model is developed by the UK Met Office. It is a Lagrangian particle trajectory model.
Furthermore, it is an offline dispersion model which means that it is decoupled from the atmospheric
dynamics. The transport of particles is only driven by pre-calculated meteorological fields. In an offline
dispersion model, no feedback from aerosol-radiation interaction on meteorological variables is possible,
e.g., on temperature or cloud properties. Nevertheless, this offline particle trajectory approach is pursued
in many models for volcanic aerosol dispersion forecast. For example, the U.S. National Oceanic and
Atmospheric Administration (NOAA) runs the HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory) model (Stein et al., 2015). Another well know Lagrangian aerosol dispersion model is the
FLEXPART (FLEXible PARTicle dispersion model) model (Stohl et al., 1998; Pisso et al., 2019). Simi-
larly, the French meteorological service Météo—France develops and uses the offline MOCAGE (Modele
de Chimie Atmosphérique a Grande Echelle) model (Si¢ et al., 2015), which is operational at Toulouse
VAAC.

Another type of aerosol dispersion models are Eulerian models. They are usually online coupled to the
underlying atmospheric model. That means, the aerosol and gas transport is computed together with
the atmospheric variables. Hence, the feedback of aerosol or gas processes can change the atmospheric
state. Examples are the NMMB/MONARCH (Marti et al., 2017), WRF-Chem (Weather Research and
Forecasting — Chemistry; Grell et al., 2005; Skamarock et al., 2008), and ICON-ART (more details in
Sect. 3; Zingl et al., 2015; Rieger et al., 2015).

Any aerosol dispersion model relies on an adequate representation of all relevant processes. Figure 1.1

illustrates these processes for volcanic aerosol dispersion simulations.

Emission

A crucial process is the emission of volcanic aerosol and gases. Without the correct emission rate and
height of particle or gas release, volcanic aerosol dispersion forecast cannot succeed. Extensive research

on the representation of eruption source parameters in models has been done (e.g. Mastin et al., 2009;
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Figure 1.1: Important processes during the atmospheric lifetime of volcanic aerosols. The gray box includes
processes on which most studies focus. Processes that are of particular importance in the scope of this thesis are
highlighted by the green box.

Harvey et al., 2018; Gouhier et al., 2019). Important quantities are the mass of emitted particles and
gases as well as the vertical distribution of mass release.

For the parametrization of the ash emission rate, often the empirical relation by Mastin et al. (2009) is
used, e.g., at London VAAC for operational ash dispersion forecast (Beckett et al., 2020). The relation
by Mastin et al. (2009) only depends on the observed plume height, a quantity that is often known shortly
after an eruption. Therefore, it allows a timely response. However, the relation by Mastin et al. (2009)
does not account for atmospheric conditions. On the one hand, latent heat release by humid air that is
entrained into the plume can increase the plume height significantly. On the other hand, strong horizontal
winds can bend the plume and, consequently, reduce the observed plume height (Beckett et al., 2020).
There exist more advanced approaches to determine the emitted mass by considering more variables,
e.g., atmospheric and volcanic vent conditions. 1D plume models such as Plumeria (Mastin, 2007)
or FPLUME (Folch et al., 2016) take these into account. There also exist approaches to couple these
emission models to dispersion models (Marti et al., 2017; Bruckert et al., 2021). However, some of
the necessary input parameters might not be available shortly after an eruption. This can restrict their
application from use in operational volcanic aerosol dispersion forecasts.

Besides the total emitted mass, its vertical distribution in the atmosphere also needs to be represented.
It is represented by the emission profile. In numerical models, such emission profiles are usually pa-
rameterized by either a uniform profile or more complex vertical profiles. Many studies (e.g., Flemming
and Inness, 2013; Schmidt et al., 2014) use a uniform emission between a bottom and top height. The
London VAAC also applies such a uniform profile as its default method (Beckett et al., 2020). More

complex vertical distributions can be used at London VAAC if the necessary information is available
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(Beckett et al., 2020) or are used in recent studies (e.g., Marti et al., 2017; Bruckert et al., 2021). These
studies show promising results with a good agreement between modeled and observed volcanic aerosol
concentrations. I present more details on volcanic emissions in Sect. 2.1.

Emissions of volcanic SO, are not represented in operational volcanic aerosol dispersion forecast cur-
rently (Beckett et al., 2020). Nevertheless, its dispersion is part of research in regards to air traffic safety
(Schmidt et al., 2014) and even public health (Heaviside et al., 2021). Emission parameters for SO, dis-
persion simulations are often derived from remote sensing retrievals (e.g., Flemming and Inness, 2013;
Dingwell et al., 2016; de Leeuw et al., 2021). The emission profile is either assumed to follow the ash
emission in the simulation (Bruckert et al., 2021), it is derived from remote sensing retrievals (Carboni
etal., 2016; de Leeuw et al., 2021) or it is determined by inverse modeling (Flemming and Inness, 2013;
de Leeuw et al., 2021).

Some studies suggest that SO, can be used as a proxy for volcanic ash (Sears et al., 2013; Flemming and
Inness, 2013). However, volcanic ash and SO, can be emitted during different phases of an eruption and
be released at different altitudes. Additionally, wind shear and the different densities of ash and SO, in
combination with gravity can lead to a separation of the two plumes (Kerminen et al., 2011; Grainger
et al., 2013).

Despite the extensive research, large uncertainties remain in the formulation of eruption source parame-

ters (Prata et al., 2019; von Savigny et al., 2020).

Transport

Following the schematic in Fig. 1.1, the transport of particles and gases is another crucial process. The
correct transport is more determined by the dynamical core of the atmospheric model, i.e., how accurate
the atmospheric state is captured in terms of wind speed and direction. As the focus of this thesis is on
aerosol dynamics and interaction, the dynamical core of models is not further elaborated here. Some
information can be found in Sect. 3 and literature (e.g., Zangl et al., 2015; Rieger et al., 2015).

The gray box in Fig. 1.1 highlights two processes, emission and transport. Operational volcanic aerosol
dispersion forecast systems typically incorporate these processes. In contrast to that, processes depicted
in the green box of Fig. 1.1 are usually not considered or receive less attention in recent studies (Beckett
et al., 2020).

Within a volcanic cloud aerosol dynamic processes occur that change the physico-chemical properties
of volcanic aerosol. Furthermore, due to aerosol-radiation interaction volcanic aerosol can influence
the surrounding atmosphere. Both processes have the potential to alter the spatial distribution and the

atmospheric lifetime of the aerosol, hence, influence the removal of particles.
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Aerosol Dynamics

Kipling et al. (2016) show that the vertical distribution of aerosol in general depends strongly on aerosol
dynamic processes such as nucleation, condensation, and coagulation.

Coagulation is a term that is used to describe the process of particles adhering to each other (Smolu-
chowski, 1927). In volcanic research, the term ash aggregation is often used to describe the same process.
In the scope of this thesis I stick to the term coagulation. Brownian motion of particles and electromag-
netic forces are the main driver for coagulation. Ultimately, coagulation forms larger particles. During
the past three decades, coagulation of volcanic ash has been part of research (Brown et al., 2012, and
references therein). If coagulation is ignored in numerical ash dispersion models, they tend to underes-
timate the ash fallout and overestimate atmospheric ash concentrations at distances > 1000 km from the
volcano (Brown et al., 2012). However, even state-of-the-art models only consider coagulation within
the eruption plume, if at all (Textor et al., 2006b; Van Eaton et al., 2015; Folch et al., 2016; Marti et al.,
2017; Beckett et al., 2020). In other words, coagulation effects are usually only considered during the
emission of volcanic aerosol, but not during its transport.

Volcanic ash size and shape influence the dispersion. At a given distance from the volcano, particles
found on ground are larger than the one airborne. Further, particles on ground tend to be more spherical
then airborne ones (Pardini et al., 2016). Particle size and shape change over time due to aerosol dynamic
processes such as nucleation, condensation, and coagulation. These processes lead to the chemical aging
of volcanic aerosol. The chemical aging of volcanic ash, i.e., sulfate, water, and other substances adhere
to the surface of ash particles, increases their size and reduces their non-sphericity. O’Dowd et al. (2012)
found chemically aged ash particles over Ireland after the Eyjafjallajokull eruption. It consisted of a
mixture of 15% ash coated by 25% sulfate and 55% water. Zhu et al. (2020) show that the lifetime of
volcanic SO, and sulfate particles in the stratosphere is reduced in the presence of volcanic ash. They
state that “43% more volcanic sulfur is removed from the stratosphere in 2 months” due to aerosol
dynamic processes, i.e., uptake of sulfur components on ash. Despite these studies, operational volcanic

aerosol dispersion forecast systems ignore the chemical aging of volcanic aerosol (Beckett et al., 2020).

Aerosol-Radiation Interaction

The aerosol-radiation interaction can result in a vertical movement of aerosol that is different from large
scale atmospheric dynamics (Khaykin et al., 2017; Walter, 2019). However, large uncertainties remain
in the description of aerosol optical properties (Randall et al., 2007; Boucher et al., 2013). Moreover, the
aerosol feedback to radiation interaction is expected to be nonlinear (Palacios-Peiia et al., 2020).

There are few modeling studies on historic volcanic eruptions that investigate the influence of aerosol—
radiation interaction on the dispersion of SO, together with volcanic ash (e.g., Niemeier et al., 2009;
Pitari et al., 2016; Niemeier and Schmidt, 2017). Niemeier et al. (2009) show that fine ash particles

absorb shortwave and longwave radiation, which results in a heating and cooling of 20 K per day. This
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temperature change modifies the transport of the ash and SO, cloud. Especially on short time scale and at
local scale this effect can be substantial. The effect depends strongly on the optical properties of volcanic
aerosol particles (Niemeier et al., 2009; Timmreck, 2012; Vernier et al., 2016).

Offline models generally ignore aerosol-radiation interaction, i.e., operational volcanic aerosol disper-
sion forecast systems (Beckett et al., 2020). Not representing this feedback mechanism in dispersion
models can lead to compensating measures to account for observed volcanic cloud lifting. For exam-
ple, de Leeuw et al. (2021) performed a model study in which aerosol-radiation interaction is neglected.
They compensate the lifting of the SO, cloud after the Raikoke eruption in 2019 by emissions into higher
altitudes. On the contrary, Bruckert et al. (2021) show that the SO, cloud is lifted by aerosol-radiation

interaction induced heating of upper tropospheric layers.

Combining Aerosol Dynamics and Interaction

Besides the modification of the aerosol size distribution and composition, nucleation, condensation, co-
agulation, and sedimentation, they also alter the optical properties of the particles involved (Delmelle
et al., 2007; Durant et al., 2010; Ayris and Delmelle, 2012; Bagnato et al., 2013; Hoshyaripour et al.,
2015; Seinfeld and Pandis, 2016; Vogel et al., 2017). Studies show that these changes influence the dis-
persion of the aerosol (e.g., Abdelkader et al., 2017; Peterson et al., 2017; Yu et al., 2019). Abdelkader
et al. (2017) simulated the chemical aging of mineral dust particles during transatlantic transport. Their
results show an increased aerosol optical depth (AOD) in regions of subsaturation due to water uptake
of aged dust. This can result in local feedback on surface wind and dust emissions. Furthermore, the
increased hygroscopicity of aged dust results in larger particles which are removed more efficiently by
wet and dry deposition (Abdelkader et al., 2017). An observational study on the chemical aging of at-
mospheric pollutants in the Arctic near-surface atmosphere is presented by Peterson et al. (2017). They
identify heterogeneous reactions on aerosol particle surfaces as the cause for the large spatial extent of
bromine components beyond their source region. Yu et al. (2019) studied the smoke plume after forest
fires in Canada in August 2017 in a combined approach of model simulations and satellite observations.
They show that the radiation heating of chemically aged black carbon is a key ingredient for the long at-
mospheric lifetime observed. In their study, aerosol-radiation interaction results in a plume lifting from
15 to 20 km within 10 days.

There still remain large uncertainties in numerical dispersion models with respect to aerosol dynamic
processes and aerosol-radiation interaction (Prata et al., 2019; von Savigny et al., 2020). The question
remains how aerosol dynamic effects influence optical properties and the dispersion of aged volcanic
aerosol. In this thesis, I aim to shed light on this gap by extending the ICON-ART modeling system.
A new aerosol dynamic module called AERODYN (AEROsol Dynamics) is implemented. It allows to

account for secondary aerosol formation and aerosol dynamic processes.
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Improve Initial State

It was mentioned above that volcanic aerosol dispersion forecast is an initial value problem and that
there are two requirements for a correct and reliable forecast. First, a correct initial state from which the
forecast is started and, secondly, the accurate representation of all relevant processes in the model. As
the true initial state is generally not known, a best estimate is required. This best estimate is derived with
the help of data assimilation.

Data assimilation has been used in operational weather forecast for a long time. Carrassi et al. (2018), for
example, give a review on different methods. In recent years, data assimilation became more and more
available in atmospheric chemistry models (Bocquet et al., 2015), e.g., for air quality forecast (Montoya
et al., 2020). Especially for volcanic aerosol dispersion forecast, data assimilation can be a useful tool to
overcome the large uncertainties with respect to eruption source parameters, aerosol dynamic processes
and aerosol-radiation interaction.

There exist several approaches to use data assimilation for the simulation of volcanic aerosol dispersion.
These approaches range from simple data insertion techniques (Wilkins et al., 2015, 2016) over varia-
tional assimilation approaches (Schmehl et al., 2011; Lu et al., 2016; Plu et al., 2021) to ensemble based
Kalman filters (Fu et al., 2016; Osores et al., 2020; Pardini et al., 2016). The assimilation of observational
data for volcanic aerosol dispersion forecast relies mainly on the remote sensing of satellite instruments.
Wilkins et al. (2016) suggest the use of data insertion techniques for remote and little monitored volca-
noes. In cases when little or nothing is known about the eruption source parameters, data assimilation is
crucial for a correct forecast. Wilkins et al. (2016) tested their setup for the case of the Eyjafjallajokull
eruption in 2010 and proved its potential. However, they also highlight, that special care should be given
to the quality control of the observational data that is used. Often, the remote sensing of ash clouds can
be difficult when the volcanic cloud is too dense or obscured by water clouds (Prata and Lynch, 2019).
Plu et al. (2021) used a 3D variational (3D-Var) approach to test data assimilation within the MOCAGE
model. They found a rather small and only local effect of the assimilation on the forecast. They assim-
ilated AOD from the polar orbiting MODIS instrument. The use of data from a geostationary platform
might overcome some of the deficiencies (Plu et al., 2021).

Fuetal. (2016), Osores et al. (2020), and Pardini et al. (2020) emphasize that an ensemble based approach
can be useful for the assimilation of volcanic ash. All three studies were done with a different dispersion
model, a different assimilation system, and for a different volcanic eruption.

An important unresolved issue remains the problem of missing information on the volcanic cloud height
and cloud thickness (Pardini et al., 2020). Typical satellite retrievals such as AOD or column integrated
mass do not contain any of these information. Incorporating other observational data, such as in-situ
aircraft measurements of aerosol concentrations (Fu et al., 2016), proofed to be valuable. Fu et al. (2016)

suggest that this kind of in-situ measurements can be very helpful for monitoring and forecasting distal
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parts of the volcanic cloud. However, aircraft measurements might not be available for a timely response
shortly after an eruption.

For an operational system, such as at London VAAC, the assimilation method should be computationally
fast and the observations must be of good quality (Beckett et al., 2020). That also means, a sufficient
spatial and temporal coverage is needed. I mentioned already that satellite retrievals on volcanic ash
clouds can be difficult, as the cloud might be obscured (Prata and Lynch, 2019). Additional uncertainties
arise due to the unknown size, shape, composition, and porosity of volcanic ash particles. Satellite
retrievals are quite sensitive to these properties (Kylling et al., 2014; Stevenson et al., 2015; Western
et al., 2015). The missing height information in most satellite retrievals remains a problem. Ground
based vertical Lidar profiles or profiles of the polar orbiting CALIOP instrument can provide some of

the missing information. However, the spatial and temporal resolution of such instruments is low.

1.2. Thesis Objectives

The aim of this thesis is the improvement of volcanic aerosol dispersion forecasts. I pursue this goal in
two ways. First, the formation of secondary volcanic aerosol, the chemical aging of volcanic aerosol,
and the interaction of the resulting internally mixed particles with radiation is implemented in ICON-
ART. Both processes are currently missing in most atmospheric dispersion models (compare Fig. 1.1).
Secondly, I develop a data assimilation method for volcanic aerosol to improve the initial state and
overcome deficiencies of the volcanic emission parametrization as well as other model uncertainties.
I make this development within the DWD data assimilation framework, which is a step towards the
operational use of data assimilation for volcanic aerosol dispersion forecasts at DWD.

With these new developments, I address the following research questions:

1. How do aerosol dynamic processes influence the volcanic aerosol dispersion?

2. Which of the aerosol dynamic processes is most relevant and has the largest effect on aerosol

dispersion?
3. What is the influence of the interaction between radiation and volcanic aerosols on their transport?

4. Is the combined representation of aerosol dynamic processes and aerosol-radiation interaction

beneficial for volcanic aerosol dispersion forecast?

5. What is the potential of an En-Var method for the assimilation of column integrated ash mass?

I investigate these questions in the context of the Raikoke eruption 2019. Raikoke is a stratovolcano
which is located on one of the central Kuril islands in the Sea of Okhotsk (48.29° N, 153.24° E). On
21 June 2019 at 18:05 UTC the Raikoke volcano started to erupt (Sennert, 2019). In a series of several

individual, short outbursts and one longer, continuous eruption (Bruckert et al., 2021) approximately
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190 Tg of tephra and 1.5 Tg SO, were emitted (Muser et al., 2020). The eruption column rose to
altitudes between 8—14 km and released aerosol and gases in both the troposphere and stratosphere. It
was one of the largest volcanic eruptions during the last 30 years. Due to its remote location, the eruption
only caused the rerouting of 40 airplanes (Sennert, 2019). During and after the Raikoke eruption, several
satellite instruments were in place to sense the volcanic cloud at a high spatial and temporal resolution.
Due to the good observational data availability, the strength of the eruption, and the temporal proximity
of this thesis to the eruption, the Raikoke eruption of 2019 is well suited as a case study to validate my

new implementations and to answer the posed research questions.

1.3. Thesis Outline

This thesis contains basic information on volcanic aerosol formation and their physico-chemical prop-
erties in Sect. 2. Section 3 describes the modeling system ICON-ART together with the new imple-
mentations regarding aerosol dynamic processes and the optical properties of internally mixed particles.
Section 4 contains a short summary on the observational data that I use to validate the model results.
The methods and tools that are used to evaluate the model results are presented in Sect. 5. Furthermore,
the data assimilation method is explained here. I present and discuss results of the model simulations
of the Raikoke eruption in 2019 in Sect. 6. These results show the influence of aerosol dynamic effects
and aerosol-radiation interaction on the dispersion of volcanic aerosols. The potential of data assimila-
tion for volcanic aerosol forecast is presented in Sect. 7, also for the case of the Raikoke eruption 2019.

Section 8 provides a summary of the thesis.
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2. Volcanic Aerosol — Origin and Properties

Volcanic eruptions are one of the most impressive, but also most hazardous natural phenomena on Earth.
There exist a variety of different eruption types ranging from effusive eruptions with only local effects to
large explosions which have global impacts that are detectable for several years after the eruption. This
section contains fundamentals about volcanic eruptions and the emission of volcanic aerosol in Sect. 2.1.
Section 2.2 explains the formation of secondary volcanic aerosol. The physico-chemical properties of the
different volcanic particles are presented in Sect. 2.3. I provide an introduction to the concept of aerosol
aging in Sect. 2.4. Finally, Sect. 2.5 contains details on the interaction of aerosol with radiation. More
detailed information on all these topics can be found in classical textbooks, e.g., in Schmincke (2004)
and Seinfeld and Pandis (2016).

2.1. Volcanic Emissions and How to Describe Them

A volcanic eruption is accompanied by the emission of lava, tephra, and volcanic gases. Lava describes
molten rock that has reached the (Earth’s) surface, whereas, the term magma is used for molten rock
below surface. Tephra describes all ejected solid materials that can range in size from large boulders to
very fine volcanic ash particles. The mixture of volcanic gases depends strongly on the volcanic activity
and the tectonic setting, however, the most abundant components usually are water, carbon dioxide CO,,
and sulfuric compounds such as sulfur dioxide SO,. There exist three different mechanisms that drive
the ejection of these materials during eruptions (Schmincke, 2004). First, so-called magmatic eruptions
are driven by gas release from magma under decompression. Dissolved gases in the magma can form
bubbles and propel the magma up the volcanic vent. This principle can easily be pictured by opening a
shaken bottle of sparkling water. The second mechanism is based on the interplay between magma and
water. The rapid heat exchange between magma and water leads to a high level of magma fragmentation
and steam explosions. These eruptions are called phreatomagmatic. The third mechanism does not
include the ejection of magmatic material. For this eruption mechanism magma only evaporates water,
leading to steam explosions. Together with the steam, solid materials can be ejected by these so-called
phreatic eruptions.

A volcanic eruption can be driven by a mix of these mechanisms during different phases of the eruption.
As an example, the initial phase of the Eyjafjallajokull eruption 2010 was phreatomagmatic as the glacier
cap was melting. Over time, less water reached the vent area, hence, magmatic effects dominated the

final phase (Dellino et al., 2012; Gudmundsson et al., 2012).
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2. Volcanic Aerosol — Origin and Properties

Table 2.1: Volcanic Explosivity Index by Newhall and Self (1982) and the two major distinction criteria together
with a representative (historic) example. The plume height for VEIs O — 2 is measured in height above crater, for
VEIs > 3 in height above sea level.

VEI Ejected volume Plume height Example

0 <10*m? <100 m Kilauea

1 > 10* m? 100 — 1000 m  Stromboli

2 > 10° m? 1-5km  Whakaari (2019)

3 > 10" m? 3—15km  Eyjafjallajokull (2010)
4 > 108 m? 10—25km  Raikoke (2019)

5 > 10° m? > 25 km St. Helens (1980)

6 > 100 m3 > 25 km Pinatubo (1991)

7 > 10" m? > 25km Tambora (1815)

8 > 102 m? > 25 km Taupo (26500 BC)

Whether a magmatic eruption is rather effusive or explosive mainly depends on the viscosity of the
magma. Volcanic activity with a low-viscous magma tends to be effusive, as it can be observed for ex-
ample on Hawaii or Stromboli. More destructive explosive eruptions occur at volcanoes which usually
contain more viscous magma. Only these explosive volcanic eruptions generate very fine volcanic ash
particles in great amounts. Such an explosion ejects the particles up to several kilometers into the atmo-
sphere from where these particles can be transported over large distances. This is the reason why in the
scope of this thesis only explosive eruptions are of interest.

In order to compare the strength of different volcanic eruptions objectively, Newhall and Self (1982)
proposed the Volcanic Explosivity Index (VEI). The index is based on an open-ended, logarithmic scale
and classifies the eruption strength according to the ejected volume and the plume height. As shown
in Table 2.1, values for VEI range from 0 to 8. For VEI > 2, an increase in VEI by one translates to
a ten times higher ejected volume. Furthermore, Table 2.1 lists prominent historic eruptions for each
corresponding VEI.

The particle size of tephra during explosive eruptions can range over several orders of magnitude.
Schmincke (2004) describes two main boundary conditions that control the fragmentation of magma
into particles. The first one is the formation of a magmatic foam. This magmatic foam is generated due
to the degassing of magma in the magma chamber and conduit. The thin and unstable walls of the melt
in the foam are then torn apart. The second boundary condition is the brittle fracture of magma when the
tensile stress of the melt is exceeded (Schmincke, 2004).

During explosive eruptions the mixture of hot gases and tephra leaves the volcanic vent at high velocities.
The region in which the upward motion is dominated by the remaining momentum of particles and gases
is called gas thrust or jet region. Due to turbulent mixing at the sides of the plume, up to four times

its mass of (cold) ambient air can be entrained (Schmincke, 2004). The successive expansion of the
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2.1. Volcanic Emissions and How to Describe Them

entrained air reduces the density of the volcanic plume significantly. In case the density of the plume is
reduced to a level below that of the surrounding air, further lifting of the volcanic plume occurs due to
convection. The convective region stretches up to a height at which the plume reaches neutral buoyancy.
The continuing entrainment of ambient air in the convective region and the successive cooling brings
the density of the plume in equilibrium with the ambient air at neutral buoyancy level. At this level
the emitted material starts spreading horizontally. This region is called the umbrella of the plume. The
schematic in Fig. 2.1 illustrates these different plume regions, however, the heights are not to scale.

Additionally, there exists another mechanism that has the potential to emit very fine volcanic ash particles
high into the atmosphere. This mechanism does not depend on direct emissions by the volcanic vent.
Instead, it is based on convective systems that develop around the volcano over hot deposits of ejected
material. These deposits are called ignimbrite and reach temperatures of several hundred centigrade.
Due to their high temperature, convective systems form over the ignimbrite. These convective systems
can carry large amounts of very fine ash which are visible as so-called co-ignimbrite plumes (also known
as co-PDC plumes). They can add substantially to the total emission of very fine volcanic particles into

the atmosphere (Perrotta and Scarpati, 2003).

umbrella
region

convective
region

gas thrust
region

Figure 2.1: Volcanic plume regions for large volcanic eruptions. The lengths are not to scale.
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2. Volcanic Aerosol — Origin and Properties

The total flux of tephra through the volcanic vent is called mass eruption rate (MER). It is an important
quantity when it comes to volcanic aerosol dispersion forecast. There exist multiple approaches on how
to obtain the MER at different levels of complexity. A rather simple approach is the empirical relation

by Mastin et al. (2009)

L, oo 2.1
MER = . .
<0.3o35 ) 1)

It is simple in a way, that only the emission height 4 in km above vent is needed to determine the MER

in kgs™!.

available for simulations in ICON-ART (Rieger et al., 2015).

This relation is used in operational volcanic ash forecast (Beckett et al., 2020) and is also

More sophisticated approaches to determine the MER are given by one-dimensional plume models such
as Plumeria (Mastin, 2007) or FPLUME (Folch et al., 2016). They consider more physical processes for
the calculation of the MER, e.g., the atmospheric state and vent conditions. Such one-dimensional plume
models have successfully been applied in simulations of volcanic aerosol dispersion (Marti et al., 2017;
Bruckert et al., 2021), however, the amount of input data can restrict their use for operational volcanic
aerosol dispersion forecast.

As the MER comprises all emitted tephra, it also contains material that is too large and heavy to stay
in the atmosphere for long. Only the smallest particles are injected high enough and remain in the
atmosphere long enough in order to being transported over large distances. These small particles with
diameters d,, < 32 um are classified as very fine ash by volcanologists (Rose and Durant, 2009).
Goubhier et al. (2019) studied the partitioning very fine ash from all tephra during historic volcanic erup-
tion in detail. They show that eruptions with higher VEI, hence, more explosive eruptions, produce a
smaller fraction of very fine ash fj,; that is small enough for long-range transport. Furthermore, they
state a statistical model that allows to estimate f;,» based on MER. Typically, the fraction of very fine ash
of the total MER is f;;; < 5%. However, a fix value f;,; = 5% is often used in operational volcanic ash
forecast (Beckett et al., 2020).

Volcanic aerosols and gases are not released at one point at a height 4 above the volcano, but over a
vertical profile. This profile is needed to fully describe the emission. If an umbrella cloud exists, most of
the very fine ash is released in the umbrella region as indicated by the schematic in Fig. 2.1. However,
it is difficult to formulate a generally applicable profile that describes the ash release over height for all
volcanic eruptions. The vertical distribution of ash release is sometimes modeled by so-called Suzuki
profiles (e.g., Marti et al., 2017; Bruckert et al., 2021). In operational forecasts done by VAACs a uniform
profile is used (Beckett et al., 2020).

2.2. Secondary Volcanic Aerosol Formation

Secondary aerosols are particles that are not directly emitted into the atmosphere, but form out of gaseous

precursor substances. This formation process is called nucleation.
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Volcanoes can emit large amounts of SO,. Sulfur dioxide undergoes chemical reactions in both gas-
(homogeneous) and aqueous-phase (heterogeneous), whereby it is depleted. Another sink for SO, is the
dry and wet deposition of the gas (Seinfeld and Pandis, 2016). The gas-phase reaction in the troposphere
is dominated by the reaction with the OH radical as described by Stockwell and Calvert (1983). They

propose a three step reaction chain. In the first two steps,

SO, + OH+M — HOSO, + M [R 1]

and

HOSOZ + 02 - H02 + SO3 [R 2]

SO, is transformed into SO5. Finally, in the presence of water vapor, SO5 reacts rapidly to sulfuric acid
(H2SOy)

SO3 + Hzo +M — HzSO4 +M [R 3]

Sulfuric acid is a precursor gas that tends to either condense on existing particles, e.g., volcanic ash, or
it nucleates and forms particles. In general, nucleation describes a process that transforms a phase A to
phase B. It can be observed in many connections, e.g., formation of droplets in a vapor phase, formation
of crystals in a liquid phase, and formation of bubbles in a liquid phase. For this work, the nucleation of
sulfate (SO) droplets out of gaseous H,SOy, is of relevance. This is why in the following only the terms
droplets and gas are used. Details about the physics of the nucleation process can be found in textbooks,
e.g., Seinfeld and Pandis (2016).

There exist two main nucleation processes, homogeneous and heterogeneous. Homogeneous nucleation
describes the formation of droplets out of the gaseous phase without any foreign material, solid or liquid,
present. In the presence of foreign material at which surface droplets can form, heterogeneous nucle-
ation takes place. For both processes, there can be a single species (homomolecular) or a mix of multiple
species (heteromolecular) involved. The nucleation of H,SO, in the atmosphere is a binary, i.e., hetero-
molecular, homogeneous nucleation system. It is called binary as there are two species involved, water
and sulfuric acid. The resulting particles are then a solution of sulfate and water. The nucleation of
sulfuric acid has been studied by several authors. Details can be found for example in Doyle (1961),
Kulmala and Laaksonen (1990), and Noppel et al. (2002).
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A prerequisite for nucleation is a supersaturation s = pa /p3 (T') > 1 of H,SO, vapor. The partial pressure
of a substance A is denoted by p4 and its saturation vapor pressure by p5. For a binary system, it is
sufficient that the participating vapor species are supersaturated with respect to a liquid solution droplet.
Nucleation is a gas kinetic process during which gas molecules stick to each other and form clusters.
These clusters must reach a critical size, before they grow further at the expense of the supersaturation

into liquid particles. Resulting sulfate (SO,/") particles have a diameter d » ~ 0.01 um (Whitby, 1978).

2.3. Physico-Chemical Properties of Volcanic Aerosols

For this work, only volcanic particles that have the potential to remain in the atmosphere for at least
several hours to days are important. Only such particles are transported over large distances and jeop-
ardize air traffic or influence weather and climate. That is why the following properties are restricted
exclusively to such particles, i.e., very fine ash and sulfate particles.

Particle sizes in atmospheric aerosols range over several orders of magnitude (Whitby, 1978; Boucher,
2015). The different size ranges are also called modes. The diameter range 0.01 um < d, < 0.1 pm
is classified as the Aitken mode, in the range 0.1 ym < d, < 1 um as the accumulation mode, and
between 1 um < d, < 10 um as the coarse mode. Larger particles are sometimes classified as supercoarse
(Boucher, 2015) or giant mode particles (in this work). The name accumulation mode already indicates
that particles tend to accumulate in this mode due to aerosol dynamic processes (compare Sect. 2.4).
Typically, Aitken mode particles exist in great numbers, but account for little mass. The opposite is
true for coarse mode particles. The large particles sediment fast, hence, are removed quickly from the
atmosphere.

Sulfate particles that nucleate from sulfuric acid are in the size range of Aitken mode particles. Volcanic
ash particles are typically larger and are emitted in the size range of the accumulation, coarse, and giant
mode. Figure 2.2 displays ash size distributions for five historic eruptions (Bonadonna and Scollo, 2013).
The markers indicate the fraction of particles with a diameter d), of the total very fine ash mass emitted
by the volcano.

Volcanic ash consists of different minerals depending on the tectonic setting of the volcano. The parti-
cles’ density can range between 800 — 2800 kg m~3 (Wilson and Huang, 1979; Textor et al., 2006a,b;
Schumann et al., 2011). Many authors typically assume a value of p, ~ 2600 kg m~3. Sulfuric acid has
a density of 1800 kg m—3. However, atmospheric sulfate droplets are usually in a solution with water.
Rosen (1971) measured a H,SO, content of 75% in stratospheric sulfate aerosol. In the troposphere
lower H,SO, contents can be expected. After the Eyjafjallajokull eruption 2010, O’Dowd et al. (2012)
found volcanic aerosol particles over Ireland. These particles were emitted into and transported in the
troposphere. They consisted of a mixture of 15% volcanic ash, 25% sulfate, and 55% water. Processes

that lead to such a mixing state are explained in the following section.
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Figure 2.2: Volcanic ash size distribution of very fine ash particles for historic eruptions. Data available from
Bonadonna and Scollo (2013).

2.4. The Concept of Aerosol Aging

Particles in the atmosphere exist in sizes that range from several nanometers to tens of microns. Due to
microphysical processes these particle sizes can change over time. Figure 2.3 depicts typical size ranges
and their related source and sink processes.

Secondary aerosol particles, e.g., SO/, form due to nucleation, as explained above, and rapidly grow
to the size of Aitken mode particles, as indicated by the arrows in Fig. 2.3. Depending on their source,
primary particles can be emitted in all modes. Very fine volcanic ash particles are usually emitted in
the size range of the accumulation and coarse mode. Further details on the particle sizes are given in
Sect. 2.3. The dominant microphysical processes that alter the size of single particles are condensation,
coagulation, evaporation, and activation. Detailed descriptions of these processes can be found in text-
books, e.g., Seinfeld and Pandis (2016). During condensation gaseous substances, e.g., H,SO,4, condense
on already existing particles, such as volcanic ash or sulfate particles. Coagulation is a process during
which particles interact with and stick to each other. The cause for coagulation is the Brownian motion
of particles or electromagnetic forces.

Activation is the process when aerosol particles act as INP and CCN for ice and liquid clouds, respec-
tively. The reverse process is called evaporation, which means that the water of the cloud droplet evapo-
rates and leaves the remaining aerosol particle.

Gravitational settling, i.e., sedimentation, brings aerosol particles to lower altitudes. Dry deposition
finally removes these particles and atmospheric trace gases at the Earth’s surface. Wet deposition, as the
name suggests, incorporates liquid water. Aerosol particles either act as INP or CCN and are removed

by precipitation. Or the particles are scavenged by falling rain droplets.

17



2. Volcanic Aerosol — Origin and Properties

emission of emission of
gases primary particles

homo. condensation
reactions [

L

A\
nucleation coagulation

|

activation
—.e_va poration

I I dry deposition wet
Y Ceb deposition

gas
molecules P

Figure 2.3: Typical microphysical processes that generate, transform, and remove atmospheric constituents.
(Adapted from Raes et al. (2000))

Homogeneous reactions describe chemical reactions in which reactants and products are all in the same
phase, i.e., in Fig. 2.3 gas phase reactions. On the contrary, in the context of atmospheric chemistry
heterogeneous reactions incorporate liquid water.

Black arrows in Fig. 2.3 indicate processes that are of particular interest in the scope of this thesis.
Condensation and coagulation have the potential to form internally mixed particles. As sketched in
the top left of Fig. 2.4, an external mixture consists of different particles for which single particles
consist of one substance. On the contrary, in an internal mixture single particles consist of more than
one substance. In volcanic plumes, condensation and coagulation form a coating on ash particles that
consists for example of water or sulfate. The top right of Fig. 2.4 shows such coated particles that are
also called aged particles. This leads to a state in which coated and uncoated particles are externally

mixed, as depicted in the lower panel of Fig. 2.4.
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Figure 2.4: Different types of aerosol mixtures: Top left shows externally mixed volcanic ash and sulfate parti-
cles. The top right shows internally mixed particles on the example of sulfate coated volcanic ash. The bottom
schematic displays an external mixture of internally mixed particles as it is used in this thesis.

2.5. Interaction of Volcanic Aerosols with Radiation

A rainbow nicely visualizes the interaction of solar radiation with small, airborne water droplets. In
general, every particle in the atmosphere interacts with electromagnetic waves. Usually, however, with
less visual effects for human eyes. Depending on the material of the particle and the wavelength of
radiation, incident photons are either absorbed, scattered or transmitted. Comprehensive explanations
about the basics of atmospheric radiation and its interaction with particles can be found in literature, e.g.,
in Petty (2006) or Mishchenko (2014). Here, only the necessary basics are replicated.

An important quantity that describes the optical properties of a particle is the complex refractive index
B; =Re(B))+iIm(B,). 2.2)

The complex refractive index is a material property that varies for different wavelengths. From its real
part Re(B; ) we can determine the effective phase speed of the electromagnetic wave traveling through
the material. The imaginary part Im(B; ) gives the rate of absorption of the wave in the material. For a

given wavelength A, the volume absorption coefficient

gy = 4mIm(e:) 23

can be determined. It has the dimensions of an inverse length. The reciprocal of 3, can be interpreted
as the distance the electromagnetic wave needs to travel at which e~! ~ 37% of its original value is

absorbed.
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Figure 2.5: Complex refractive indeces of volcanic ash, water, and sulfuric acid. The ash data is from Walter
(2019). The data for water and sulfuric acid is taken from the HITRAN database (Gordon et al., 2017).

Figure 2.5 displays the refractive indices of volcanic ash, water, and sulfuric acid. The data for volcanic
ash is taken from Walter (2019). Values for water and sulfuric acid are listed in the HITRAN2016
database (Gordon et al., 2017).

Absorption is not the only process that removes photons from their path of travel. Another possibility is
the scattering of photons out of their original trajectory. Comparable to 8, we can describe the removal
of photons from their path of travel due to scattering with the volume scattering coefficient ;. The sum

of absorption and scattering is called extinction. Consequently,

Be = ﬁa + Bs 2.4)

is the volume extinction coefficient.
When it comes to the interaction of radiation with an aerosol particle, not only its material is of impor-

tance, but also its size. That is why we define the extinction efficiency

Oe

Q.= Aip . (25)
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It is a non-dimensional quantity that relates the extinction cross section o, to the area of particle cross
section A, = %d},. Note that for wavelengths in the order of the particle diameter d,,, o, can be larger
than A, hence, Q, > 1 (Petty, 2006).

Knowing the extinction cross section o, of a single particle and the number concentration N of these
particles, we can derive

B = 0N . (2.6)

Knowing the extinction coefficient, the attenuation of incident radiation along a path between z; and z,

can be determined with Lambert-Beer’s law:

I (z2) =1 (z1) exp (— /ZZ2 ﬁe(z)dz> =1 (z1)exp(—7(z1,22)) - 2.7)

For a constant extinction coefficient between z; and z, the optical thickness (optical depth) T can simply

be derived by
t(21,22) = Be (21 — 22)- (2.8)

Analogously to Eq. 2.6 the scattering coefficient
ﬁs = o;N (2.9

is derived. A relative measure that relates scattering to total extinction is the single scattering albedo ®.

The non-dimensional quantity @ is defined as

_B_ B

a)i

B BB

Values for @ range between 0 and 1. Zero indicates that all extincted photons are extincted due to

(2.10)

absorption. A one would show that all extincted photons are extincted due to scattering.

Scattering of radiation is a rather complex physical process. Detailed explanations can be found in
literature, e.g., Mishchenko (2014). In principle, radiation can be scattered in any direction. That said, it
can be removed from its path of travel, but can also be scattered back into its path. For the macroscopic
radiation budget in a global circulation model, such as ICON-ART, it is not feasible to calculate the exact
scattering behavior of each particle. However, we can reduce the complexity to the relation of forward
and backward scattering. This behavior is represented by the dimensionless asymmetry parameter g. Its
values range between

—1<g<1 (2.11)

whereas the lower and upper extreme value are rather hypothetical. For g = —1 all photons would be

scattered in backward direction and for g = 1 in forward direction, respectively.
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Figure 2.6: Scattering regimes as a function of particle size and wavelength for typical atmospheric particles and
wavelengths. The orange box highlights the wavelengths and particle sizes of volcanic aerosols that are relevant
in this work. Adapted from Petty (2006).

The interaction of particles of different size with radiation can be characterized with the nondimensional

size parameter
wd
P

A

Different regimes for typical particle sizes and wavelengths are displayed in Fig. 2.6. For very small

(2.12)

X

particles, such as air molecules, scattering can be neglected for most wavelengths of atmospheric radia-
tion. Volcanic aerosols, however, typically lie within the Rayleigh Scattering and Mie Scattering regime.
Typical sizes of volcanic aerosols and wavelengths relevant in the scope of this work are highlighted by

the orange box.
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2.5. Interaction of Volcanic Aerosols with Radiation

The scattering behavior of particles has first been described in a comprehensive manner by Mie (1908).
Mie assumed spherical, isotropic, homogeneous, and non-magnetic particles. He was able to derive the
optical properties of these particles from the Maxwell equations. His solution also contains the earlier
proposed, but only for special cases applicable, Rayleigh scattering. Hence, Mie’s theory covers both
regimes in Fig. 2.6, Mie and Rayleigh scattering.

There exist extensions to the classical Mie theory for concentric stratified spheres. These extensions
are not replicated at his point, due to their complex structure. The reader is referred to literature, e.g.,
Toon and Ackerman (1981) or Tarcea (2004). Such extensions for concentric stratified spheres allow to
compute the scattering behavior of internally mixed particles, i.e., ash particles coated with a mixture of
sulfate and water.

So far, the scattering behavior was explained for spherical particles. Volcanic aerosol, volcanic ash
specifically, are highly non-spherical particles (Johnson et al., 2012). Hoshyaripour et al. (2019) suggest
that the effect of non-sphericity is rather low on the atmospheric radiation budget. However, they stress
that the backscattering behavior and derived measurands, e.g., total attenuated backscatter measured by
Lidar instruments, can differ significantly between spherical and non-spherical particles. Mishchenko
etal. (1995, 1997); Mishchenko (2014) extensively studied the scattering behavior of non-spherical par-
ticles. A quantity that describes the scattering behavior of particles is the phase function. It describes
the intensity of the scattered light at a specific scattering angle. Figure 2.7 shows phase functions for
spherical and non-spherical particles at two different wavelengths (Mishchenko et al., 1997). The black
line indicates the phase function for a polydisperse population of spherical particles. The colored lines
present the phase functions for prolate (green), oblate (blue), and a mix of both (red) particles. The
populations of non-spherical particles contain a mix of particles with different aspect ratios (Mishchenko
et al., 1997). Figure 2.7 shows that the phase functions of the different particle populations significantly
deviate at large scattering angles. Of particular interest is the value of the phase function at 180°, as
this represents the intensity of the backscattered light. Both panels in Fig. 2.7 indicate that the intensity
of backscattered light is much higher for spherical particles compared to non-spherical ones. This has
implications for the comparison of model results with Lidar signals as discussed in Sect. 6.4.

As volcanic ash undergoes chemical aging, liquid components condense onto it. This coating reduces
the highly irregular shape of volcanic ash particles and makes them more spherical.

Generally, the aerosol-radiation interaction can have three different effects, a direct, a semi-direct, and
an indirect effect. The direct effect due to absorption or scattering of solar and terrestrial radiation,
directly changes the radiation budget, by the mechanisms described above. On the one hand, volcanic
aerosols reduce the incoming shortwave radiation that reaches ground level due to extinction of solar
radiation. Hence, it can result in a cooler temperature at the surface. On the other hand, volcanic aerosols
absorb shortwave and longwave radiation and heat the surrounding air. The absorption induced heating
of atmospheric layers can lead to the semi-direct effect. These local temperature changes influence

the formation and lifetime of clouds (Lohmann and Feichter, 2001). The indirect effect is related to the
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2. Volcanic Aerosol — Origin and Properties

Figure 2.7: Phase functions for polydisperse spherical and spheroidal particles at two wavelengths, A = 443 and
A = 865 nm in the left and right panel, respectively. The spheroid populations consist of particles with different

300

100

§ 10
c
3
('8
&
£

1

0.1

0.06

1lllll|IIlI!l|lll

Spheres

Prolate Spheroids
Oblate Spheroids
All Spheroids

LI B R | T T T 11111

LB R R L) |

L sl

R |

1'i|l|‘ll!ll]lllli

T T T

T T oo

T llllllll

i

L iIIIIIII

Ll

. 443 nm 4 L 865nm .

: 1 1 L L L 1 L 1 1 L1 1 1 1 1 . : 1 1 1 1 L l 1 1 1 1 L I 1 L1 1 1 3

0 60 120 180 0 60 120
Scattering Angle (deg) Scattering Angle (deg)

aspect ratios. The figure is taken from Mishchenko et al. (1997).

activation of volcanic aerosols as cloud condensation nuclei (CCN) or ice nucleating particles (INP). The
water-soluble sulfate particles are well known to act as CCN (Pruppacher and Klett, 2010). In contrast
to that, volcanic ash have the ability to act as INP (Steinke et al., 2011; Hoyle et al., 2011). The resulting

change of cloud properties, e.g., droplet size distribution, indirectly leads to a change in the radiation

budget (Twomey, 1974; Albrecht, 1989).
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3. The Modeling System ICON-ART

The improvement of volcanic ash dispersion forecast is attempted by extensions to the ICON-ART
modeling system. ICON-ART consists of the ICOsahedral Nonhydrostatic weather and climate model
(ICON) and the Aerosols and Reactive Trace gases (ART) module. The modeling system is developed
jointly by DWD, the Max Planck Institute for Meteorology (MPI-M), the Institute of Meteorology and
Climate Research (IMK) at Karlsruhe Institute of Technology (KIT), and the German climate computing
center Deutsches Klimarechenzentrum (DKRZ). ICON is the state-of-the-art numerical weather predic-
tion (NWP) model that is operationally used at DWD. It can be applied for seamless simulations of
various processes across local to global scales (Zéngl et al., 2015; Heinze et al., 2017; Giorgetta et al.,
2018). The ART extension accounts for emission, transport, physico-chemical transformation, and re-
moval of trace gases and aerosols in the troposphere and stratosphere (Rieger et al., 2015; Schroter et al.,
2018). This thesis is based on extensions that I implemented into the ICON-ART modeling system to

include aerosol dynamic effects and aerosol-radiation interaction.

3.1. Basics of the ICON Model

ICON solves the full three-dimensional non-hydrostatic and compressible Navier-Stokes equations on a
horizontally unstructured triangular grid.

The horizontal grid is a triangular Arakawa C grid (Arakawa and Lamb, 1977) that is based on the
successive refinement of a spherical icosahedron. The resulting grid with n..; cells has an average

spatial resolution of
— 4r

Ax =/ —r, 3.
Neell

with the mean radius of the Earth r,.
In the vertical, the model atmosphere is resolved by ny,, levels. For the vertical coordinate the terrain-
following formulation (smooth level vertical coordinate) by Leuenberger et al. (2010) is used. Grid cells
of one vertical column have all the same surface area.
The system of conservation equations is based on Gassmann and Herzog (2008) and was applied by Zingl
et al. (2015). Equations for the conservation of mass, momentum, and energy are solved. The prognostic

variables are the horizontal wind component normal to grid cell vertices v,, the vertical wind component

w, the air density p (including liquid and solid hydrometeors), and the virtual potential temperature 6,,.
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3. The Modeling System ICON-ART

3.2. Basic ART Equations

ART consists of an aerosol module (Rieger et al., 2015) and a gas-phase chemistry module (Weimer
et al., 2017; Schroter et al., 2018).
For each species, either aerosol or chemical, a transport equation needs to be solved in ICON-ART. These
transport equations are formulated in a Hesselberg averaged manner (also known as Favre averaged). Any
variable ¥ can be decomposed into

Y=y (3-2)

with ¥ being the Hesselberg mean and ¥” fluctuations from the latter. The Hesselberg mean is a density

weighted time average and is formulated as

Pa

Pa

| &

P — (3.3)

The overline denotes Reynolds averaged (classical time averaged) quantities and p,, is the density of dry

air.
3.2.1. Gas Phase Chemistry in ART

For a chemical tracer W the transport equation reads

PV
ot

= —adv—+ prod — loss + emiss, (3.4

as described by Weimer et al. (2017). Hence, the change in tracer concentration is determined by an
advection (adv) and production (prod) term as well as the loss (loss) and emission (emiss) rate. A
predictor-corrector method, as described by Seinfeld and Pandis (2016) and implemented by Weimer
et al. (2017), is used to solve Eq. 3.4. The chemical production and the loss rate are determined based
on a simplified OH-chemistry scheme. This chemistry scheme is extensively described by Weimer et al.
(2017) and the references therein. The simplified OH-chemistry scheme assumes that the main sink for
gaseous species in the atmosphere is their reaction with the OH radical. It is valid for gas phase reactions
in the troposphere and UTLS region. The described chemistry scheme is relevant for the depletion of
volcanic SO, and its transformation into H,SOj,.

The production of OH in ICON-ART depends only on the photolysis of O3 and the available concen-
trations of H,O, CH,, and CO. The photolysis rate is calculated by the Cloud-J module (Prather, 2015).
Reasonable results of the simplified OH-chemistry scheme can be expected as long as the concentration
of CH,4 is above a threshold of 1 ppmv. This threshold is reached at altitudes that are clearly above the
tropopause (Weimer et al., 2017).
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3.2. Basic ART Equations

3.2.2. Aerosols in ART

The transport of aerosols in ICON-ART is slightly more complex compared to the transport of gaseous
species.
As described in Sect. 2.3, a particle size distribution (for volcanic aerosols) consists of several size modes.
Each of these modes is represented by a two-moment, modal formulation of the particle size distribution
in ART. "Two-moment" denotes that two prognostic variables, number concentration and mass mixing
ratio, are transported per mode. The Hesselberg averaged specific number concentration @07 | represents
the zeroth moment of the size distribution of mode / and the mass mixing ratio @3,1, derived from the
third moment, respectively. They are given by
Y/ —
By, = o N (3.5)
' Pa Pa

and

Py =P L (3.6)
3,1 p

The particle size distribution of aerosols in ART is described by log-normal distributions. The log-normal
distribution for the mass specific number concentration and mass mixing ratio are given as functions of

particle diameter d,, by

Yy, (Ind, —Indy,)
Ind,) = —2L  exp | -2 "T0U 3.7
vou(lndy) = = o, p( 2o, 7
and
Y, (Ind, —Inds ;)
Ind,) = —>L  exp | —~—2 "} 3.8
vailndy) = o e p< 2o, ©-8)

respectively. The shape of such a size distribution is defined by @0,1 (W¥3,1), the standard deviation o, and
the median diameter dy; (d3;). With a fix standard deviation oy, the median diameter dj; with respect to
the mass specific number concentration can be derived from the two prognostic variables @0_,1 and @371

by

Y3

~ . (3.9
%p[) exp (% 1112 G[)‘POJ

doy =
The particle density is denoted by p,. The median diameter d3; with respect to the mass mixing ratio is

given by
Inds; = Indy; +31In* 0. (3.10)
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3. The Modeling System ICON-ART

Finally, the transport equations for the Hesselberg averaged specific number concentration and mass

mixing ratio can be formulated as

d(pa ¥ . .
Petor) v 5 0) - V- (o)
G.11)
d PN
- afz(vsed,o,lpa‘l’w) —Wo,1 —Cag,; +Nug,; + Eop,;
and N
0(p, ¥ o~ -
(pat371) —-_V. (VPu‘P3,1) —-V. (pav//\Pg/,l)
(3.12)

0 PN
- Z(Used,37lpa W3,) —Ws;—Cas;+Nuz ;+Cos +E3 ;.

Here, V- (?E@k,l) represents the advective term and V W the turbulent flux of the k™ moment
of mode /. The wind vector is given by v. The sedimentation velocity of the k™" moment of mode
[ is denoted by Useq ;. Wi, represents the removal of particles due to wet deposition and Cay; due
to coagulation. In ICON-ART wet deposition describes scavenging by raindrops below clouds. The
coagulation term can be split into an intra- and inter-modal term which is discussed in more detail in
Sect. 3.4. Nucleation of new particles Nu;; only affects the Aitken mode (I = Air). Condensation
of gaseous matter on existing particles Cos; is only a source term for the 3" moment. Ey; denotes
emissions into the & moment of mode .

A more comprehensive description of the advection scheme can be found in Rieger (2017) or in the
original publications of Miura (2007) and Colella and Woodward (1984). The parametrization of the
turbulent flux is described by Rieger et al. (2015); Rieger (2017) and the references therein. Rieger et al.
(2015) implemented a parametrization for the sedimentation velocity Vg4 ,; following Riemer (2002)
which is explained in detail in Rieger (2017). The parametrization of the wet deposition is described by
Rieger (2017) and the references therein. Details on the parametrization of coagulation, condensation,

and nucleation in ICON-ART are given in the following.

3.3. New Aerosol Modes in ICON-ART

This thesis is based on simulations run with the new aerosol dynamics module AERODYN in ICON-
ART. The aerosol dynamic processes, condensation and coagulation, generate internally mixed aerosols.
Therefore, a new set of modes was introduced compared to previous studies (Rieger et al., 2015; Gasch
et al., 2017; Gruber et al., 2019; Hoshyaripour et al., 2019).

As introduced by Muser et al. (2020), the AERODYN module in ICON-ART includes 10 log-normal
modes. These modes not only consider the different size ranges Aitken, accumulation, coarse, and
giant, but also three different mixing states. There exist so-called soluble, insoluble, and mixed modes.

The mixing states are distinguished based on their solubility with respect to water. A list of available
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3.3. New Aerosol Modes in ICON-ART
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Figure 3.1: Chemical composition of the soluble (first row) and insoluble (second row) modes, mixing state of the
modes (third row) and particle size distribution (giant mode is not shown). The dotted line represents a particle
size distribution of soluble particles, the dashed line of mixed particles, and the solid line of insoluble particles,
respectively. POM: primary organic matter, SOA: secondary organic aerosols, BC: black carbon. DU: desert dust,
VA: volcanic ash. Upper panel adopted from Kaiser et al. (2014). In the current work, insoluble mode contains
volcanic ash only while soluble mode contains only SOﬁ_ and H,O. Figure taken from Muser et al. (2020).

substances is displayed in the upper two rows of Fig. 3.1. Soluble substances comprise sulfate (SO42’),
ammonium (NH;"), nitrate (NO5), sea salt components (Na* and CI"), primary organic matter, secondary
organic aerosols, and water. Insoluble components are black carbon, dust, and volcanic ash. Mixed
particles consist of an internally mixture of an insoluble core coated by soluble substances. Examples of
arbitrary particles in different mixing states are shown in the three rectangular boxes of Fig. 3.1.

For each of the size distributions the prognostic number concentration together with the prognostic mass
mixing ratios of the individual substances are computed. The standard deviation and median diameter
are initialized in each simulation with values listed in Table 3.1. The median diameter of a mode can
change due to aerosol dynamic processes, whereas the standard deviation is kept constant.

Single size distributions are superimposed to represent the whole range of particle sizes and mixing
states. An example for the number concentration of 9 modes (giant mode not shown) is displayed in the
lower panel of Fig. 3.1.

The AERODYN module and its processes were designed in a flexible way. This means, the user can de-

cide which aerosol modes should participate in which processes. For the simulation of volcanic aerosol
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3. The Modeling System ICON-ART

Table 3.1: Median diameter with respect to 0 moment and standard deviation of AERODYN modes at initializa-
tion. The variables are given for the 10 different modes as combination of their size and mixing state.

State/Size Aitken Accumulation Coarse Giant
do; oy do oy do o do; oy
[um] [—] [um] [—] [um] [—] [um] (-]
Insoluble 0.01 1.7 0.2 2.0 2.0 2.2 12.0 2.0
Soluble 0.01 1.7 0.2 2.0 2.0 2.2 - -
Mixed 0.01 1.7 0.2 2.0 2.0 2.2 - -

Table 3.2: The coagulation matrix shows the participating aerosol modes and indicates the resulting mode. The
abbreviations are: soluble (s), insoluble (i), mixed (m), Aitken (Ait), accumulation (acc), and coarse (coa).

S_Ait | s_acc | i_acc | m_acc | i_coa | m_coa
s_Ait S_Ait | s_acc | i_acc | m_acc | i_coa | m_coa
S_acc S_acc 1_acc m_acc 1_coa m_coa
1_acc 1_acc m_acc i_coa m_coa

m_acc m_acc i_coa | m_coa
1_coa 1_coa m_coa
m_coa m_coa

dispersion only a subset of the available substances and modes are necessary. Details about the consid-

ered species are given in Sect. 6.1.

3.4. Parametrization of Coagulation

The parametrization of the coagulation terms Cag; and Cas; of Eq. 3.11 and Eq. 3.12, respectively, is
based on the work of Riemer (2002) and references therein (mainly Whitby et al., 1991). Here, only the
basic equations are replicated.

Table 3.2 lists the modes that participate in coagulation in the scope of this thesis. Furthermore, the table
displays the resulting mode in which the coagulation product is placed in. For example, when two insol-
uble accumulation mode particles coagulate, the resulting particle remains in the insoluble accumulation
mode. An insoluble accumulation mode particle with a soluble Aitken mode particle results in an insolu-
ble accumulation mode particle. Of course, the resulting particle will contain a higher soluble mass than
before. In ICON-ART it is technically allowed to have soluble substances in an insoluble mode. Once
the mass of soluble species reaches a specific threshold, the particles are shifted into the mixed mode, as
described in detail in Sect. 3.6.

The two examples illustrate the concept of intra- and inter-modal coagulation. For intra-modal coagula-

tion the resulting particle remains in the same mode. The new particle resulting of inter-modal coagu-
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3.4. Parametrization of Coagulation

lation is assigned to the mode with the larger diameter. Hence, the coagulation rates for the zeroth and

third moment in Eq. 3.11 and Eq. 3.12 consist of

Cay; = Cagy +Cagyj (3.13)
Caz; =Cazy;. (3.14)

The intra-modal coagulation term is denoted by Cay j; and the inter-modal by Cay ;, respectively. Here,
Jj indicates the coagulation partner to mode /. Depending on the mixing state of mode / and j and also on
whether particles of mode j are larger or smaller than particles of /, the inter-modal terms can either be 0,
source or sink terms for mode /. The zeroth moment generally decreases due to intra-modal coagulation
or due to inter-modal coagulation. However, for the latter only in the partner mode of smaller particles.
The zeroth moment of the larger mode stays constant. The third moment changes only due to inter-
modal coagulation. In contrast to the zeroth moment, the third moment not only decreases in the smaller
mode, but also increases in the larger mode. In the following, the parametrization of the coagulation is
explained with a system of two modes, i and j. Here, I adapt the notation of Riemer (2002) with i and j
indicating the coagulation partners of smaller and larger particles, respectively.

In ICON-ART the coagulation is restricted to the coagulation due to Brownian motion. For this case,

Whitby et al. (1991) formulate the coagulation rate for log-normally distributed aerosol modes
anw = A /0 ﬁ(di,dj)l[/()’i(di)l[/()_’j(dj)ddiddj. (3.15)

Equivalent formulations can be written for éaov,-i and 6613’1' ;. Note that Ea/w- j 1S in units m*m—3s~! which
need to be converted before receiving Cay ;;. The coagulation coefficient  depends on the particle size.
An analytical solution is only known for certain particle size ranges, as the motion of aerosol depends on
the mean free path of the surrounding fluid.

Small aerosol particles can be of comparable size as the mean free path of the surrounding air. A quantity
that is used to distinguish between different motion regimes is the dimensionless Knudsen number Kn.

In this thesis the Knudsen number

Kny = =% (3.16)

is dependent on the median diameter dy; of the particle size distribution with respect to the zeroth mo-
ment. Under standard conditions, the mean free path of air is A,; = 0.065 um. However, it gets larger at
lower pressure levels (higher altitudes). Table 3.3 lists typical regimes with their corresponding Knud-
sen numbers. For Kn > 10 aerosol particles are considered as free moving particles, comparable to air
molecules. A small Knudsen number (Kn < 0.1) indicates that the flow of the surrounding fluid around
the aerosol particle can be considered as a continuum flow. Hence, the particle is suspended in the

surrounding fluid.
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3. The Modeling System ICON-ART

Table 3.3: Regimes for different values of the Knudsen numbers.

Kn Knudsen regime

> 10 free-molecular regime (fm)
1-10 transitional regime
0.1-1 near continuum regime (nc)

<0.1 continuum regime

Whitby et al. (1991) solve Eq. 3.15 for the free-molecular (fm) and the near continuum regime (nc)
separately. To cover the full size range, the harmonic mean of the two formulations is used. Using the
harmonic mean for the full size range, proved to be fairly accurate. Riemer (2002) summarizes studies
(e.g., Pratsinis, 1988; Kazakov and Frenklach, 1998) that show good agreement of this method compared
to the reference method by Fuchs and Sutugin (1971). Additionally, the coagulation formulation of
Whitby et al. (1991) is much faster than the one by Fuchs and Sutugin (1971). This makes it applicable
for global transport models such as ICON-ART.

In the near continuum regime, the coagulation coefficient is given by
Buc(di,dj) =2n(D;+Dj)(d; +d;). (3.17)

Here, D; denotes the diffusion coefficient of particles in mode [ with [ =i, j. It depends on air temperature

T, the dynamic viscosity y of air, the Cunningham correction factor C;, and the particle diameter d;:

ksTC
D, = 3.18
i 3mid;’ (3.13)
C; ~1+aKn, (3.19)
Kn; = 2hair (3.20)
d;

The Boltzmann constant is denoted by k. The linearized Cunningham correction factor in Eq. 3.19 is
approximated with a constant ¢; = 1.246 following Binkowski and Shankar (1995). Knowing f3;, the

coagulation rate in the near continuum regime can be written as

fagfij:/o /0 ﬁnc(di,dj)l//()J(di)l[/(),j(dj)ddiddj

= Wy Wo,;P Kne {2 + a;Kny; <e§ln2("") + i;)’jelsélnz("i)eglnz("f)>
0,i
412 d l- 16 1,2 4902 (:21)
+a;Kny; (esln (o)) 4 %eyln (0)) g In (Gf)>
074/.

. <do,i +dOJ> eélnz(aneélnw] ,
do; do,
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3.4. Parametrization of Coagulation

Here, the factor K, is defined as

2kpT
Kne = 33 . (3.22)
u
The rates for intra-modal coagulation, 5a - and Ca0 , are derived analogously.
The coagulation rate for the third moment in the near continuum regime is given by
Catty = [ [ diBucldind) oo (),
= W W P2 Knedl [Zeln @) 4 aiKn,, ( £ 4 % eglnzm-)eglnz(oj))
0,i
3672 472 do ; cl4 2 16 1,2 (3-23)
taKny,; <gsln (o) pi(oy) | 40 S (c) o1 <cj>>
do,j
n dOj ¥1n’(o; )eglnz(oj) + dOze64 lnz(O') 41n? (c,):| )
dOl do,;

In the free-molecular regime, the coagulation coefficient has a more complex form (Riemer, 2002, and
the references therein). To enable an analytical integration of the coefficient, an approximation is used.

The approximation of the coagulation coefficient is given by

~ 6ksT 22 d;
Brm(di,d;) = \F+2 + L +-L+42
( ]) ppl+pp] \/E[ dl% d% \/d7

J

(3.24)

The coefficient depends on the particle’s density p,. In ICON-ART the particle density can differ be-
tween coagulation partner i and j. That is why the average density is used here. With the given coagula-

tion coefficient the coagulation rate in the free-molecular regime results to

Ol] / / ﬁfm dl7d )WO;(d)ll/()](d )dddd

1 doi 1120
= lPOllI'IO JpaKfme\/cE [ g In’( )_|_ \/; 5 In*(0;)
Ji

2 (3.25)

. d2 .
d07je%1n2(6,~)e%]n2(0j)+ 0j 31(c) , ¢ 10°(0))

do i d&i

3
+ doi e% 0(01) ,510°(0)) | o @egmz(c’)eélnz(q’)
Here, the factor Ky, is defined as
6kgT
Kim = 1| —2—. (3.26)
Pp,i + pp,j

+2
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3. The Modeling System ICON-ART

For the third moment, the coagulation rate in the free-molecular regime is written as
Cal}; = /O /0 d; B (di, ;) Wo,i(d;) Yo, (d,)dd;dd

= W0, W, ;p2Kimb3(do,i)* [e489 (o) 4 | %e%ﬁ In*(67) ¢ 3 In°(0)
I 4 ’ 071‘

2
o) %mz(o,)eng(cj)ero,j 21n(0,) , 1 (o) (3.27)
0,i dé,i

Values for the two factors by and b3 are given by Whitby et al. (1991). For inter-modal coagulation the
values are bg = 0.9 and b3 = 0.9, for intra-modal by = 0.8. Again, the rates for intra-modal coagulation,
Gagf}i and éa{f} ;» are derived analogously.

As stated earlier, the coagulation rate for all Knudsen regimes is approximated by the harmonic mean.

This results in

~ nc o, fm
Ca 'CaO,ij

=~ 0,ij
Capj= =21 (3.28)
Y Cal+Caly,
~ Ca™ . Cal™.
Casjj= =21 (3.29)
Ca3’ij+Ca37ij

and can be done for C~’a0,,-l- and 5a07 jj analogously. Together with Eq. 3.13 and Eq. 3.14 the coagulation
rate for the zeroth 6610_’1 and third moment 561371 of mode [ are determined. In ICON-ART, these are

transformed to

1 ~

Ca()J == —Caoﬁl (330)
Pa

Cas, = ’Z’J Cas,. (3.31)

3.5. From Gas to Particles

The interaction of gaseous species with aerosols in ICON-ART is modeled in three different routines. A
gas—particle phase equilibrium is determined by the ISORROPIA II module (Sect. 3.5.1). Furthermore,
the condensation of H,SO,4 on particles (Sect. 3.5.2) and the nucleation of H,SO, to sulfate particles
(Sect. 3.5.3) are taken into account in ICON-ART.

3.5.1. Coupling of the ISORROPIA Il Module for Gas — Particle Partitioning

Muser et al. (2020) coupled the ISORROPIA II model by Fountoukis and Nenes (2007) to ICON-ART.
ISORROPIA 1I has been coupled to general circulation models before (e.g., Guth et al., 2016; Deetz
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3.5. From Gas to Particles

et al., 2018). ISORROPIA II is an extension of ISORROPIA by Nenes et al. (1998). For simplification,
in this thesis the term ISORROPIA always refers to ISORROPIA II (Fountoukis and Nenes, 2007) if not
stated otherwise.

ISORROPIA computes the gas—particle partitioning based on the thermodynamic equilibrium state. It
can be applied for inorganic tropospheric K* - Ca®* - Mg?* - NH, - Na* - SO~ - NO; - CI” - H,0
aerosols. The equilibrium state for these species is determined in gas, liquid, and solid phase.

Besides the thermodynamic equilibrium, several assumptions are made as stated in Fountoukis and Nenes

(2007). For this work, two should be mentioned, as they are relevant for volcanic aerosols.

1. Sulfuric acid has a very low vapor pressure. Hence, it remains in the aerosol phase once it con-

densed on existing or nucleated to new particles.

2. For sulfate rich cases, NHj(y), NO3(yq), and Cl(,q) are assumed to not perturb the equilibrium sig-

nificantly.

ISORROPIA is usually applied for gas-particle partitioning in the troposphere and lower stratosphere up

to around 20 km altitude (C. Fountoukis, personal communication, 26 August 2021).

3.5.2. Parametrization of Condensation

Condensation of gaseous species onto existing aerosol particles leads to a growth of these particles.
Hence, condensation influences the third moment or mass mixing ratio of the particle size distribution. As
no new particles are generated, the zeroth moment is not affected. In ICON-ART, only a parametrization
for the condensation of sulfuric acid is used. Other substances are treated by the ISORROPIA module
(see Sect. 3.5.1). The parametrization of the condensation of sulfuric acid is based on Whitby et al.
(1991) and was adapted from Riemer (2002). The condensation rate of the third moment of mode [/ is

given by

~ 6 il 6
Corr="11 /0 1) o) ddy = rs. (3.32)

It can be separated into a term )7 that is independent of the particle size and a size dependent term
x(d), respectively. The integral is abbreviated by ;. An expression for x7 can be found in literature
(e.g., Riemer, 2002). The size dependent y is formulated differently in the near continuum and the

free-molecular regime:

Xne(d;) = 2Dy s0,4d; , (3.33)
Toc
Xim(d) = == (3.34)

In the near continuum regime, the diffusion coefficient of sulfuric acid Dy,s0, is needed. In the free-

molecular regime, the condensation rate depends on the accommodation coefficient & and the mean
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8RT
TMu,s0,

H,SO,. With these two formulations (Eq. 3.33 and 3.34) the integral ; can be evaluated for the two

molecular velocity ¢ = . R denotes the universal gas constant and My,s0, the molar mass of

regimes separately:

Ilnc = 27'L'DH2504M1J (3.35)
Toc
Iim = TCMZJ. (3.36)

My denotes the k-th moment of the particle size distribution. The integral /; which is valid for all
Knudsen regimes is composed of the harmonic mean
fi
Ill’IC Ilm

=g (3.37)

With this, the condensation rate of the third moment is formulated as

~ 6 6 Inenm
Coz; = EXTII = EXTW

(3.38)
To eliminate xr, it is assumed that the condensation is fast compared to the production of gaseous H,SOj,.
Therefore, an equilibrium state is reached in which the production rate of gaseous H,SO, equals the total
condensation rate
Cos =Y Coz;=M;. (3.39)
!

In this case, M3 is the production rate of the third moment of gaseous H,SO,. This assumption allows

the formulation of the dimensionless coefficient

_ Cos, _ Cos, _

Q=—= — = . (3.40)
Cos Ms Y
This coefficient ; does not depend on y7 anymore. Hence, the condensation rate
Cos; = M3Q, (3.41)

only depends on the integral /; and the production rate of sulfuric acid. In ICON-ART the condensation

rate is needed for the mass mixing ratio. It is given by

Coz; = Ewﬂ}hﬂl- (3.42)
6 pa
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3.6. Shifting Particles to Mixed Mode

The production rate of the third moment of gaseous H,SQO, is not available in ICON-ART. That is why
the production rate is approximated by the mass mixing ratio cy,so, and the model time step At resulting
in

CH,SO
Coz ;= #Ql .

3.43
: Ar (3.43)

3.5.3. Parametrization of Nucleation

The parametrization of the nucleation of sulfate particles follows the formulation of Kerminen and
Wexler (1995). A detailed summary can be found in Riemer (2002). Kerminen and Wexler (1995)
formulate a critical concentration c.,; of H,SOy,. In case of higher atmospheric H,SO, concentrations

new particles nucleate. The critical concentration is given by the empirical relation

RH
Cerir = 0.16exp <O.1T —35756 27.7) : (3.44)

The temperature T is in K and the relative humidity RH in percent. The result (c.,;;) is given in ugm=3.

Eq. 3.44 is based on measurements taken by Jaecker-Voirol and Mirabel (1989). For cy,so, > % the
nucleation rate in ICON-ART is determined by

Cerit

CH,S0; — "o
At

Nu37A,-, = (3.45)

Freshly nucleated sulfate particles are assigned to the Aitken mode of soluble particles. As the introduced
parametrization only returns a rate for the nucleation mass, the resulting number concentration needs to
be calculated based on an assumed size distribution. Therefore, in [ICON-ART it is assumed that freshly
nucleated particles follow a size distribution with d o1 i = 0.01 um and O,y _a; = 1.7. These values

are close to observed ones such as dy e = 0.01 um and 6,,,; ~ 1.6 (Whitby, 1978).

3.6. Shifting Particles to Mixed Mode

Coagulation, condensation, and ISORROPIA bring soluble substances on insoluble particles. Once more
and more soluble mass accumulates on the insoluble core, the physico-chemical properties of the par-
ticle change. The resulting particles are internally mixed which are represented by the mixed modes
in ICON-ART. Shifting particles from an insoluble mode to the corresponding mixed mode follows the
implementation of Riemer (2002). Once the mass of soluble substances reaches a threshold of 5% of
the total aerosol mass in this mode, the mode is shifted to the mixed mode. This assumption is based
on Weingartner et al. (1997). Their measurements showed that hydrophobic (insoluble) soot particles
change the hygroscopic properties once a minimum of soluble material is present on the surface of these

soot particles.
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3.7. Aerosol-Radiation Interaction in ICON-ART

In ICON-ART, the Rapid Radiative Transfer Model (RRTM) by Mlawer et al. (1997) is used to compute
the radiative fluxes in the model atmosphere. A detailed description about the coupling of ART with
RRTM is given by Gasch (2016), Gasch et al. (2017), and Walter (2019). The RRTM model computes
the radiative fluxes for 30 spectral bands. These bands cover wavelengths between 0.2 — 1000 um.
Fourteen of these 30 bands represent short wave radiation with wavelengths up to 3.846 um. The other
16 cover long wave radiation (Morcrette et al., 2008).

To account for prognostic ART aerosol in the radiative budget we need to know the optical properties
of the particles in form of extinction coefficient, single scattering albedo and asymmetry parameter, as
described in Sect. 2.5. Additionally, the mass mixing ratio of the particles ¥ ; is needed. For calcula-
tions in ICON-ART it is more convenient having the extinction coefficient (Eq. 2.6) formulated not with
respect to the distance between two points, but with respect to the aerosol mass between these two points.

Therefore, the mass extinction coefficient

_B
Pp

can be derived from f, with the density p, of the particle. So far, we assumed that all particles that

k, (3.46)

interact with radiation have the same size and consist of the same substance. In ICON-ART, however, we
account for different particle sizes and mixing states. Therefore, for each mode / an extinction coefficient

B, needs to be determined. The total extinction coefficient sums up to
Be=Y Bes=Y Ppikes- (3.47)
] ]

Thus, in ICON-ART the mass extinction coefficient k, ; for each mode [ is used. Also the mode specific
single scattering albedo @; and asymmetry parameter g; are needed. In the scope of this work, I assume
that the volcanic aerosol particles are spherical. With this assumption the optical properties can be

computed following classical Mie theory by

2 o0
Qe - ; Z (27’!-1— I)Re (an +bn)a (348)
n=1
2 ¢ 2 2
Q== Y (lan* +1baf?), (3.49)
n=1
4 & n(n+2) . . 2n+1 .
$= 0. ; (2n+1) | = = Re (@t +bubj) + pr I)Re(anbn) (3.50)

as stated by Boucher (2015).
The quantities a, and b, are Mie scattering coefficients which are dependent on particle diameter d,,
wavelength A, and the complex refractive index B; . They are complex numbers and composed of Riccati-

Bessel functions. The complex conjugate of a, and b, are denoted by a; and b}, respectively. Expressions
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for a, and b,, can be found in Boucher (2015). The nondimensional size parameter is denoted by x and
was defined earlier in Eq. 2.12.
Knowing the extinction efficiency, the volume specific extinction coefficient B, of a log-normal mode /

is determined by
2

 7d
BB = [ 0u(dp, 2 Ba)Voui(d;)dd,. (351

Analogously, the volume specific scattering coefficient fB; is determined. The mass specific extinction

coefficient &, is derived by combining Eq. 2.5 and Eq. 3.46

Y Zd50. w0, 1dd
k(1,2 By) = 03400 V01ddy (3.52)
Jo va.dd,
7 Zd20. w0 1dd
. fo 4 pQ Yo,1ddp (3.53)

o pp [33] wodd,

In this work, a Mie code for coated spheres was used to derive the optical properties of volcanic aerosols.
The code has been developed by Mitzler (2002) and Bond et al. (2006) whose work is based on Bohren
and Huffman (1983). As these Mie calculations are computationally expensive, they must be run offline.
The results for each mode [ for each of the 30 RRTM wave bands are stored in form of look-up tables. In
order to calculate the optical properties of each aerosol mode, the composition of the particles and their
diameter are needed. As for each mode only one set of optical properties is determined, the composition
and the diameter should be representative for this mode in the whole volcanic cloud. These representative
values are derived from literature, ICON-ART simulations on the Pinatubo eruption 1991 (Muth, 2019),
and own simulations on the Eyjafjallajokull eruption 2010.

The composition of the particles defines the refractive indices. In this work, insoluble particles are
treated as spherical ash particles with no coating. Soluble particles are treated as a volume averaged
mixture of water and sulfate. Particles in the mixed modes are considered as ash particles coated with
a water-sulfate shell. The Mie calculations are done with wavelength dependent refractive indices of
volcanic ash (Walter, 2019), water, and sulfuric acid (Gordon et al., 2017). Therefore, soluble particles
and the shell of mixed particles are assumed to consist of a 50% sulfate-water mixture. This assumption
is based on Gordon et al. (2017) and measurements of Rosen (1971). Rosen (1971) measured a sulfuric
acid content of 75% in stratospheric aerosols. However, volcanic aerosols in this study reside also in

the troposphere where lower H,SO, contents can be expected. Also the Pinatubo and Eyjafjallajokull

Table 3.4: Particle diameter and coating ratio of each mode for the calculation of the optical properties. The
abbreviations are: soluble (s), insoluble (i), mixed (m), Aitken (Ait), accumulation (acc), and coarse (coa).

mode ‘ S_Ait s_acc i_acc m_acc i_coa m_coa giant
d; [um] 0.03 0.12 0.644 0.08 3.454 2.00 12.0
coating ratio 0 0 0 0.2 0 0.2 0
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insol-acc
insol-coa
= = mixed-acc | ]
= = mixed-coa |3

10° 10* 10°
Wavelength [nm]

Figure 3.2: Optical properties of ash containing modes at different wavelengths. Upper panel shows the extinction
coefficient k., central panel the single scattering albedo @, and the lower panel the asymmetry parameter g. Solid
lines indicate insoluble modes and dashed lines mixed modes, respectively. (Muser et al., 2020)

eruption simulations indicate a lower sulfate content in soluble particles. That is why the lower H,SO,
content of 50% is assumed.

For each of the aerosol modes, the optical properties are determined for one representative diameter.
Values for this diameter are listed in Table 3.4. These values are derived from ICON-ART simulations
on the Pinatubo eruption (Muth, 2019).

The coating ratio of mixed particles is here defined as the fraction of the shell diameter to the total
particle diameter. It has been determined analogously to the representative diameter, by evaluation of the
Pinatubo simulation (Muth, 2019). The values are given in Table 3.4.

The results of the Mie calculations are visualized in Fig. 3.2. It displays the optical properties of ash
containing modes at different wavelengths, as they are used for simulations in this thesis. The full set of

look-up tables with the optical properties of aerosol modes for each RRTM waveband are summarized in
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3.7. Aerosol-Radiation Interaction in ICON-ART

Appendix A. The influence of the particle size on the extinction coefficient is visible in the upper panel
of Fig. 3.2. Especially for short wavelengths (in the visible and near IR range), smaller particles lead
to significantly higher k.. For longer wavelengths differences become less pronounced. Furthermore,
it becomes evident that the mixing state influences the extinction coefficient. Coated coarse mode ash
particles have slightly higher k., than uncoated ash. For accumulation mode ash particles the difference
between coated and uncoated particles is more pronounced, with a higher extinction for coated particles
in the visible range and a lower extinction in the near IR range.

To interpret the aerosol-radiation interaction, the single scattering albedo  is also of interest. Low
values for @ indicate that absorption is the main driver for extinction. Absorbing particles heat up on
incident radiation and, consequently, also heat the surrounding air. The middle panel in Fig. 3.2 shows
that coated accumulation mode ash particles are significantly more absorbing in the near and mid IR
range compared to uncoated.

The asymmetry parameter g in the lower panel of Fig. 3.2 is somewhat lower for coated particles com-
pared to uncoated. As g is closer to 0, this results in a more uniform scattering for coated particles. The
slightly different scattering behavior won’t affect the budget of radiation fluxes in ICON-ART, but is
relevant for a comparison with backscatter measurements by remote sensing.

The assumptions made for the determination of the optical properties of aerosol modes can introduce
errors into the ICON-ART simulations. That is why the deficiencies of these assumptions are shortly
mentioned here.

The complex refractive index for volcanic ash depends in the mineralogy of the particles. Laboratory
measurements can give values for ash of historic events. The values that are used here, are taken from
Walter (2019) and the references therein. However, the mineralological composition of the volcanic ash
of the Raikoke eruption might differ from these historic ones.

Furthermore, particles are assumed to be spherical. Liquid particles such as sulfate aerosols fulfill this
assumption, but it is generally not true for volcanic ash. However, the coating of soluble substances on
ash particles leads to a more spherical shape which justifies the assumption. In order to be consistent
for all aerosol modes, volcanic ash is also treated as spherical particles. Also, randomly oriented non-
spherical particles can justify the spherical assumption if only the radiation heating is of interest. In that
case, only minor errors can be expected to be introduced (Mishchenko et al., 1995, 1997).

Last, but not least, a fix particle diameter and a fix mixing state is assumed. However, both can differ
significantly within the volcanic cloud and over time. Due to particle aging, particle diameters tend to
increase over time. These larger particles then tend to sediment faster. This leads to a vertical separation

of smaller and larger particles, also within one mode.
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4. Observational Data

During and after the Raikoke eruption in 2019, several satellite instruments were in place to sense the
volcanic cloud. In this section some details about the instruments are explained. These explanations are
taken from Particle aging and aerosol-radiation interaction affect volcanic plume dispersion: evidence
from the Raikoke 2019 eruption published in Atmospheric Chemistry and Physics (Muser et al., 2020).
The text contributions for the observational data were mainly provided by co-authors of Muser et al.
(2020). The contributing authors are indicated in each of the following sections with the corresponding

text highlighted in quotation marks.

4.1. SO, Measurement by TROPOMI

The TROPOMI data was provided by Sandra Wallis who contributed to Muser et al. (2020): “The spread
of the SO, plume ejected by the Raikoke eruption in June 2019 as well as the amount of released SO,
mass was investigated by analyzing SO, total vertical column densities from the hyperspectral nadir-
viewing TROPOspheric Monitoring Instrument (TROPOMI) aboard the Sentinel-5 Precursor satellite.
TROPOMI provides daily global coverage completing 14.5 orbits every day (van Kempen et al., 2019)
with a pixel size of 7 km x 3.5 km (Theys et al., 2019). TROPOMI SO, (daylight only) offline level
2 data were downloaded from the Copernicus website (https://sSphub.copernicus.eu). The total vertical
SO, column densities used, assume a SO, profile described by a 1 km thick box at 15 km altitude to
account for explosive volcanic eruptions (Theys et al., 2017).

A self-defined geographic grid including the area from 30° N — 75° N and 135° E — 120° W with a reso-
Iution of 0.1° x 0.1° was created. The SO, cloud expansion for every TROPOMI orbit was visualized by
first averaging all vertical SO, column densities inside a single grid segment and multiplying the result
by the SO, molar mass in order to obtain a mass loading in units of gm~2. Only data with a quality
value larger than 0.5 (as recommended in the TROPOMI product user manual) and total vertical column
density with values less than 1000 mol m~2 were used.

The SO, mass loading for each grid segment was multiplied subsequently with the associated grid seg-
ment area to obtain the SO, mass in units of g. The total SO, mass for the observed area was determined
for the observed area over time periods of approximately 24 h, i.e., by averaging batches of 14 consec-
utive orbits for every single grid segment. Finally, the mass is summed up over the entire grid. The
described data averaging was applied because consecutive orbits partially overlap. This method suggests

a total emitted SO, mass of (1.37 +0.07) x 10° kg over the course of the Raikoke eruption 2019. Since
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the air mass factor used in the retrieval of the vertical column densities depends on the SO, vertical
distribution, the choice of the assumed SO, profiles seems to be the most important source of error. It
remains, however, a non-trivial challenge to estimate the associated uncertainty of the SO, mass cal-
culation. The uncertainty stated above reflects the average absolute difference between the SO, mass
calculated from an assumed SO, profile peak in 15 km and 7 km altitude, respectively. SO, masses from

20 June, 16:41 UTC to 6 July, 10:08 UTC were included in the averaging.”

4.2. Volcanic Cloud Height Measurement by OMPS-LP

The OMPS-LP data was provided by Elizaveta Malinina and Alexei Rozano who contributed to Muser
et al. (2020): “The volcanic cloud top height on 22 June 2019, was determined by visual analysis of the
stratospheric aerosol extinction coefficient profiles from the OMPS-LP instrument. Here, the aerosol ex-
tinction coefficient product at 869 nm (V1.0.9) retrieved at the University of Bremen is used. The OMPS
aerosol extinction coefficient was retrieved on a 1 km grid from 10.5 to 33.5 km with the algorithm
adapted from the SCIAMACHY V1.4 (Rieger et al., 2018). The retrieval is done under the assumption
that stratospheric aerosol is represented by spherical sulfuric droplets with a unimodal log—normal par-
ticle size distribution (r,,.,; = 80 nm, ¢ = 1.6). Due to uncertainties in pointing and vertical sampling
the measurement error is estimated with +0.7 km. Detailed information on the retrieval algorithm can
be found in Malinina (2019) and Malinina et al. (2021). Here, it should be noted that the evaluation of
the plume top height from OMPS-LP was possible only on the 22 June 2019. On that day, the instru-
ment was passing right above the Raikoke island, and the plume was very localized. Thus, the increase
in the aerosol extinction coefficient associated with the eruption was large and obvious. This large in-
crease was a result of a vast amount of ash released with the eruption. In the following days, when the
plume started to spread over the North Pacific, the core of the fresh plume is not hit by the OMPS-LP
instrument sampling anymore. Slightly perturbed aerosol extinction observed in transition regions has
a similar magnitude as that from interfering events, e.g., the aerosol transport from the Ambae eruption
that occurred 11 months earlier, and thus cannot be attributed exclusively to the Raikoke eruption. For

this reason, the OMPS-LP measurements in transition regions were excluded from the consideration.”

4.3. Ash and SO, Measurement by AHI

The AHI data was provided by Fred J. Prata who contributed to Muser et al. (2020): “Himawari-8 is a
geostationary satellite platform operated by the Japanese Space Agency (JAXA) in collaboration with the
Japanese Meteorological Agency (JMA) carrying the 16 band visible and infrared Advanced Himawari
Imager (AHI). Data are acquired every 10 minutes over the Earth’s disc covering a circular field of view
of approximately 70 degrees, centred at the equator and ~ 140° E longitude. Further details of the orbit,

instrument, duty cycles, image geolocation, and data calibration can be found on the JAXA/JMA website
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and in documentation (https://www.data.jma.go.jp/mscweb/en/himawari89/space_segment/
spsg_ahi.html).

For the purpose of this work, AHI infrared data were analysed at 10 min intervals to determine the column
amounts of SO, gas and ash particle mass loadings, both in units of gm~—2. At the sub-satellite point the
nominal spatial resolution of infrared pixels is 4 km?, increasing to > 100 km? at the largest scan angles.
The Raikoke plume covered a relatively large geographic region and range of latitudes/longitudes, so the
data were first rectified and resampled to a grid of 1336 x 2139 latitude x longitudes centred at 52.5° N
latitude and 175° E longitude using a stereographic projection. These infrared data were then processed
to determine SO, and ash amounts at 10 min intervals. The final data were analyzed at both 10 min
and hourly intervals. The basis of the retrieval of SO, slant column amount relies on using AHI band
10 centred near to 7.3 um. At this wavelength there is a strong SO, absorption band. Water vapor and
clouds cause interference with the SO, signal and introduce a positive bias. Therefore, a retrieval scheme
was devised to minimize the interfering effects. In short, the bias is minimized by subtracting an offset
SO; retrieval for a small region where no SO; is believed to exist. Details of the retrieval method are
very similar to a scheme devised for the High Resolution Infrared Sounder (HIRS) data described by
Prata et al. (2004).

Volcanic ash effective particle radius and optical depth are retrieved using AHI bands 14 (~ 11.2 um)
and 15 (~ 12.4 pm) on the same latitude/longitude grid as that used for SO,. The basic physics has been
described by Prata (1989) and the retrieval methodology has been described by Prata and Prata (2012)
using Meteosat Second Generation (MSG) Spin-Enhanced Visible and Infrared Imager (SEVIRI) data,
which has very similar characteristics to the AHI data used here.

Discussions of potential error sources in ash retrieval can be found in numerous papers in the literature,
e.g., Wen and Rose (1994); Prata et al. (2001); Clarisse et al. (2010); Mackie and Watson (2014); Western
etal. (2015). Prata and Prata (2012) and Clarisse and Prata (2016) provide some error estimates based on
independent validation which suggest single pixel retrievals have an absolute error of +£0.5 gm~2 with a
low bias; however, much larger errors and biases can occur on occasion and it is generally accepted that
relative errors typically lie between 40-60 %. Single pixel retrievals < 0.2 g m~2 are regarded as at the
threshold of detection. The presence of ice reduces the ash mass estimates by an amount that depends on
the proportion of the pixel covered by ice. However, during the Raikoke eruption, ice was not observed
except possibly at the start of the eruption which could cause lower ash mass estimates.

The retrieval assumes that pixels detected as containing ash are completely ash covered and although
meteorological cloud tests are used, inevitably some anomalous retrievals occur. To minimise these,
a mask was used whereby all pixels falling outside a 0.1 gm™~2 contour line are removed. Within the
0.1 gm~2 contour, a 9 x 9 median filter was applied to remove any remaining “spikes”. These measures
are largely cosmetic and are based on the premise that anomalous pixels appear to be unphysical in nature.
Integrating the horizontal mass loadings for volcanic ash and SO, their emitted masses can be estimated.

Based on the AHI measurements the total emitted very fine ash mass (d < 32 um) ranges between
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0.4-1.8 x 10° kg, the SO, mass between 1-2 x 10° kg. The latter agrees well with the TROPOMI

measurement in Sect. 4.1.”

4.4. Vertical Aerosol Distribution by CALIOP

The CALIOP data was provided by Christian von Savigny who contributed to Muser et al. (2020):
“CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) is one of three instruments on board
the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) satellite, which was
launched on 28 April 2006 and is still operational. CALIOP provides backscatter measurements at
532 nm and 1064 nm and the backscattered radiation at 532 nm is measured in two channels detecting
orthogonally polarized radiation. The determination of the Raikoke plume height is based on total atten-
uated backscatter data at a wavelength of 532 nm. CALIOP L1 data version 4.10 is used.” Further details
on CALIOP data can be found in Vaughan et al. (2004).

On 23 June 2019, at around 15:00 UTC the CALIOP instrument captured part of the volcanic cloud of the
Raikoke eruption. The cloud is visible between 15 and 16 km as a distinct signal in the total attenuated

backscatter at 532 nm.
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This section describes methods and tools that I used in the scope of this thesis. In Sect. 5.1 details
on forward operators are given. These forward operators derive quantities from model results that can
directly be compared with observations. The basic concept of data assimilation is introduced in Sect. 5.2.
Data assimilation is a mathematical approach to bring a model state closer to observations. Furthermore,
in the scope of this thesis an ensemble variational method (ART En-Var) was developed for which the
algorithm is explained here. In order to objectively quantify differences between model results and

observations, I apply two verification metrics. Details on these metrics are given in Sect. 5.3.

5.1. Forward Operators

Forward operators, also known as observation operators, come into play when model results and obser-
vations are compared with each other. In most cases, measuring instruments, especially remote sensing
devices, do not measure quantities that can be compared directly to model variables. For example,
satellites measure the radiance of aerosol clouds in two dimensions, whereas the model returns aerosol
concentrations in all three spatial dimensions. Forward operators are used to translate the model aerosol
concentration into the same quantity that is retrieved from the (satellite) measurement. In the scope of
this work, I compare column integrated mass and the total attenuated backscatter at 532 nm which are

described in the following.

5.1.1. Column Integrated Mass

The column integrated mass of an aerosol or a trace gas is a commonly retrieved quantity from satellite
measurements. Deriving this quantity from ICON-ART model output is rather simple, as cells in one
model column have all the same base area. The column integrated mass I'; of a species [ is

Niey

[ =) (¥5.1P4A2); - (5.1)
i=1

It is the sum over all n;,, model levels within one vertical column of the mass loading in each grid cell.
For ICON-ART model output, the mass loading in one grid cell is the product of the mass mixing ratio

W3 ;, the air density p,, and the height of the model level Az.
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5.1.2. Total Attenuated Backscatter

The total attenuated backscatter at one wavelength A is typically retrieved from lidar measurements. In
this thesis I compare model results to measurements at A = 532 nm. These Lidar instruments are usually
either ground or satellite based. The Lidar sends out a laser beam. Once the light interacts with an
aerosol particle, the light is partially scattered back to the instrument where the backscattered radiation is
measured. However, parts of the backscattered light is removed from its path of travel due to extinction
on its way from the instrument to the particle and back. This is why the backscatter signal is attenuated.

The total attenuated backscatter € at a distance r; from the measuring instrument is determined by

(ra) = By(ra) exp <z I ﬁe(riz)dr&> | 52)

It depends on the volume backscattering coefficient f, and the volume extinction coefficient §,. In

ICON-ART, both are determined by summing over all aerosol modes /

Be=Y keipa¥s. (5.3)
[

By =Y kb ipa¥3,; . (5.4)
]

Values for k, and kj, at A = 532 nm for the different volcanic aerosol modes are listed in Appendix A.
Assuming a nadir looking satellite instrument, e.g., CALIOP, the resulting forward operator in ICON-
ART simplifies to

€(z) = By(z) exp <_2iﬁe(2i)AZi> . (5.5
i=1

The total attenuated backscatter is then given at every model level z.

5.2. Basics of Data Assimilation

Numerical weather prediction is an initial value problem and so is aerosol dispersion forecasting. That
means, even a hypothetically perfect model could only deliver a perfect forecast if the exact initial state
is known. The initial state contains all relevant variables, e.g., temperature, pressure, wind speed and
direction, aerosol concentrations, and so forth, at every point in space at time #y. The (atmospheric) state
in a model is represented by the state vector x. It contains all relevant variables at every grid point. The
true state x¢ is generally not known at every grid point, hence, it can only be estimated. Data assimilation
provides the best estimate of the initial state at #y of the atmospheric state and the atmospheric compo-
sition. For this purpose, in data assimilation all available information from observations and previous

model forecasts are combined to derive the so-called analysis state x,.
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Figure 5.1: Basic concept of data assimilation at one time step #y. The model state is depicted in red with the back-
ground state xp, and the analysis state X, at fo. An observation is indicated by the purple circle. The observation
error and the model error are depicted by the error bar and the shading, respectively.

The basic principle of this idea is sketched in Fig. 5.1. The model state of a previous forecast, gives us
a first guess, also known as background state, xp. Observations at 7y (purple dot) deviate from xp,. Data
assimilation provides X,, the analysis state, that combines Xy and observations. In doing so, the model
errors and also observational errors are taken into account. The red shading illustrates the model errors
which are typically represented by the covariance matrix B. The observational errors are given by the
error matrix R and are illustrated by the error bar in Fig. 5.1. A new forecast run is then initialized with
Xa.

Observations are given by the observation vector y. In practice, there are usually not as many observa-
tions as there are degrees of freedom in the state vector X,. In order to directly compare the observation
vector with the state vector, we need a function that transforms the model state into observation space.
This is done by the forward operator H which is also known as observation operator. In general, the
forward operator can be nonlinear. In that case H is its linear approximation. For any x in the vicinity of

Xp, the linearized forward operator reads

H(x)—H(xp) ~ H(x — xp) . (5.6)

Knowing H, we could find a state vector that fits the observation vector y = H(x). The aim of data
assimilation is to find X, in a way that it fits x;, and y best by taking B and R into account. Variational

data assimilation methods are one strategy to solve this problem.
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5.2.1. Variational Data Assimilation (2D-Var)

Variational data assimilation methods are commonly represented by the well-known 3D-Var or 4D-Var
methods. Their names indicate the dimensions which are considered during assimilation. The 3D-Var
method assimilates observations that contain information in all three spatial directions. In addition to
that, 4D-Var also takes into account the temporal component. In this thesis, a 2D approach is pursued, as
the horizontal distribution of volcanic ash is assimilated. Textbooks, e.g., Nakamura and Potthast (2015),
provide detailed descriptions on the derivations of the following equations. Here, the basic concept is
replicated.

The idea of variational data assimilation methods is to iteratively find x, that minimizes the cost function

J(x) = (x—xp) "B~} (x—xp) + (y — H(x)) 'R (y — H(x)). (5.7)

Consequently, the gradient of J becomes 0 at x,. With Eq. 5.6, a positive definite matrix R, and HBHT

being positive, the minimization of J(x) reads

VJ(Xa) =0=2B"!(x,—x3) —2H'R ™! (y— H(x,)) (5.8)
0=B '(xa—xp) —H'R ' (y—H(xp)) —H'R "H(x, — xp). (5.9)

Rearranging the terms leads to

Xa = Xp+BH" (R+HBH") "' (y — Hxy) (5.10)

in which the expression

K—BH" (R+HBH")" (5.11)

is called gain. The gain K can be interpreted as the factor with which the difference between observations
and background state is weighted to get the increment X, — Xp.

In this approach, the analysis equation (Eq. 5.10) is solved in observational space. This form is known
as Physical Space Assimilation System (PSAS). Please note that Eq. 5.10 is not constricted to 2D-Var. It

is also valid for 3D-Var data assimilation.

5.2.2. En-Var Method

One of the main challenges in data assimilation is to quantify the model error, hence, to find a formulation
for B. A basic approach is the use of a Gaussian error covariance matrix C. It can be interpreted as a
localization matrix. The formulation of C is described in more detail in Sect. 5.2.3. Another approach

to estimate model uncertainties is the use of ensemble simulations (Nakamura and Potthast, 2015). This
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Figure 5.2: The basic concept of the En-Var method: the deterministic run is depicted in red with the background
state xp and the analysis state X, at #p. The additional ensemble members are given in blue and the uncertainty
given by the ensemble is illustrated by the blue shading. An observation is indicated by the purple circle with the
error bar representing the observation error.

idea is depicted in Fig. 5.2. Together with the background state xp a set of E ensemble members is
shown. Additional members are depicted in blue color. This ensemble allows the quantification of
the model uncertainty (blue shading) with respect to disturbances that are introduced upon ensemble
generation.

The ensemble matrix X is composed of the departure of the state vectors of member x! to x* from the

ensemble mean X

1
X = x'—x,...xf —-%). 5.12
Eil( ) (5.12)

In the scope of this thesis, I use a combination of both approaches. Hence, the model error covari-
ance B consists of the Gaussian localization matrix C and the information provided by the ensemble.
Mathematically, the model error covariance matrix is formulated with the element-wise product (Schur
product)

B=CoXX". (5.13)

Consequently, the analysis equation (Eq. 5.10) can be written as

Xa = Xp+ (CoXXT)H' (R+H (CoXX")H") ™' (y — Hxy) (5.14)

in which the gain for the En-Var data assimilation scheme is given by

K= (CoXX")H" (R+H (CoXX")H") . (5.15)
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5.2.3. ART En-Var Algorithm

In the scope of this thesis, I implemented an algorithm for the 2D En-Var assimilation of column inte-
grated volcanic ash mass into datools. Datools is a coding environment developed and used at DWD for
the development of new data assimilation tools. It contains data assimilation algorithms amongst other
useful tools. In this section (Sect. 5.2.3), I briefly explain the 2D ART En-Var algorithm.

As mentioned above, Eq. 5.10 and Eq. 5.14 can be used for 3D-Var and 3D En-Var, respectively. How-
ever, in the scope of this work, a 2D approach is pursued. This reduces the complexity and allows several
simplifications which I shortly discuss here. The filtered Himawari data, as described in Sect. 4.3, is
used as observational data. The dataset contains 2D column integrated total ash mass concentrations.
However, it does not include any information on the height levels in which the ash cloud is located. For
simplification, I assume that the vertical distribution of volcanic ash is correct in the model background
state. Ash is only assimilated in the horizontal plane. This additionally allows the reduction of the state
vector x to a 2D field. This reduction has also technical advantages. First of all, it significantly reduces
the size of the state vector x by the number of vertical levels (in this thesis 90 levels) which speeds up
computation. Secondly, it reduces the necessary memory. Since the ART En-Var code is not yet paral-
lelized, it has to run on a single node. Hence, memory is a limiting factor. The 2D approach has another
advantage for the formulation of the forward operator H. After interpolating the observations on the
model grid, y and x have the same length and contain the same variable. This simplifies Eq. 5.14, as
H = I becomes the identity matrix.

So far, little has been said about the composition of R and C. In operational data assimilation it is
often assumed that observational errors are uncorrelated (e.g., Stewart et al., 2013; Liu et al., 2019).
This results in a diagonal matrix R. In the scope of this work, I follow the same approach. Hence, the
observation error matrix is composed of R = rI with r being the observation error.

The model error matrix B can become rather large, i.e., in the order of 10° x 10 for a 3D-var data
assimilation scheme for a global simulation. This makes its handling problematic in terms of storage
(Navon et al., 2005). As described above, B consist of a combination of the localization matrix C and

the ensemble matrix X. In the scope of this thesis, C is set up as a 2D Gaussian matrix

1 lpi=pjl?
e
Cij=e ¢

(5.16)

C;; is the covariance stored in C at index i and j. The covariance depends on the distance between the
two points p; and p;. They represent the location of the variables at index i and j, respectively. The
correlation length scale is given by o¢. This formulation (Eq. 5.16) has the advantage that the full C
matrix has not to be stored during runtime. However, the matrix can easily be evaluated at every index
ij.

As C is usually a very large matrix, an additional approach is used to further speed up computation.

Instead of applying C directly, C'/2C'/2 is computed. This multiplication in two steps allows a transfor-

52



5.2. Basics of Data Assimilation

mation onto an auxiliary grid and back to the original grid. This can reduce the number of computations
if a suitable auxiliary grid is chosen. Thanks to the characteristics of a Gaussian matrix, the square root
can be determined, which is a Gaussian matrix again.

The multiplication of C o XX" with a vector z is computed at every index i of the resulting vector with

Y (CoXXT), zj =Y} CijXieXjez; (5.17)
J J €
= ZZXieCinjer (5.18)
] e

=Y Y xCl’ (Zcéﬁzxjezj> . (5.19)
e C J

The indices i and j are in model space on the original grid. The index { loops over the auxiliary grid and
e sums over the E ensemble members. In this work I use an unstructured triangular ICON grid (R02B05)
with 80 km horizontal resolution as an auxiliary grid. As the data assimilation is only applied in an area
around the Raikoke volcano and not on the global grid, it has to be ensured that the auxiliary grid covers
all of the original grid. In the scope of this work, I do assimilate in a region between 40 — 67° N and
133° E — 134° W. The auxiliary grid contains grid points between 39 — 68° N and 132° E — 133° W.

Having a formulation for H, R, X, and C, the analysis state X, can simply be calculated by applying
Eq. 5.14. However, a direct solution would need the computation of the inverse of R+ H (C o XXT) HT.
Computing the inverse of a large matrix is usually computationally expensive if possible at all. Instead,

an iterative approach can be pursued. The multiplication of

z=(R+H(CoXX")H") ' (y— Hxy) (5.20)

can be solved as a linear equation system in the form of

(R+H(CoXX")H") z=y—Hx, (5.21)
Az=b (5.22)

To solve this large equation system, I use the method of conjugate gradients (CG method) (Hestenes and

Stiefel, 1952). The analysis state is then derived by the post-multiplication of

Xa=xp+ (CoXX")H'z. (5.23)

The CG method is extensively described in literature (e.g., Hestenes and Stiefel, 1952; Barrett et al.,
1994). Code examples can be found online, e.g., Conjugate gradient method (2021). Theoretically, the

CG method reaches the exact solution after a maximum of m iterations, when the size of A is m X m.
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However, the iteration is usually stopped as soon as the residuum is small enough. The convergence of
th CG method can be increased with a suitable preconditioner. In this thesis, I use

1
M= | (5.24)

2
1 4r 180
r+ (i\/ nce”T)

as the preconditioner matrix in which r is the observation error and n.,;; the number of grid cells of the

global ICON grid of the first guess.

5.3. Verification Metrics

I apply two different verification metrics in the scope of this thesis to objectively quantify differences
between observation and model fields. Details on the Fractions Skill Score (Roberts and Lean, 2008;
Roberts, 2008) are given in Sect. 5.3.1. Additionally, I use the object based verification metric, the
Structure-Amplitude-Location (SAL) method, introduced by Wernli et al. (2008), which is described in
Sect. 5.3.2.

5.3.1. Fractions Skill Score

The Fractions Skill Score (FSS) is a spatial verification measure (Roberts and Lean, 2008; Roberts,
2008). It assesses the quality of a forecast of a two dimensional quantity by comparing it to observational
data. The score is used in many studies as a verification metric (e.g., Baldauf et al., 2011; Simonin
et al., 2017; Caldas-Alvarez et al., 2021). The FSS aims to avoid the double penalty that is inherent to
point based verification measures. This double penalty occurs when the model field is slightly shifted
compared to observation. In this case, a point to point comparison, €.g., by root mean square error, can
result in a large error, although both fields subjectively seem to match well. The FSS is not evaluated at
single points only, but within a np,, X np, box of neighboring cells. With a variation in the number of
neighboring cells that are accounted for the FSS, the metric provides information on the spatial scale at

which the forecast becomes useful.

obs mod

Figure 5.3: Schematic of the basic concept of the FSS, with observational field (obs) on the left and model field
(mod) on the right. Adapted from Roberts (2008).
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To compute the FSS, observation and model data must be on the same grid. The computation itself is a
two stage process. First, the fractions are determined based on a threshold value. In the second step, the
actual skill score is computed. In the scope of this work, I compare fields of column integrated volcanic
ash mass with each other.
The generation of the fractions for observation and model result can be explained with the schematic in
Fig. 5.3. It depicts two binary fields in which cells with a column integrated mass exceeding a defined
threshold R* are shown in gray. Cells which contain a column integrated mass below threshold are
depicted in white. The binary observation field (obs) is shown on the left and the binary model field
(mod) on the right. In Fig. 5.3, the fraction value can be determined, on different spatial scales for
the innermost cell, exemplarily. Without considering any neighboring cells, the fraction value of the
innermost cell is fyps; = 0/1 and f,04; = 1/1 in the observation field and the model field, respectively.
By considering also the neighboring cells in the highlighted 3 x 3 box, the fraction value of the inner
most cell is f,ps; = 4/9 in the observation and fy,,q; = 3/9 in the model field. Considering the full
domain, the fraction value of the innermost cell results to fops; = fmoa,; = 6/25. This example shows
how observation and model disagree when evaluated with a point based approach, but agree when the
whole 5 x 5 box is considered.
Once fraction values fops; and fi0q,; of all ne.; cells in domain & are known, the FSS can be computed.
Like most skill scores, the FSS relates a metric to a reference value. Here, the Fractions Brier Score
(FBS) is used and related to a worst case value of FBS. Hence, the

FBS

FSS=1—- —" 2
SS FBSWOrSt (5 5)

ranges between 0 and 1, with 1 indicating a perfect forecast.
The FBS is given by

FBS = —— Y (fobsi = finod,)’ (5.26)
Ncell €9
and FBSy st by
1
FBSworst = —— Z ozbs,i + Z fr%md,i ) (5.27)
Neell |jcy i€y
respectively.

A detailed discussion on the properties of the FSS can be found in literature (e.g., Roberts and Lean,
2008; Roberts, 2008; Skok and Roberts, 2016).

5.3.2. SAL — Method

The SAL — method was developed by Wernli et al. (2008) and extensively tested by Wernli et al. (2009).

It aims to objectively compare the agreement of two two-dimensional fields of an arbitrary quantity R,
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e.g., model result with satellite observation. The method quantifies differences based on three metrics
which are Structure, Amplitude, and Location. Originally, this method was developed and tested for the
comparison of observed and modeled precipitation fields. In the scope of this work, I use it to analyze
volcanic aerosol dispersion forecasts. The results have been published by Muser et al. (2020) and are
further discussed in Sect. 6. In this connection, I apply the SAL — method for the comparison of column
integrated ash mass which is retrieved based on AHI measurements and ICON-ART results. In the
following, I describe the basic principle of this method and give some examples.

The method compares an arbitrary quantity R, in this work a column integrated mass, which is given on
a domain Z with n.,;; grid points both for model results R,,,; and observations R,,;. The domain must
be the same for model and observation %,,,,q = %,s. This means, model and observational data must be
on the same grid. In order to compute the location and structure component later, defined objects of R

must be delimited. Therefore, a threshold value
R* = fsarR™ (5.28)

is used. R* is the threshold value which correlates with the maximum of R in & by a factor fsar. As
stated by Wernli et al. (2008) “the choice of factor” fs4; in Eq. 5.28 “is not based on objective criteria”.
For their comparison of precipitation fields, Wernli et al. (2008) use fsaz = 1/15 which “was motivated
by the fact that for most considered cases (...), this contour separates features of the precipitation field
that correspond reasonably well to distinct objects that can be identified by eye” (Wernli et al., 2008). In
the scope of this work, I chose a comparable approach. Details on the choice of the threshold value R*
are given in Sect. 6 together with the results of the SAL — method.

The three different components S, A, and L are explained in order of increasing complexity. To compute

the amplitude value A, the domain averaged value of R

— 1
R=

R;; (5.29)
feell (i, j)ea

is determined. Here, R is evaluated at every grid cell (i, j) of domain Z. Based on this domain averaged

quantity R, the amplitude component

A— Rmod - Robs
0.5 Fmod +R0bs]

(5.30)

is defined. A is the normalized difference of domain averaged R between model result and observation.
The resulting value for A always ranges between —2 and +2, with a perfect agreement for A = 0. For
A > 0 the model overestimates R compared to the observation and underestimates the observation for

A <0, respectively.
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The location value L = L; + L, is composed of two components. L; is determined by the distance between
the center of mass in the modeled z(R,,,s) and the observed field z(R,ps). The distance is normalized by

the largest distance d,,, between two grid cells in . Thus, the value of

L |1Z(Rmod) — 2(Rops)| (5.31)

dmax

always ranges between 0 and 1.
The second component, L, accounts for the different locations of individual objects in the column in-
tegrated mass field. Therefore, it relates the averaged distance between the center of mass of the total

column integrated mass field and that of individual objects. Each of these objects is weighted by

R,= Y, R (5.32)
(i,))E%n

which is the sum of R within object %,. With n,,;,; objects, the weighted averaged distance between z
and individual objects with index n
YN Ry |2 — 2,

n=1

0= (5.33)
n=1""1

is determined. The second component

| q (Rmod) - Q(Rohs) ‘

max

Ly=2

(5.34)

is normalized in a way, that its value always ranges between 0 and 1. Consequently, L ranges between 0
and 2 with a perfect agreement for L = 0.
The structure component S can be interpreted as the comparison of the area that is covered by the column

integrated mass objects in the model result and the observation. In order to make S distinct from A,

Vo= Y Rij/RM™ =R,/R™ (5.35)
(i) €%n

is scaled by R"®*. It is the maximum value of R in the individual object %,. With the weighted averaged

volume of all objects

Nop j
R,V,
V(R) = Z% (5.36)
Zn:.l R"
the structure component
V(R —V(R
( mod) ( obs) (537)

0.5V (Rioa) +V (Rops)]
can be determined. S is normalized in the same way as A, hence, the value always ranges between —2
and +2. Again, perfect agreement is indicated by S = 0. For S > 0 the quantity R is spread over a wider

area in the model compared to the observation. The opposite is true for S < 0.
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Figure 5.4: Arbitrary examples for three different comparisons between observations (left) and model results
(right). Blue color represents a column integrated mass of 1, green color a column integrated mass of 2.

Three idealized examples are shown in Fig. 5.4 in order to visualize the differences between the three
SAL components. In each of the three panels (a) to (c), the left and right grid show observation and
model result, respectively. The blue color indicates a value of R = 1 and the green color of R = 2. For
this example, a grid with Ax = 1 km is chosen. Figure 5.4 (a) shows a case with a non-zero measurement
at only one grid cell. In the same grid cell, the model has a column integrated mass that is twice as
high, hence, A = 0.67. As location and structure are both the same in observation and model, S = 0 and
L = 0. The second case, Fig. 5.4 (b), agrees perfectly in structure and amplitude, thus, S =0 and A = 0.
The column integrated mass in the model result is only shifted by 1 km to the right compared to the
observation. Therefore, the location value is L = 0.14. The third case, Fig. 5.4 (c), shows an example
with one object with the same center of mass and amplitude, hence, A = 0 and L = 0. However, this time
the area that is covered by the object in the model is twice the one in the observation. That is why the
structure value results to S = 0.67.

A discussion of possible caveats of the SAL — method can be found in Wernli et al. (2008).
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On 21 June 2019 at 18:00 UTC the Raikoke volcano started to erupt (Sennert, 2019). The eruption period
lasted for around 13 h. It consisted of several individual, short outbursts and one longer, continuous
eruption (Bruckert et al., 2021). The volcano is located at 48.29° N, 153.24° E on Raikoke island. It is
one of the central Kuril islands in the Sea of Okhotsk, part of western Pacific. The eruption of June 2019
was one of the largest volcanic eruptions during the last 30 years.

For the present study, the Raikoke eruption 2019 is subject of a numerical experiment to investigate
the influence of aerosol dynamic effects and aerosol-radiation interaction on volcanic plume dispersion.
Large parts of this section are based on Particle aging and aerosol-radiation interaction affect volcanic
plume dispersion: evidence from the Raikoke 2019 eruption published in Atmospheric Chemistry and
Physics (Muser et al., 2020). The copied segments are highlighted by quotation marks. These copied
segments were originally written by myself. In this chapter, I rearranged or slightly rephrased a few
passages compared to Muser et al. (2020). Since the publication of Muser et al. (2020) several bugs were
fixed in ICON-ART. That is why some figures look slightly different to the original publication of Muser
et al. (2020). However, the conclusions did not change. Beyond that, I present and discuss additional

results to provide further insights.

6.1. Raikoke Simulation Setup

In the scope of this thesis I performed seven global simulations of the Raikoke eruption with the ICON-
ART model. The simulation setup of these seven simulations is described in this chapter. The setup for
four of the seven simulations is already described in Muser et al. (2020) and only replicated here.

“The simulations run on a R3B07 grid that is also used by DWD for operational weather forecasts. The
horizontal grid resolution is on average Ax = 13.2 km. 90 vertical levels resolve the atmosphere up to
75 km. The time step A¢ is 60 s. Each simulation is started on 21 June 2019 at 12:00 UTC based on
initialized analysis data provided by DWD. The simulation covers the first four days after the onset of
the eruption.

The simulated volcanic emission starts on 21 June 2019, at 18:00 UTC and lasts for 9 h.” For the sim-
ulation, Muser et al. (2020) assume that ash and SO, of the last three rather short outbursts between
03:00 and 07:00 UTC (22 June 2019) (Bruckert et al., 2021) were also emitted during the first 9 h of the
eruption. An emission top height, bottom height, and an emission rate characterize the volcanic emis-

sion in the model. Between bottom and top height a uniform emission profile is assumed. Operational
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Figure 6.1: Plume height on 22 June 2019, at 01:25 UTC (a, d), 02:15 UTC (b, e), and 03:10 UTC (c, f). The top
row shows standard cloud-top heights for (a) MODIS Terra, (b) VIIRS Suomi-NPP, and (c) MODIS Aqua. The
bottom row plots ash heights from NOAA’s dedicated volcanic ash algorithm for VIIRS on (d, f) NOAA-20 and
(e) Suomi-NPP, considering only those pixels that potentially contain volcanic ash.

volcanic aerosol forecast at VAACs relies on such uniform profiles (Beckett et al., 2020). The emission
rate was determined by combining information from satellite measurements and 1D plume simulations.
Ash particles and SO, are emitted.

“The plume height estimate is based on the MODIS and VIIRS data shown in Fig. 6.1. The dedicated
ash algorithm (lower panel) is much more restrictive than the standard cloud-top height algorithm (upper
panel), but produces similar heights where it is applied. In general, both of these brightness temperature-
based products indicate maximum plume heights in the 12—12.6 km range for the time period 7-9 h after
the eruption. The estimated height uncertainty is ~ 1.5 km. Based on this plume height estimate and also
other studies (Sennert, 2019), the Raikoke eruption emits ash and SO, in the simulations at a constant
eruption rate between 8 and 14 km above sea level.

The eruption rate of SO, is derived from measurements of the total emitted SO, mass. According to
the TROPOMI (Sect. 4.1) and AHI data (Sect. 4.3), in the simulations 1.5 x 10° kg of SO, is emitted

over the eruption period. To estimate the total mass eruption rate of volcanic ash, several 1D plume
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Table 6.1: Emission parameters for ash emission with median diameter d3;, standard deviation o; of ash size
distribution, and the mass emission rate Qepiss Of each ash mode and SO,.

Ash mode Accumulation Coarse Giant | SO,
d3; [um] 0.8 298 1135 ] -
o [-] 1.4 1.4 1.4 -
Qemiss [kgs™ ! m™!] 3.26 326 326 | 1.72

simulations using Plumeria (Mastin, 2007) and FPlume (Folch et al., 2016) were conducted offline,
assuming the following parameter ranges: plume height 12—14 km, vent diameter 90—110 m, exit velocity
100-120 ms~!, exit temperature 900—1100 °C, and exit gas mass fraction 3 %. For this purpose, profiles
of atmospheric variables were obtained from ERA-Interim (Dee et al., 2011) and introduced in the 1D
models . .. The results are in the range of 1.45-9.95 x 10 kg s~!. Taking the mean value 5.7 x 10% kg s~!
suggests that about 190 x 10° kg tephra is emitted within 9 hours. Assuming that 1 % of the erupted mass
is very fine ash with d < 30 um (relevant for long-range transport) (Rose and Durant, 2009; Gouhier et al.,
2019), Muser et al. (2020) estimate that 1.9 x 10° kg very fine ash is injected into the atmosphere during
the eruption. These estimates by the 1D models are in agreement with AHI data (Sect. 4.3).

The estimated 1.9 x 10° kg of very fine ash are used in the ICON-ART simulations and distributed
equally between accumulation, coarse, and giant modes. The number concentration of the log—normal
distribution is calculated based on the median diameter d3; and standard deviation o; of the emitted
particle distribution. Table 6.1 lists details about these emitted particle size distributions. The values are
based on data from Bonadonna and Scollo (2013).

To study the effect of aerosol dynamic processes and the radiative effect of internally mixed particles
on the volcanic plume dispersion, a set of four different simulation scenarios” were conducted. To
gain further insights into the relevant processes I conducted three additional simulations. Table 6.2

summarizes these scenarios. “The scenarios with AERODYN treat SO, as a chemical substance which

Table 6.2: Simulation scenarios with their represented processes.

scenario aerosol dynamics and aerosol-radiation
gas phase chemistry interaction
AERODYN-rad on on
no_ AERODYN-rad off on
AERODYN-no_rad on off
no_AERODYN-no_rad off off
no_coag on (except coagulation) on
no_cond on (except condensation) on
only_coag only coagulation on
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6. Simulation of the Raikoke Eruption 2019

can be oxidized. The chemical reaction scheme is the simplified OH-chemistry scheme implemented by
Weimer et al. (2017). The no_AERODYN scenarios treat SO, as a passive tracer without any gas phase
chemistry.

The first scenario (AERODYN-rad) uses the whole new development of the AERODYN module together
with the radiative feedback of internally mixed particles. In the second scenario (no_AERODYN-rad)
only insoluble ash particles of three different size ranges are transported. Secondary aerosol formation
and particle aging are switched off. However, the volcanic ash still interacts with solar and thermal
radiation. The third scenario (AERODYN-no_rad) considers the effects of aerosol aging without any
radiative feedback of these particles. The fourth scenario represents the status quo of operational volcanic
cloud forecast. It considers neither aerosol dynamic effects nor aerosol-radiation interaction.”

Table 6.2 also lists the three additional simulations that exclude individual aerosol dynamic processes.
The no_coag and the no_cond scenarios are similar to the AERODYN-rad scenario. The former excludes
coagulation. The latter excludes the condensation of sulfuric acid on existing particles and the ISOR-
ROPIA module. The only_coag scenario corresponds to the no_ AERODYN-rad scenario. No gasphase

chemistry is computed. Coagulation is the only aerosol dynamic process included.

6.2. Ash- and SO,-Transport

When evaluating volcanic ash and gas forecast, the horizontal distribution of ash and SO, is of great
interest. This information is also crucial for the decision on airspace closure issued by VAACs. Here, |
compare the simulated ash and SO, concentrations with observational data, introduced in Sect. 4.

The TROPOMI instrument provides information on the horizontal distribution of column integrated SO,
mass. The satellite passed over the volcanic cloud after the Raikoke eruption. “Figure 6.2 shows three
TROPOMI retrievals of SO, mass loading I'so, in gm_2 in panels (a), (b), and (c) for three different
dates. Each of these three graphs is a composite of several satellite orbits, chosen from a batch of 14
consecutive orbits (approximately 24 h coverage). Those orbits that directly detect the volcanic cloud
in Fig. 6.2 (a) intersected with the area of interest (see Sect. 4.1) on 22 June 2019, between 02:16 and
02:29 UTC. Data points containing the volcanic cloud signature in Fig. 6.2 (b) were measured on 23 June,
between 00:15 and 02:10 UTC and in Fig. 6.2 (c) between 24 June, 20:16 UTC and 25 June, 03:13 UTC,
respectively. Panels (d) to (f) show ICON-ART results of AERODYN-rad for three different time steps.
These time steps have been chosen to be closest to the mean of the time period of the corresponding
TROPOMI measurement.”

During the first day after the eruption, the wind transports the SO, cloud mainly eastward. The maximum
column integrated mass is still located close to the volcano (black triangle in Fig. 6.2). The SO, cloud
turns northward at 180° E from where it starts to spread over the northern Pacific. Three days after the
eruption, displayed in Fig. 6.2 (c), the SO, cloud covers large areas of the northern Pacific. It separated

into two main branches. The larger one travels westward over Asia and the smaller one eastward over
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Figure 6.2: Mass loading of SO, measured by TROPOMI during three different time periods are shown in panels
(a), (b), and (c). Panels (d), (e), and (f) show ICON-ART results of AERODYN-rad at corresponding time steps.
The black triangle indicates the location of Raikoke.

North America. The maximum column integrated mass is now located in a cyclonic structure at around
55° N and 180° E.

“The overall structure of the SO, mass loading I'sp, agrees well between model results and observations.
This is especially true for the two earlier dates when the modeled atmospheric state can be assumed
to be closer to reality than for later dates. But also the model result 3.5 days after its initialization in
Fig. 6.2 (f) shows good agreement with the TROPOMI measurement in (c). A main difference between
satellite retrieval and model result is the location of the maximum SO, mass loading. Although the
magnitude of the maximum SO, mass loading is in good agreement, in the model results its location
appears further downstream compared to the satellite measurement. One reason could be the different
time of measurement and model result. However, a greater influence can be expected by uncertainties of

the emission profile parametrization and of the simulated wind velocity. In case more SO, is emitted in
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Figure 6.3: Daily mean column integrated mass of volcanic ash on 22 June (left column) and 23 June 2019 (right

column). Panels (a, b) show results measured by AHI on board Himawari-8. Panels (¢ — f) show ICON-ART
results for AERODYN-rad and no_ AERODYN-no_rad, respectively. The black triangle depicts the location of
Raikoke volcano. Panels (g) and (h) show the absolute difference between the two simulation scenarios.
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altitudes with higher wind speed in the model, it will be transported faster. The same applies for the case
that in some altitudes the wind speed in the model is slightly higher than it is in reality. Furthermore,
the TROPOMI measurements can also be erroneous. The TROPOMI sensor might not capture all of the
SO, due to deficiencies of the measurement technique in opaque regions.” Additionally, the retrieval of
column integrated SO, mass from the satellite measurement relies on the assumption of a pre-defined
vertical SO, profile. The true vertical SO, profile is usually not known during the application of the
retrieval algorithm. Hence, this assumption can also result in an incorrectly measured column integrated
SO, mass.

The AHI instrument of the geostationary Himawari-8 satellite detected the volcanic ash cloud of the
Raikoke 2019 eruption. “Figure 6.3 (a) and (b) show daily mean AHI retrievals of volcanic ash mass
loading T',s,. As described in Sect. 4.3, the filtered data is used. For the daily mean only ash containing
pixels are considered. The same averaging approach is applied on the ICON-ART model results, shown
in panels (c) to (f) of Fig. 6.3. Panels in the left column show measurements and model results of 22 June
2019, panels in the right column of 23 June.” Simulation results of the AERODYN-rad scenario are dis-
played in panels (c) and (d). Panels (e) and (f) show results of the no_ AERODYN-no_rad scenario. The
difference between the new development (AERODYN-rad) and the VAAC approach (no_AERODYN-
no_rad) is depicted in panels (g) and (h).

“On 22 June the volcanic ash cloud moved eastward to 180° E where the direction of transport turned
northward. The maximum of daily mean mass loading I, is still located in proximity to the volcano.
For this day, both model results and the satellite retrieval agree very well in location, structure, and
absolute values of ash mass loading. It can be assumed that the model captures the atmospheric state well,
one day after its initialization. Furthermore, there are only minor differences between the two different
simulation setups for the results of 22 June in Fig. 6.3 (c) and (e). These differences are mainly restricted
to the slightly higher mass loading in panel (e) and small differences in the volcanic cloud structure.
For the first day after the eruption, the aerosol dynamic effects and the aerosol-radiation interaction
seem to have only a minor influence on the volcanic ash mass loading. On 23 June the averaged AHI
measurements show a more fragmentary ash distribution in Fig. 6.3 (b). This might be a result of volcanic
cloud dilution in combination with deficiencies in the volcanic ash measurement of opaque regions. Most
of the ash is measured between 50-55° N and around 180° E. The simulation results in Fig. 6.3 (d) and (f)
support the assumption of the diluted volcanic cloud, as the mass loading only shows values smaller than
4¢ m~2. For both simulated scenarios, the overall structure of the volcanic cloud is similar. However,
differences prevail in location and absolute values of maximum mass loading. These differences are due
to aerosol dynamics and radiative effects which are addressed in more detail in Sect. 6.3 and Sect. 6.4,
respectively. Compared to these two simulations, the averaged AHI measurements in Fig. 6.3 (b) show
values for the maximum ash mass loading that lie in between the two simulation scenarios. In panels (g)
and (h) the differences between the two simulation scenarios are highlighted by the absolute difference
of AERODYN-rad — no_ AERODYN-no_rad. It shows that considering aerosol dynamics and aerosol—
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Table 6.3: Comparison of daily mean column integrated mass of volcanic ash between AHI and ICON-ART results
using the SAL method.

2019-06-22 2019-06-23
Scenario S A L S A L
AERODYN-rad 0.332  0.529 0.008 | 1.640 0.320 0.040
AERODYN-no_rad 0.126  0.470 0.006 | 1.506 0.136 0.027
no_AERODYN-rad —0.089 0.887 0.015 | 1.580 0.704 0.031
no_AERODYN-no_rad —0.170 0.829 0.015 | 1.543 0.740 0.030

radiation interaction results in lower volcanic ash mass loadings in most parts of the volcanic cloud.” On
the first day after the eruption, in the AERODYN-rad scenario, there is a slight northward shift of the
volcanic cloud compared to the no_ AERODYN-no_rad scenario. This results in positive values between
155-170° N in the difference plot.

So far, model results and observations were compared in a rather qualitative fashion. In the following,
I evaluate the column integrated volcanic ash mass with the SAL method to compare the results in an
objective manner. Wernli et al. (2008) introduced this metric and Wernli et al. (2009) extensively discuss
its properties. Details about the method are given in Sect. 5.3.2. Here, I set the threshold value to identify
objects for the SAL method to R* = 0.01 gm 2. Table 6.3 summarizes the SAL values for the comparison
of the daily mean column integrated mass between ICON-ART results and the AHI retrieval. The same
values are visualized in Fig. 6.4. Each of the markers in Fig. 6.4 represents one comparison between
AHI and ICON-ART. As a reminder, a value of 0 indicates a perfect agreement between observation and
model result. This would result in a dark purple marker located at the center of Fig. 6.4.

“The location of the volcanic cloud agrees very well with the observation for all dates in all simulation
scenarios.” This is indicated by the purple shades of the markers. Please note the logarithmic colorbar
for the location value. The markers in Fig. 6.4 form two different clusters associated with the two dates.
L values for the 23 June are generally higher than on 22 June, but they remain on a low level (< 0.1).
The structure value significantly deviates from zero for most scenarios, especially on 23 June. This
indicates a large difference between the structure of the simulated volcanic ash cloud and the observed
one. However, the values of the different scenarios lay close to each other on the respective day. There is
no significant influence of the aerosol dynamic processes or aerosol-radiation interaction visible on the
structure value. “Only the amplitude values differ distinctly among the different scenarios. Simulations
with AERODYN are closer to the observation than simulations without aerosol dynamics.”

In ICON-ART simulations, the wind field is the main driver for the location of the volcanic cloud.
During simulations, meteorological fields are not aligned with observational data. Consequently, it can
occur that the wind field increasingly deviates from observations over time. Furthermore, AHI might
have problems to measure the lower ash concentrations especially in opaque regions on 23 June, as

discussed earlier. The center of mass in such a fragmentary satellite retrieval is difficult to determine
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Figure 6.4: Visualization of SAL values for the comparison of ICON-ART results with AHI measurements. The
different marker types indicate the simulation scenarios. The two clusters represent the two evaluated dates.

reliably. A combination of both reasons can explain the higher L values on 23 June. The detection
limit of the satellite instrument and its deficiencies in measuring volcanic ash under cloudy conditions
can be the reason for the rather large positive S values on 23 June. This quantifies the impression from
Fig. 6.3 that the volcanic ash cloud in ICON-ART simulations covers a much larger area compared to the
AHI measurement. Positive A values indicate that the model overestimates the column integrated mass
compared to satellite observations. On the one hand, deficiencies in the satellite measurement could be
a reason for this. On the other hand, the choice of eruption source parameters is crucial and can cause a
general bias. In the simulations, the Raikoke volcano emits a total of 1.9 x 10° kg ash. However, AHI
detects an total ash mass ranging between 0.4—1.8 x 10° kg. Since I am interested in the effects of aerosol
dynamic processes on aerosol dispersion, the particular focus of this work lies on the difference between
simulations with and without AERODYN. For the latter, the overestimation of column integrated ash
mass is even more pronounced. This indicates that aerosol dynamic processes reduce the total ash mass
in the model. Section 6.3 provides more details on this matter.

“The AHI and TROPOMI measurements give confidence in the simulated horizontal distribution of the
volcanic cloud. Additionally, information about the vertical distribution of the volcanic cloud is retrieved
from OMPS-LP and CALIOP data. OMPS-LP gives a clear signal of the volcanic cloud on 22 June 2019,
02:27 UTC shortly after the onset of the eruption. It locates the volcanic cloud at 49.76° N 154.1° E at
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Figure 6.5: Normalized total volcanic ash mass m,g, over the time after the onset of the volcanic eruption on
21 June 2019, at 18:00 UTC. The green and yellow curve represent AERODYN-rad and no_ AERODYN-rad,
respectively. The black curve is based on AHI measurements with an error estimate in gray.

approximately 17 km. The ICON-ART model result (AERODYN-rad) shows a similar cloud top height
which will be addressed in more detail in Sect. 6.4. Also the height of the volcanic cloud measured by

CALIOP on 23 June 2019, agrees well with the model result.” This is a topic of the following section.

6.3. Effect of Aerosol Dynamics

“So far mainly the ICON-ART model result of the AERODYN-rad scenario was discussed. In this
section, it is compared with the no_ AERODYN-rad scenario to study the influence of secondary aerosol
formation and particle aging on volcanic aerosol dispersion.”

The results of the SAL method suggest that aerosol dynamic processes lead to a reduction of volcanic ash
mass in the simulations. To further investigate this behavior, the temporal evolution of volcanic ash mass
in the atmosphere is examined and illustrated in Fig. 6.5. “The graph shows how the normalized total
ash mass m,y, evolves over time after the onset of the volcanic eruption on 21 June 2019, at 18:00 UTC.

Muser et al. (2020) define »
~ Mgsp (1
N TN E0)

with myg,(2) as the total observed volcanic ash mass at one measurement time or simulation time step.
In the ICON-ART simulations, AERODYN-rad and no_ AERODYN-rad, max(mg;()) is close to 1.9 x
10° kg. For the AHI retrieval max (m,4,(¢)) is estimated to range between 0.4 x 10 and 1.8 x 10° kg. Fig-
ure 6.5 shows m,, for two different simulation scenarios, AERODYN-rad (green) and no_AERODYN-
rad (yellow), and the AHI retrieval (black). The gray shading depicts an error estimate for the AHI

measurement between 0.4, and 1.6m1,,.
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Figure 6.6: Normalized total volcanic ash mass g, over the time after the onset of the volcanic eruption on 21
June 2019, at 18:00 UTC. The dashed green and yellow curve represent AERODYN-rad and no_ AERODYN-rad,
respectively. The solid curves result from different simulation scenarios.

Both simulations and the satellite measurement agree very well over the course of the first 9 h. This is
the eruption phase of the Raikoke volcano.” There was no continuous eruption of the Raikoke volcano
during these 9 h. This is visible as the small-scale variations in the AHI measurement during the eruption
phase. In contrast to that, the simulated eruption uses a continuous emission of volcanic ash. This can
explain the offset between observation and simulation. Bruckert et al. (2021) discuss this phase of the
eruption in more detail and show a method to reduce this offset. The major and mainly “continuous
eruption of Raikoke occurred between 21 June 2019, 22:40 UTC and 22 June, 02:00 UTC, with several
additional outbursts before and after this period. While in the simulations a constant and continuous
eruption is assumed.

After the end of the eruption, the observed ash mass (black) decays to less than 50 % over the course of
12 h. Thereafter, the total volcanic ash mass seems to stabilize. The small-scale variations in the observa-
tion might be due to deficiencies or limitations of the retrieval algorithm, as no new ash is emitted during
this period. A very similar decay and stabilization of ash mass can be observed for the AERODYN-
rad scenario in green. The result suggests that the necessary sink processes are represented by the new
aerosol dynamics module AERODYN. The same are missing in no_AERODYN-rad, for which the vol-
canic ash mass decays much slower. It can be deduced that secondary aerosol formation and particle
aging, due to condensation and coagulation, are essential processes for the correct simulation of volcanic
aerosol dispersion. These processes largely influence the transported aerosol concentrations. Addition-
ally, it should be noted that the prevailing settling mechanism of aerosol after the Raikoke 2019 eruption
for all the simulation scenarios is due to sedimentation. Dry deposition is only relevant for aerosol near
the ground. Wet deposition should also play a minor role during the first days after the eruption, as most

of the volcanic ash is emitted above cloud level.”
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The AERODYN module comprises several different processes. The investigation of three additional
scenarios, no_coag, no_cond, and only_coag, reveals the relevance of single aerosol dynamic processes
for the rapid removal of volcanic ash. Figure 6.6 shows the corresponding results. The dashed lines depict
the previously shown curves of the AERODYN-rad and the no_ AERODYN-rad scenario. The solid lines
represent the additional simulation scenarios. After the end of the eruption, the lines separated into two
groups. On the one hand, no_coag and only_coag closely follow the no_ AERODYN-rad scenario. On the
other hand, the results of no_cond and AERODYN-no_rad remain close to the line of the AERODYN-rad
scenario.

The total ash mass in the simulation without condensation (light blue curve) shows only small differences
to the one of the AERODYN-rad scenario. These differences are restricted to the first few hours after the
end of the eruption and to the long-term development. Consequently, condensation of gaseous species on
volcanic ash particles plays only a minor role in the removal of ash. In contrast to that, in the simulation
without coagulation (purple curve), the total ash mass behaves as in the no_ AERODYN simulation. This
shows that coagulation plays a key role in the removal of ash. The opposite, however, is not true. The
only_coag simulation scenario for which all aerosol dynamic processes, condensation, nucleation, and
ISORROPIA are switched off, shows no enhanced removal of volcanic ash. The olive colored curve
in Fig. 6.6 shows this behavior. In this scenario, only ash particles participate in coagulation, but no
secondary volcanic aerosols are formed. This leads to only a slightly enhanced removal of volcanic ash
compared to the simulation with no aerosol dynamic processes. The results indicate that the coagulation
of ash particles with secondary volcanic aerosols, sulfate particles, is the main driver for the rapid removal
of volcanic ash after the Raikoke eruption.

Additionally, the light purple curve indicates that neglecting aerosol-radiation interaction leads to a
lower ash mass in the atmosphere. This particularly applies on the long-term ash mass development.
Section 6.4 addresses this issue in more details.

So far, only the development of the total volcanic ash mass was shown over time. Fig. 6.7 (a) depicts the
ash mass per aerosol mode for the AERODYN-rad scenario. Analogously, panel (b) displays the total
number of particles for each ash containing mode. Colors distinguish between the sizes of the modes
and the line style indicates the mixing state. Solid lines represent insoluble modes and dashed lines
mixed modes. Both panels illustrate that especially the quick sedimentation of coarse and giant mode
particles is responsible for the fast removal of volcanic ash after the end of the eruption. In contrast, the
accumulation mode remains more or less in the atmosphere. Only insoluble ash particles shift into the
mixed accumulation mode. That means that soluble substances such as water and sulfate form a coating
on these accumulation mode ash particles over time. In the coarse mode, particles also get coated and
form a mixed mode. However, the mixed coarse mode falls out rather quickly together with the insoluble
coarse mode particles. The total particle number of ash containing modes shows a similar behavior as
shown in panel (b). Here, also the different orders of magnitude in particle number for the different

modes become visual. Although the emitted ash mass per size mode is identical, due to the different
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Figure 6.7: Absolute total volcanic ash mass m,g, in panel (a) and total particle number in panel (b) over the
time after the onset of the volcanic eruption on 21 June 2019, at 18:00 UTC. The results are derived from the
AERODYN-rad scenario. Different colors represent different ash containing aerosol modes.

particle diameters, the resulting numbers differ significantly. One feature I would like to highlight here,
is the quicker removal of coarse mode particles compared to giant mode particles. As the latter do not
participate in aerosol dynamic processes in the simulations, their size cannot increase over time. Coarse
mode ash, however, can coagulate, hence, form larger particles or build up a soluble shell. This results in
larger particles that sediment faster. The results in Fig. 6.7 suggest that these aged coarse mode particles
sediment even faster than (unaged) giant mode particles.

The enhanced removal of volcanic ash due to sedimentation must also result in a different vertical dis-
tribution of the ash cloud. CALIOP measurements serve here as a comparison in the evaluation of the
vertical structure of the model results. “The CALIPSO satellite passed over the volcanic cloud on 23
June 2019, at around 15:00 UTC. On this date, the satellite ground track clearly intersects the modeled
volcanic cloud, as shown in Fig. 6.8 (a). This 2D map depicts the volcanic cloud top height of accumu-
lation mode ash particles calculated with ICON-ART (AERODYN-rad). In this connection, a threshold
of 0.01 pg ash per kg air defines the volcanic cloud top. The map shows a maximum volcanic cloud
top height in the range of 17-19 km under the CALIPSO ground track at around 50° N.” Figure 6.8 (b)
shows the CALIOP measurement of the total attenuated backscatter at 532 nm. It indicates volcanic
aerosols in a region between 49° N and 51° N at an altitude between 15 and 16 km, as highlighted by
the magenta circle. This part of the signal was identified as volcanic ash by the CALIOP retrieval algo-
rithm. Fig. 6.8 (c) illustrates the attenuated backscatter at 532 nm of volcanic aerosols on 23 June for
the 15:00 UTC model output (AERODYN-rad). Displayed is the result of ICON-ART model columns
along the CALIPSO ground track. The calculation of the attenuated backscatter from model fields is

based on simulated ash and sulfate concentrations together with their optical properties. For the ease of
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Figure 6.8: (a) CALIPSO ground track on 23 June 2019, around 15:00 UTC in blue color and location of Raikoke
volcano as red triangle. The contour map shows the volcanic ash cloud top height for the AERODYN-rad sce-
nario. (b) The CALIOP attenuated backscatter for 532 nm for the satellite position between 40° N and 70° N.
Highlighted by the magenta circle is the part of the signal that was identified as volcanic ash by the CALIOP re-
trieval algorithm. The white line shows the 0.002 km~! sr~! contour of AERODYN-rad at 15:00 UTC. (c — f) Total
attenuated backscatter for 532 nm of volcanic aerosols under the CALIPSO ground track on 23 June 2019, for the
15:00 UTC model output are displayed. (c) shows the result for AERODYN-rad, (d) for no_AERODYN-rad, (e)

65°N

55°N

45°N

1 5 9 13 17 21
volcanic ash cloud top height [km]

(c) AERODYN, rad

=
it
=
(@)}
0
e
0
40 45 50 55 60 65 70
latitude [°]
20 B (e) AERODYN, no rad
‘€ 15
bt
€ 10
(@)}
0
e

O -
40 45 50 55 60 65 70
latitude [°]

height [km] height [km]

height [km]

(b) CALIOP

e

O -
40 45 5 55 60 65 70

latitude [°]

20 § (d) no AERODYN, rad
15

10

O -
40 45 50 55 60 65 70
latitude [°]

20 B (f) no AERODYN, no rad
15

10

O -
40 45 50 55 60 65 70
latitude [°]

Attenuated Backscatter [km~! sr!]

for AERODYN-no_rad, and (f) for no_ AERODYN-no_rad.

72



6.3. Effect of Aerosol Dynamics

comparison between measurement in Fig. 6.8 (b) and AERODYN-rad result in Fig. 6.8 (c), the white
“line in panel (b) shows the 0.002 km~! sr~! contour of the model result in panel (c).

The AERODYN-rad simulation result captures the most prominent feature of the CALIOP retrieval be-
tween 49° N and 51° N at a height around 16 km. Here, the model shows a clear maximum in total
attenuated backscatter of volcanic aerosol.” Furthermore, the white contour lines indicate that several
other peaks of the modeled attenuated backscatter signal north of 51° N is co-located with CALIOP
measurements. [ would assume that the CALIOP signal in this region shows to some extent volcanic
aerosols. This comparison shows the potential of using simulation results for the interpretation of satel-
lite retrievals.

One remark on the related attenuated backscatter figure in Muser et al. (2020): In Muser et al. (2020),
the attenuated backscatter signal in panel (c) and (e) shows a feature at around 44° N close to the surface.
The CALIOP measurement in panel (b) exhibits a similar signal in this region. In this thesis, Fig. 6.8 (c)
does not contain this feature anymore. However, the volcanic cloud top height in panel (a) shows that
there is low level volcanic aerosol present in the AERODYN-rad scenario. This leads to the conclusion,
that the volcanic aerosol concentration in this low altitude branch of the volcanic cloud is now lower than
in the previous simulation of Muser et al. (2020). Nevertheless, I would still argue that volcanic aerosols
are the cause for the attenuated backscatter signal at 44° N and about 3 km altitude in the CALIOP
measurement.

“Comparing AERODYN-rad in Fig. 6.8 (c) with no_AERODYN-rad in Fig. 6.8 (d) shows the distinct
effect of aerosol dynamics on the vertical distribution of the volcanic cloud. No_AERODYN-rad catches
the main feature between 49° N and 51° N at a height up to 17 km. However, the volcanic aerosol layer
extends significantly further north, up to 53° N. This is in contrast to the CALIOP signal in Fig. 6.8 (b).
Also the smaller patterns in lower altitudes and higher latitudes are missing in the no_AERODYN-rad
scenario. ... Without aerosol dynamics, most of the aerosol stays at one height level, whereas with
aerosol dynamics, the particles get mixed down to lower altitudes. Coagulation of particles and con-
densation of sulfate and water onto existing particles increase the aerosol mass. Hence, these particles
sediment faster and, therefore, are removed from the atmosphere more efficiently.

A similar conclusion can be derived from the AERODYN-no_rad and no_ AERODYN-no_rad scenarios
in Fig. 6.8 (e) and (f), respectively. Although both are missing the most prominent feature between 49° N
and 51° N at around 16 km, they show the same behavior in terms of aerosol dynamic effects.”

With AERODYN, enhanced downward mixing results in a better agreement between simulation results
and CALIOP measurements in terms of the vertical distribution of volcanic aerosol. Appendix B includes
further CALIOP measurements on other dates together with the corresponding ICON-ART results.

I would like to shortly comment on the assumptions that were made to determine the optical properties
of the particles in the ICON-ART simulations. As described in Sect. 3.7, the optical properties of each
aerosol mode are based on the assumption of spherical particles, with a fixed chemical composition,

coating ratio, and particle diameter. However, volcanic ash consists of non-spherical particles (Bagheri
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and Bonadonna, 2016) and aerosol dynamic processes change composition, coating ratio, and particle
diameters over time. This results in deviations from the assumptions made and, consequently, in a
different amplitude of the attenuated backscatter signal of simulated volcanic ash. As Hoshyaripour et al.
(2019) have shown for mineral dust, the non-sphericity of particles can have a considerable impact. The
backscattering ability of randomly oriented non-spherical particles is significantly lower compared to
that of spherical particles (Mishchenko et al., 1997). Consequently, the absolute values of the attenuated
backscatter signal in Fig. 6.8 (c) to (f) might be lower if the non-sphericity of ash particles is included.
This characteristic can be an explanation for the higher amplitude in the attenuated backscatter signal of
ICON-ART results compared to the CALIOP measurement in Fig. 6.8.

6.4. Effect of Radiative Interaction

“In contrast to aerosol dynamics, aerosol-radiation interaction does not largely influence the horizontal
aerosol concentrations after the Raikoke eruption.” This is a conclusion from the SAL analysis in Fig. 6.4.
The comparison of simulation scenarios in which only the setting for the radiation interaction differs,
suggest only minor differences in the amplitude of the volcanic ash mass. “However, there are differences
in the mass loading ', patterns that can be explained by radiative effects. This is already somewhat
indicated by the S value in Table 6.3. The S values of simulation scenarios with the same radiation
interaction setup are closer to each other compared to the other scenarios.” In contrast to that, the light
purple curve in Fig. 6.6 indicates that aerosol-radiation interaction increases the lifetime of volcanic ash
in the atmosphere.

An analysis of the maximum height that is reached by the volcanic cloud over time follows in this sec-
tion. It provides a more detailed insight into the influence of aerosol-radiation interaction on volcanic
aerosol dispersion. “A volcanic cloud that is lifted up in the atmosphere has a longer lifetime. Hence, it
can be transported over longer distances, remains a hazard for aircraft over a longer period of time, and
has longer lasting climatic effects. Additionally, the height of the volcanic cloud in the atmosphere also
influences its transport, as wind speed and direction can differ between height levels. Figure 6.9 (a) and
(b) show the height of the volcanic cloud top over the course of time after the onset of the volcanic erup-
tion. A threshold value is used to determine the extent of the volcanic cloud in the model result. Model
grid boxes with an ash concentration above this threshold are considered as part of the volcanic cloud.
For each mode this threshold is set to” 10000 ash particles per kg air. Different colors in Fig. 6.9 (a) and
(b) indicate the four different scenarios. The upper and lower panel show the volcanic cloud top height
of ash particles in the accumulation and coarse mode, respectively. In simulations with aerosol dynamic
processes, for both (size) modes the higher top height of either the insoluble or the mixed mode is used.
“Comparing the yellow (no_AERODYN-rad) with the green curve (AERODYN-rad), the influence of
the aerosol dynamic processes on the maximum volcanic cloud top height can be seen. For both, the

accumulation and the coarse mode the volcanic cloud top height is lower for the scenario with AERO-
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Figure 6.9: (a, b) Evolution of height of volcanic ash cloud top after the onset of the eruption on 21 June 2019, at
18:00 UTC. The yellow curve represents the no_ AERODYN-rad scenario, the green curve AERODYN-rad, the
pink one AERODYN-no_rad, and the orange one represents the no_ AERODYN-no_rad scenario. Panel (a) shows
the ash cloud top of particles in the accumulation mode, (b) of particles in the coarse mode. The black circle
depicts the volcanic cloud top height obtained from OMPS-LP. (c) Mean temperature difference (AERODYN-
rad — AERODYN-no_rad) in volcanic ash cloud columns on 23 June 2019, 12:00 UTC. (d) Mean volcanic ash
concentration ¥ for the same model columns as in (c) for AERODYN-rad.

DYN. This result agrees with the backscatter signal of the same two simulation scenarios in Fig. 6.8.
Due to aerosol dynamic processes particles grow in size as they age over time. Hence, the volcanic cloud
is located at lower altitudes. This effect is more pronounced for the larger and therefore heavier coarse
mode particles. Due to their larger surface, the condensation of sulfate onto them is more efficient com-
pared to accumulation mode particles. The result indicates that for coarse mode ash the aging process is
the determining factor of whether the volcanic cloud rises higher or sinks. The ash cloud top height of
coarse mode ash particles in no_AERODYN-rad continuously rises up to more than 20 km. In contrast,
the ash cloud top height in AERODYN-rad gradually sinks during the following 50 h (after reaching its
peak). The graph for the AERODYN-rad and the AERODYN-no_rad scenario stops after around 60 h.
This behaviour can be explained by the evaluation method. The aged coarse mode particles sediment out
and reduce their concentration significantly. Eventually, the concentration decreases to the same order of
the threshold value that is used to determine the volcanic cloud. From this point onward, the maximum
volcanic cloud top height cannot be determined reliably anymore.

Even more pronounced than the aerosol dynamic effect, the influence of radiative effects on the volcanic

cloud dispersion can be seen in Fig. 6.9. A distinct difference prevails between the two scenarios with
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radiative interaction (yellow and green curve) and the two without radiative interaction (pink and orange
curve). Accumulation mode ash particles stay more or less at the initial maximum height level (14 km)
in case they do not interact with radiation. On the contrary, the ash cloud top rises up to 20 km altitude
in the two scenarios with radiative interaction over the first four days after the onset of the eruption.
Furthermore, the graph for accumulation mode ash particles indicates that the aerosol aging reduces the
lifting effect induced by radiative interaction. The reason for this is an increased sedimentation velocity
due to larger particles. Hence, pure ash particles are lifted higher compared to aged ash particles.

The described behavior is even more pronounced for coarse mode ash particles, shown in Fig. 6.9 (b).
Especially for the simulated scenario with no radiative interaction, but aerosol dynamic processes (pink
curve), the ash particles sediment out” the fastest compared to the other three simulation scenarios.
Almost no increase of the volcanic cloud top height is visible for this scenario after the onset of the
eruption. On the contrary, a lifting of the volcanic cloud top height is visible in the two simulations with
radiative interaction during the first 12 h. Afterwards, particle aging gets more dominant for coarse mode
ash particles. In the no_ AERODYN-no_rad simulation scenario (orange line), like for accumulation
mode particles, coarse mode particles remain more or less at the same altitude.

“A direct effect of the radiative interaction is shown in Fig. 6.9 (c) and (d) exemplarily for the model result
of 23 June 2019, 12:00 UTC. The graph in (c) depicts the horizontally averaged atmospheric temperature
difference AT between AERODYN-rad and AERODYN-no_rad at different heights. For the averaging
approach, only model columns which contain a volcanic ash mass loading Iy, > 0.01 gm™2 in both
scenarios are considered. Figure 6.9 (d) illustrates the horizontally averaged volcanic ash concentration
at different heights for the AERODYN-rad scenario. For this averaging exactly the same model columns,
as used for the temperature difference, are considered. The curve of the temperature difference shows
one distinct peak at around 10 km. Here, the simulation which considers aerosol-radiation interaction
exhibits more than 0.6 K higher air temperature. The peak co-locates with the maximum in volcanic
ash mass mixing ratio. In this height, the volcanic ash leads to an increased absorption of solar and
thermal radiation, hence, it heats the surrounding air. This leads to a vertical velocity perturbation Aw.
To further investigate this perturbation, the difference in vertical velocity between the AERODYN-rad
and AERODYN-no_rad scenario during the first 12 h after the eruption is analyzed. Only grid cells
in model columns which contain a volcanic ash mass loading I';,, > 0.01 gm_2 in both scenarios are
considered. Locally, Aw reaches 0.19 ms~! with a 98th percentile of 0.05 ms~'. This agrees well with
the vertical lifting of the volcanic cloud top height of around 3 km during the first 12 h (w = 0.07 ms™!).
The comparison of the four simulated scenarios with the OMPS-LP retrieval indicates that considering
aerosol-radiative effects is essential to simulate volcanic aerosol dispersion correctly. This concerns
already the first four days after the start of the eruption. Especially the simulated height of the accu-
mulation mode particle’s cloud top in Fig. 6.9 (a) agrees very well with the measured height. It should
be noted that the OMPS-LP measurement gives the volcanic cloud height at one (horizontal) position.

The maximum volcanic cloud top height is not necessarily co-located with this measurement position.
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However, at this early stage during the eruption phase the volcanic cloud is not distributed over a large
area yet. That is why it can be assumed that the volcanic cloud top height does not differ significantly in
horizontal direction. Additionally, the ICON-ART model result shows the maximum volcanic cloud top
height in proximity to the location of the satellite measurement. Based on the simulation result, it can be
concluded that mainly accumulation mode particles are present at the top of the volcanic cloud. These
particles are in the size of 0.1 pm.”

Earlier in Sect. 6.3 it was mentioned that the two no_rad scenarios in Fig. 6.8 (e) and (f) miss the most
prominent feature of the CALIOP measurement between 49° N and 51° N at an altitude of 15 to 16 km.
My results show that the uplifting of particles due to radiation interaction is the reason for this behavior.
As a reminder, volcanic ash and SO, are emitted between 8 and 14 km altitude in the simulations (see
Sect. 6.1). The aerosol-radiation interaction with the consequent heating of the surrounding air lifts part
of the volcanic aerosol cloud. On the contrary, in no_rad simulations the volcanic aerosol cloud does not
reach altitudes higher than the initial 14 km (see Fig. 6.8 (e,f)). The same can be observed on other dates
in Appendix B.

Many (recent) studies focus on an accurate as possible formulation of the eruption source parameters
(e.g., Eckhardt et al., 2008; Kristiansen et al., 2010; Moxnes et al., 2014; de Leeuw et al., 2021; Bruckert
et al., 2021). They argue that the emission height together with the emission profile are crucial for the
correct simulation of the volcanic aerosol and SO, transport. This can strongly influence the horizontal
transport, as wind speed and direction can differ with height. The altitude at which volcanic aerosols are
present, has also a strong impact on their atmospheric lifetime. However, most of the aforementioned
studies ignore aerosol dynamic processes and aerosol-radiation interaction. Especially the missing lifting
of the volcanic cloud due to radiative heating is then compensated by emissions into higher altitudes (e.g.,
de Leeuw et al., 2021). My results show that even with a rather simplistic emission parametrization, but
accounting for aerosol dynamic effects and aerosol-radiation interaction, the vertical structure of the

volcanic aerosol distribution can be simulated in ICON-ART.
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7. Potential of Data Assimilation for Volcanic Aerosol
Dispersion Forecast

I applied the newly developed ART En-Var method (Sect. 5.2) to generate an analysis state from which
a volcanic aerosol dispersion forecast is started. As for the investigation on the effect of aerosol dy-
namic processes and aerosol-radiation interaction, I used the Raikoke eruption of 2019 as a case study.
Section 7.1 explains the setup of the data assimilation experiment. Section 7.2 contains results of the
assimilation. Additionally, the advantage of the ART En-Var over the 2D-Var method is discussed.
Concluding, Sect. 7.3 contains a discussion on the influence of the ART En-Var method on the aerosol
dispersion forecast.

The data assimilation experiment was conducted within bacy (basic cycling). Bacy, like datools, is a
script package developed at DWD. It is used to set up and run data assimilation experiments. It cycles
for a given time period between data assimilation and model run. That means, model runs are interrupted
usually every three hours to assimilate observational data. Subsequently, another three hour model run
starts from the analysis field.

In the context of this thesis I extended bacy to make it capable of running data assimilation experiments
for volcanic aerosol dispersion forecasts. For this purpose, I had to include the handling of volcanic
aerosol. Furthermore, I adjusted the automatic run script generation of bacy to account for the newly

implemented AERODYN module in ICON-ART.

7.1. Data Assimilation Experiment Setup

The assimilation of volcanic ash data aims to overcome uncertainties in the eruption source parameters.
This is the reason why the data assimilation experiment is designed in a way as if the emission rate of
volcanic ash during the Raikoke eruption is not known. The ICON-ART setup for the data assimilation
experiment corresponds in large parts to the AERODYN-rad scenario as described in Sect. 6.1. Only
the spatial and temporal resolution as well as the emission rate of volcanic ash differ. Additionally,
the ISORROPIA module is turned off', but all other aerosol dynamic processes are still considered.
The horizontal resolution in ICON-ART is reduced to Ax = 40 km. At this horizontal resolution a
time step of Ar =360 s is used. The emission rate of volcanic ash in the data assimilation experiment
is reduced by a factor of almost two, compared to the simulations of Sect. 6. This reduced emission

introduces an artificial uncertainty into the model simulation. Each volcanic ash mode is emitted at a rate

IThe compiler on the DWD HPC system has problems with the ISORROPIA module, that is why I could not use it for the
data assimilation experiment.

79



7. Potential of Data Assimilation for Volcanic Aerosol Dispersion Forecast

Control Experiment
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Figure 7.1: Setup of data assimilation experiment with one control (ctrl) and one En-Var simulation.

of 1.65 kgs~ ! m~!. The emission profile between 8 and 14 km and the 9 h eruption period remain the
same as in the simulations of Sect. 6.

The schematic in Fig. 7.1 shows a set of two experimental runs. Both runs start on 21 June 2019 at
12:00 UTC. They are initialized from the uninitialized analysis product for incremental analysis update
(IAU) (Bloom et al., 1996; Polavarapu et al., 2004). ART variables are initialized as a clean atmosphere.
During the first 24 h of simulation a cycling with a 3 h interval is performed. That means, ICON-ART is
integrated for 3 h with a subsequent assimilation of atmospheric variables. These assimilation steps still
ignore aerosol and trace gases. From the resulting analysis field the atmospheric variables are initialized
and another 3 h model run is performed. At these intermediate reinitializations, the ART variables are
initialized from the previous fields. The ART variables also don’t participate in the IAU initialization.
After the 24 h cycling period, the ART En-Var method is used to assimilate volcanic ash. Due to the
characteristics of the IAU method for the atmospheric variables, a new model run is started 1.5 h be-
fore the actual intended start date. As an example, if a forecast run is intended to start at 12:00 UTC,
ICON-ART starts at 10:30 UTC performing the IAU. For that reason, the assimilation of volcanic ash is
performed on 22 June 2019 at 10:30 UTC.

I use the filtered column integrated volcanic ash mass of the AHI instrument (compare Sect. 4.3) for the
assimilation. The mean of two datasets, at 10:00 and 11:00 UTC, is used to approximate the 10:30 UTC
observation. The observational data needs to be transferred to the model grid. As the spatial resolution
of the satellite retrieval is finer than the model grid, each ash containing satellite pixel is assigned to the

nearest model grid cell. The mean of all satellite pixels in one model grid cell determines the value of the
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Table 7.1: Ensemble setup for data assimilation experiment. Member ens_01 is used for the deterministic forecast.

Ensemble = Top height  Bottom height

member [km] [km]
ens_01 14 8
ens_02 12 6
ens_03 10 4
ens_04 2
ens_05 6 0
ens_06 16 10
ens_07 18 12
ens_08 20 14
ens_09 22 16

cell. Note that only satellite pixels which contain ash are considered for the mean. Fig.7.2 (b) displays
the resulting column integrated ash mass that has been transferred on the model grid.

For the ART En-Var method I use an ensemble consisting of nine ensemble members. Ensemble member
ens_01 also represents the first guess and is used for the deterministic forecast after the assimilation. The
members ens_01 to ens_09 only differ in the emission height of volcanic ash. All other variables are
initialized with the same values. Table 7.1 lists the emission height for volcanic ash and SO,.

The deterministic forecast is started on 22 June 2019 12:00 UTC. As described above, for the initializa-
tion of aerosol the analysis field at 10:30 UTC is used. The deterministic forecast is run for 48 h. As
displayed in the schematic of Fig. 7.1, two free running model runs are performed. One is initialized
from the analysis state of the ART En-Var assimilation. The other (ctrl) is initialized from the first guess
state.

In the scope of this work, the data assimilation experiment focuses on volcanic ash. That is why the

following evaluations relate to ash only.

7.2. Results of the Assimilation

This section presents the input fields for the ART En-Var method, first guess and ensemble mean together
with the results of the assimilation. Additionally, some advantages of the ART En-Var method over
the simpler 2D-Var method are discussed. For the assimilation I use a localization of the model error
covariance with o¢c = 0.9 and assume the observation error as r = 107°.

Figure 7.2 presents the input fields for and the result of the assimilation with the ART En-Var method.
All four panels display the column integrated ash mass I',,. Figure 7.2 (a) shows the first guess xy and

the ensemble mean X in panel (c). Figure 7.2 (b) displays the averaged and remapped AHI data y. All
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Figure 7.2: First guess (a), ensemble mean (c), observation (b), and analysis (d) of column integrated ash mass
I'ysn on 22 June 2019 at 10:30 UTC. The analysis state is the result of the ART En-Var assimilation. The black
triangle marks the location of the Raikoke volcano.

three are input fields for the ART En-Var assimilation. The resulting analysis state X, is shown in panel
(d).

The volcanic ash cloud is still located close to the volcano (black triangle) in the first guess on 22 June
2019 at 10:30 UTC. Some parts of the cloud stretch as far as 180° E. The maximum in the column
integrated ash mass is located around 10° east of the volcano. The contour of the ensemble mean in
Fig. 7.2 (c) looks similar to the first guess, especially east of the volcano. However, the volcanic cloud
in the ensemble mean covers a larger area around the volcano. The cloud even stretches towards the
west of Raikoke. Similarly, the maximum column integrated mass in the ensemble mean spreads over a
larger area. This spread over a larger area shows that the ash is transported in different directions in the
different ensemble members.

The size of the volcanic cloud in the AHI observation, Fig. 7.2 (b), is much smaller compared to the
first guess. The observation locates the ash cloud between Raikoke and around 166° E. The maximum
column integrated mass is in the same order of the values given in the first guess, however, the location
of the maximum is significantly closer to the volcano. At most locations where the satellite detects the
volcanic ash cloud, the first guess also contains ash. It is also noticeable that almost no values < 1 gm™2

are observed by the satellite. This is in contrast to the volcanic cloud in the first guess. Hence, it suggests
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that the satellite instrument has difficulties to detect some parts of the volcanic cloud. Furthermore, the
observation contains pixels with a very high column integrated ash mass > 5 gm~2. These clusters of
few pixels seem to be randomly distributed in regions where volcanic ash is not expected. Most of these
data points even exhibit higher values than measured in the center of the volcanic plume. This is why I
assume these high values as noise. A short discussion on why these values are not visible in the analysis
state in Fig. 7.2 (d) is provided later in this section.

The analysis state in Fig. 7.2 (d) visualizes the effect of the ART En-Var assimilation. The signature
of the observed ash cloud is visible. In regions where no volcanic ash is observed by AHI, the ash
concentration of the first guess is reduced. This analysis state is used for the volcanic ash forecast in
Sect. 7.3.

To quantify this subjective impression on the visualization of the assimilation, I calculate the Euclidean
norm, the /2> norm. It can be interpreted as the length of a vector. The norm of the difference between
observation — first guess and observation — analysis state is ||y — HXp||, = 73.65 and ||y — HXa||, = 71.35,
respectively. The lower value of ||y — HXal|, shows that the analysis state is closer to the observation y
than the first guess is to y. The high absolute values (> 70), however, result from the randomly distributed
data points of high value in the observation. When I remove these high values from the observation, the
norm decreases to ||y — HXp||, = 17.93 and ||y — HX,|, = 5.28. Now the values clearly show that the
analysis state x; came closer to the observation y than the first guess Xp.

The reader might wonder why the data points with high column integrated ash mass outside the volcanic
cloud are not visible in the analysis state, Fig. 7.2 (d). This behavior is related to a characteristic of the
ART En-Var method, which is shortly discussed in the following. For comparison, Fig. 7.3 shows results
of the simpler 2D-Var assimilation.

The left column displays the remapped and averaged AHI data, the right column the resulting analysis
state X, of column integrated ash mass I',, on 22 June 2019 at 10:30 UTC. The assimilation shown in the
top row is performed with the same observational data as the ART En-Var assimilation before. Now, the
resulting analysis state, Fig. 7.3 (c), contains the signature of these data points with high values. Due to
the Gaussian localization matrix, the data points are not visible as single points anymore, but y — HXp, is
distributed spatially around the point of measurement. Moreover, the analysis state in Fig. 7.3 (c) seems
to contain almost no information of the first guess east of 166° E. This is in contrast to the analysis state
of the ART En-Var method.

To get rid of the spurious observation points, a quality control measure is necessary. Therefore, an

observation at index i

yi, if[yi—xp <3 gm
yi=4" S (7.1)
Xpi, otherwise

is replaced with the value of the first guess x; in case the difference of the two becomes larger than 3.
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Figure 7.3: Observed column integrated ash mass ',y on model grid (a) without and (b) with quality control.
Panels (c) and (d) show the resulting analysis field. The black triangle marks the location of the Raikoke volcano.

The remapped and averaged AHI data with quality control is shown in Fig. 7.3 (b). Most of the scattered
data points outside the volcanic cloud are now removed, whereas most of the data points within the
volcanic clouds fulfill the quality criterion. Figure 7.3 (d) displays the resulting analysis state. This
analysis state of the 2D-Var assimilation with quality control looks more alike the one of the ART En-
Var assimilation in Fig. 7.2 (d).

The comparison between the ART En-Var and 2D-Var assimilation illustrates one benefit of consider-
ing information provided by an ensemble. For the presented assimilation, no quality control measure is
necessary for the assimilation with En-Var. The difference between the two methods lies in the model
error covariance B. For ART En-Var, due to the ensemble information, the model uncertainty is con-
strained to areas in which at least one of the ensemble members contains volcanic ash. A hypothetical
grid cell with index i that contains the same ash concentration in all ensemble members would result in
a covariance B;; = (C o XXT) = 0. In contrast, the covariance is largest where the ensemble members
differ the most. Grid cells within the volcanic cloud are expected to vary considerably among the differ-
ent ensemble members. For the 2D-Var method, however, the covariance is the same in every grid cell.
This relation between covariance, location, and assimilation method is examined in more detail in the

following.
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Figure 7.4: Covariance of two grid points for ART En-Var (left) and 2D-Var (right). The top shows the covariance
for the grid cell at 162.3° E 48.8° N, the bottom for 169.3° W 48.1° N. The black triangle marks the location of
the Raikoke volcano.

The covariance is displayed in Fig. 7.4 exemplarily for two different grid cells i. Panels on the left and
right represent the covariance B = C o XX of the ART En-Var method and B = C of the 2D-Var method,
respectively. The top row displays the covariance for the grid cell at 162.3° E and 48.8° N. This grid
cell lies within the volcanic cloud, e.g., displayed by the ensemble mean in Fig. 7.2 (c). The bottom row
contains the values for the grid cell at 169.3° W and 48.1° N, which lies outside the volcanic cloud.

Fig. 7.4 illustrates what has already been mentioned in the paragraph on quality control of observational
data above. The covariance of the 2D-Var method contains no information of the volcanic cloud. Hence,
it looks the same at different locations, as shown in Fig. 7.4 (c) and (d). The opposite is true for the ART
En-Var assimilation. Outside the volcanic cloud, values of the covariance are close to zero, Fig. 7.4 (b).
Inside the volcanic cloud, however, values are significantly higher.

The covariance can be interpreted as a quantity that indicates how y — Hxp in grid cell i influences
neighboring cells. Higher values depict a stronger influence. The highest value is reached in cell i itself.
The circular shape results from the Gaussian error function. Deviations from a symmetrically distribution
in the left panels are due to the ensemble matrix. For example, the shape of the covariance in Fig. 7.4 (a)
adumbrates the location and shape of the volcanic ash cloud.

In the following, only the analysis state of the ART En-Var method is used.
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7.3. Influence of ART En-Var on Ash Forecast

Figure 7.5 (a) shows the daily mean column integrated mass I, retrieved from AHI measurements on
23 June 2019. The same quantity is displayed in panels (b) and (c) for the ctrl simulation and the En-Var

experiment, respectively. The two bottom panels, (d) and (e), display

‘fash,AHI - Tash,ctrl‘ - }fash,AHI - Tash,En—Var‘ .

Red colors represent data points at which the En-Var experiment is closer to the observation than the ctrl
simulation, and blue colors vice versa. The difference between panel (d) and (e) is a mask that is applied
to data points in (e). Figure 7.5 (e) shows only data points at which the AHI retrieval contains an column
integrated ash mass fash’ amr > 0.01 g m>.

The differences between the three panels (a), (b), and (c) are rather large. On the one hand, absolute
values of column integrated mass in the AHI measurement are significantly higher than in the two ICON-
ART simulations. On the other hand, the expansion of the measured volcanic cloud in (a) is much smaller
than the one in the simulations. The ctrl simulation and the En-Var experiment also differ. The former
contains higher column integrated mass values east of 165° E than the En-Var experiment. However,
additional volcanic ash appears in the region around the volcano in the En-Var experiment. Apparently,
part of the volcanic cloud is transported in a different direction in the En-Var experiment compared to
the ctrl simulation. One reason could be that the assimilation changes the ash concentration in the wrong
altitude. Another explanation could be a horizontal shift of the ash cloud due to the assimilation.

The difference plots in Fig. 7.5 (d) and (e) allow a point to point comparison between the two simulations
and the measurement. In panel (d), red and blue shades balance each other. That means, there are red
regions where the En-Var experiment is closer to the observed column integrated ash mass and blue areas
where the ctrl simulation is closer to the observation. When looking at only these data points at which
the AHI instrument measured the volcanic cloud, the blue color prevails. Apparently, the ART En-Var
assimilation leads to a reduction of ash concentration in this region.

At first glance, the result of the En-Var experiment seems to be worse than the ctrl simulation. To gain a
more objective insight, I apply the FSS and SAL metric.

The SAL method is applied with a threshold to identify objects of R* = 0.01 gm™2. Table 7.2 presents

the SAL values for the ctrl simulation and the En-Var experiment. As a reminder, a value of 0 indicates

Table 7.2: Comparison of daily mean column integrated mass of volcanic ash between AHI and the data assimila-
tion experiment on 23 June 2019 using the SAL method.

Experiment S A L
ctrl 1.240 —0.839 0.025
En-Var 0.971 —-0.973 0.059
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Figure 7.5: Daily mean column integrated mass [, of volcanic ash on 23 June 2019. (a) contains l:ash’AHI of
the AHI measurement, (b) contains ljashml of the ctrl simulation, and (c) Tash,En_Var of the En-Var experiment.
(d,e) display |Tugnarm — Lashcut| — |TashArt — Cash.En-var|. Red and blue colors represent an improvement and
a decline in the data assimilation experiment, respectively. The difference between (d) and (e) is the ash mask
fam Amr > 0.01 gm? which is applied in (e). The black triangle marks the location of the Raikoke volcano.
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Figure 7.6: Comparison of daily mean column integrated mass of volcanic ash between AHI and the data assimila-
tion experiment on 23 June 2019 using the FSS metric. Each marker represents one FSS value at a evaluation box
Size npey, a threshold value R*, and experiment. The colors distinguish between the En-Var experiment (green)
and the ctrl simulation (orange). The connecting lines discriminate the different threshold values R*.

a perfect agreement between model and observation. The location value L is close to zero in both,
the ctrl simulation and the En-Var experiment. However, the L value slightly deteriorated in the En-
Var experiment compared to the ctrl simulation. The negative amplitude value A indicates that in both,
ctrl and En-Var experiment, the ash mass is lower in the simulation compared to the observation. The
daily mean column integrated mass in the En-Var experiment also exhibits a worse A value than in the ctrl
simulation. In contrast, the structure value S is better in the En-Var experiment than in the ctrl simulation.
Figure 7.6 visualizes the result of the FSS analysis. The FSS has been determined for both, En-Var
experiment and ctrl simulation. The model results are compared to the daily mean column integrated
mass of volcanic ash measured by the AHI on 23 June 2019. I apply the FSS metric with different
evaluation box sizes ny,, and threshold values R*. The value n,,, indicates a box size of 1y, X Hpoy cells
around one grid cell in which fraction values are determined (compare Sect. 5.3.1). The threshold value
R* is needed to determine the necessary binary field for the evaluation. In Fig. 7.6, the different line styles
discriminate between the different threshold values R*. The color coding together with the marker style
distinguish between the En-Var experiment and the ctrl simulation. As a reminder, a FSS = 1 represents
a perfect agreement between observation and model result.

The markers in Fig. 7.6 show that for one value of R* the FSS is higher for the En-Var experiment than for
the ctrl simulation. This is true regardless of the evaluation box size n;,,. Hence, the daily mean column
integrated volcanic ash mass in the En-Var experiment is closer to the AHI observation, according to the
FSS metric. The ART En-Var assimilation improves the FSS up to 12%.

On the one hand, the point to point comparison of daily mean column integrated ash mass in Fig. 7.5

did not show an improvement in the simulated column integrated ash mass after the assimilation. On the
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Figure 7.7: (a) CALIPSO ground track on 23 June 2019, around 15:00 UTC in blue color and location of Raikoke
volcano as red triangle. The contour map shows the volcanic ash cloud top height in the ctrl simulation. (b) The
CALIORP attenuated backscatter at 532 nm for the satellite position between 40° N and 70° N. (c,f) Total attenuated
backscatter at 532 nm of volcanic aerosols under the CALIPSO ground track on 23 June 2019, for the 15:00 UTC
model output are displayed. (c) shows the result of the ctrl simulation and (d) of the En-Var experiment.

other hand, the FSS and SAL metric indicate at least some improvements. I would like to conclude this
section with four remarks on the data assimilation experiment.

First, the horizontal resolution in the ICON-ART simulations of the data assimilation experiment is at
~ 40 km. This resolution is significantly coarser compared to the 13 km used for the simulations in
Sect. 7. The horizontal resolution in the data assimilation experiment was limited due to technical rea-
sons. As the newly developed assimilation code is not yet parallelized, it has to run on a single processor.
Consequently, the memory is a limiting factor. The coarse resolution, however, strongly influences the
volcanic aerosol dispersion in the model. Figure 7.7 (b) shows the total attenuated backscatter at 532 nm
measured by the CALIOP instrument on 23 June 2019, around 15:00 UTC. It contains this prominent
feature between 49° N and 51° N at a height of around 16 km which has been identified as volcanic
aerosol earlier in Sect. 6.3. This feature is visible neither in the ctrl simulation, Fig. 7.7 (c), nor in the

data assimilation experiment, Fig. 7.7 (d). This comparison shows that the coarse resolution is not suffi-
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cient to reproduce the vertical distribution of volcanic aerosol as it was in the finer resolution shown in
Sect. 6.

Second, the quality of the observational data also plays an important role in the evaluation of the data
assimilation experiment. The AHI retrieval was chosen, as the instrument is onboard the geostationary
Himawari-8 satellite. On the one hand, a geostationary instrument can be beneficial for the assimilation
of volcanic aerosol (Plu et al., 2021), as it allows a high spatial and temporal resolution of observations.
On the other hand, the AHI instrument has difficulties to detect volcanic ash when it is obscured by water
clouds or the ash concentration is low. During and after the Raikoke eruption there were many water
clouds over the north Pacific. The patchy AHI retrievals on 23 June 2019 suggest that the instrument did
miss some parts of the volcanic ash cloud. Furthermore, I don’t have the information of measurements
containing zero ash. Both, the patchy retrieval and the missing information on zero ash, increase the
uncertainty of the objective evaluation of the data assimilation experiment.

Third, in the scope of this thesis the assimilation setup is constricted to two dimensions. This means,
the vertical distribution of volcanic ash is assumed to be correct in the first guess. Hence, during the
assimilation, this vertical distribution is not changed. Adjusting the ash concentration in the wrong
altitude during the assimilation, could be an explanation for the increased column integrated ash mass
around the Raikoke volcano in Fig. 7.5 (c). Future studies, which build on the present thesis, should
include some kind of height information. This could be either from remote sensing data or from an
ensemble.

Fourth, neither information about the volcanic ash size distribution nor about the mixing state is incorpo-
rated into the assimilation in this thesis. This means, the increment that is added to the ash concentration
in one model grid cell is distributed among the different ash modes weighted to their concentration in
the first guess. This can have a large effect on the forecasted ash concentration. For example, during the
assimilation the column integrated ash mass is increased in one model column. The increment is then
mainly assigned to the giant mode of ash particles, as these are the prevailing particles in this model
column of the first guess. However, the analysis in Sect. 6.3 (compare Fig. 6.7) showed that the giant
mode was removed quite rapidly after the volcanic eruption. The opposite is true for accumulation mode
ash particles. Consequently, the ash concentration 24 h after the assimilation depends strongly on the
assumption of the particle size distribution at time of the assimilation. Incorporating information on the
particle size distribution from observations in the assimilation of volcanic aerosol remains an issue for
future studies.

The above stated shows that it is difficult to draw a final conclusion on the potential of the ART En-
Var method on the volcanic aerosol dispersion forecast. On the one hand, both the qualitative and the
point to point evaluation suggest that the En-Var experiment exhibits worse results compared to the ctrl
experiment. On the other hand, the SAL and FSS metric indicate some improvements in the forecast
of volcanic aerosol dispersion initialized with the ART En-Var assimilation. Before a final conclusion

can be drawn, the remaining open issues in the ART En-Var method need to be addressed in future
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work. These open issues are the missing information during assimilation of the vertical volcanic aerosol
distribution, the aerosol size distribution, and the aerosol mixing state, as presented above. Furthermore,
the AHI measurements on 23 June, which are used for validation, have some deficiencies and do not seem
to measure the whole volcanic ash cloud. Therefore, additional observational data could be beneficial. A
major issue that limits the interpretation of the ctrl and En-Var experiment is the horizontal resolution of
~240 km in the model simulations. At this coarse horizontal resolution, ICON-ART fails to reproduce the
vertical distribution of volcanic aerosol. This is contrary to the simulations with finer resolution shown

in Sect. 6.

91



7. Potential of Data Assimilation for Volcanic Aerosol Dispersion Forecast

92



8. Conclusions

The aim of this thesis was the improvement of volcanic aerosol dispersion forecast. Approaches achiev-
ing this were twofold. One approach focused on microphysical processes which are neglected in op-
erational volcanic ash dispersion forecasts today. In this context, my particular interest was on aerosol
dynamic processes and aerosol-radiation interaction. Both are now integrated in ICON-ART. The sec-
ond approach was the implementation of an En-Var data assimilation method for volcanic ash. This
development was made within the data assimilation framework of DWD.

I tested all extensions and new developments for the case of the Raikoke eruption of June 2019. This
recent eruption was one of the largest volcanic eruptions during the last 30 years. Volcanic ash and
SO, were emitted with an eruption column reaching up to 14 km. The eruption and its aftermath were
extensively covered by satellite observations. These measurements were used to validate the new devel-
opments qualitatively and quantitatively.

The effect of aerosol dynamic processes and aerosol-radiation interaction on volcanic aerosol dispersion
was studied with global ICON-ART simulations on a 13 km grid. A set of seven simulation scenarios
gave detailed insights into the contribution of secondary aerosol formation, condensation, coagulation,
and aerosol-radiation interaction on the atmospheric transport of volcanic aerosols. The results give an

answer to the research questions 1. — 4., posed in Sect. 1:

1. How do aerosol dynamic processes influence the volcanic aerosol dispersion?

Condensation and coagulation generate internally mixed particles. These mixed particles generally
have larger diameters which, therefore, sediment faster. Consequently, aerosol dynamic processes
act as a sink for volcanic aerosols. This also influences the vertical distribution, more specifically
the downward mixing, of volcanic aerosols. My results suggest that the sedimentation of large
particles is responsible for the removal of about 50% of volcanic ash over the first 12 h after the
end of the eruption. Aerosol dynamic processes do play an important role in this respect, as in
simulations without these processes only about 20% of volcanic ash are removed during the same

time period.

2. Which of the aerosol dynamic processes is most relevant and has the largest effect on aerosol

dispersion?

The coagulation of particles in the dense volcanic aerosol cloud in combination with the nucleation

of secondary volcanic aerosols (sulfate) is the main driver for the fast removal of volcanic aerosols
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during the first 12 h after the end of the Raikoke eruption. In my setup, mainly the mass of
coarse mode particles is reduced due to the enhanced sedimentation, whereas mixed accumulation
particles mostly remain airborne during the first four days after the eruption. My results suggest
that the coagulation between coarse mode ash particles and secondary volcanic aerosols forms

internally mixed particles that sediment significantly faster than insoluble coarse mode ash.

3. What is the influence of the interaction between radiation and volcanic aerosols on their transport?

The interaction of short and long wave radiation with volcanic aerosols already has a strong impact
on the aerosol dispersion during the first days after the eruption. Only in simulations that consider
this interaction the volcanic aerosol cloud is lifted into altitudes that are measured by multiple
satellites. My results suggest that after the Raikoke eruption the volcanic aerosol cloud top rises

about 3 km during the first 12 h and reaches a height of around 20 km after four days.

4. Is the combined representation of aerosol dynamic processes and aerosol-radiation interaction

beneficial for volcanic aerosol dispersion forecast?

The comparison of model results with satellite retrievals, especially with CALIOP and AHI, sug-
gests that the combination of aerosol dynamic processes and aerosol-radiation interaction is crucial
for a correct volcanic aerosol dispersion forecast. Both processes affect the vertical distribution of
aerosols. Consequently, these processes influence in which altitudes the aerosols are transported.
This is particularly important during the first days after the eruption and, therefore, for forecasts

with leadtimes of few days.

The lifting of aerosol clouds due to the absorption of short and longwave radiation has been described
before, however, only for external mixtures of aerosol. In this thesis the lifting is described for internally
mixed particles. Nevertheless, I expected a lifting of internally mixed particles beforehand. Similarly,
the increased sedimentation due to aerosol aging could be expected to some extent. It is the logical
consequence of an increased particle size.

Surprisingly, both effects have only a minor influence on the horizontal distribution of volcanic aerosols
during the first four days after the Raikoke eruption 2019. Some differences are visible in the SAL values
for different simulation scenarios. Qualitatively, however, simulated column integrated ash masses look
similar regardless of the considered processes. A main reason for this behavior can be the short simulated
time period. For example, de Leeuw et al. (2021) show that the vertical distribution of SO, indeed
becomes very important for simulation periods of 2 — 3 weeks.

Also surprising was the fact that the condensation of gaseous species on particles plays only a minor role
during the first four days after the Raikoke eruption 2019. During this time period the aerosol dynamic
processes were dominated by secondary aerosol formation and coagulation.

The potential of the developed ART En-Var data assimilation method for volcanic aerosol dispersion

forecast was investigated with the help of two global ICON-ART simulations on a 40 km grid. A ctrl
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simulation was conducted without data assimilation. The other simulation was initialized from the result
of the ART En-Var assimilation. The results of both simulations one day after the initialization were
compared with AHI measurements. This comparison gives an answer to the remaining research question,

posed in Sect. 1:

5. What is the potential of an En-Var method for the assimilation of column integrated ash mass?

Using an ensemble based data assimilation method is very useful, as the ensemble information
constrains the model uncertainty to areas in which at least one of the ensemble members contains
volcanic ash. Thereby, some level of quality control for spurious signals in observational data is
inherent in the En-Var method. A day after the assimilation the influence of the data assimila-
tion remains visible. The FSS and the SAL metric suggest some improvements in the forecast

initialized from the assimilation.

In the scope of this thesis the optical properties were derived offline for spherical particles in a predefined
mixing state. Building on my work, future studies can incorporate the temporal changes of the mixing
state as well as the non-spherical shape of chemically aged ash particles.

In terms of data assimilation, three developments would be of particular interest for advancing the En-Var
method implemented in the scope of this thesis. First, bringing the current 2D approach to full 3D enables
the incorporation of information on the vertical distribution of the volcanic cloud. This information can
come either from observational data or from the ensemble members. Second, as information on the
particle size distribution and the mixing state is not accounted for in the current data assimilation method,
incorporating this information from observational data remains an open issue for future studies. Third,
the assimilation code should be advanced in a way that it can be run on a parallel computing system.

This would allow data assimilation experiments in a higher spatial resolution.
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A. Optical Properties of Aerosol Modes

Table A.1: Mass specific extinction coefficient k, and mass specific backscattering coefficient k;, at A = 532 nm
for selected volcanic aerosols.

‘ s_ait ‘ S_acc ‘ 1_acc ‘ m_acc ‘ 1_coa ‘ m_coa
k, [m? kg‘l] 2.48959 1.31627 0.97248 1.33489 0.13881 0.19838
ky [m?>kg=']1 | 0.21806 | 0.10777 | 0.09244 | 0.12636 | 0.00695 | 0.01039
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B. Total Attenuated Backscatter at 532 nm
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Figure B.1: (a) CALIPSO ground track on 22 June 2019, around 03:00 UTC in blue color and location of Raikoke
volcano as red triangle. The contour map shows the volcanic ash cloud top height for the AERODYN-rad scenario.
(b) The CALIOP attenuated backscatter for 532 nm for the satellite position between 40° N and 70° N is displayed
in the top right panel. The white line shows the 0.002 km~! sr~! contour of AERODYN-rad at 03:00 UTC. (c —f)
Total attenuated backscatter for 532 nm of volcanic aerosols under the CALIPSO ground track on 22 June 2019,
for the 03:00 UTC model output are displayed. (c) shows the result for AERODYN-rad, (d) for no_AERODYN-
rad, (e) for AERODYN-no_rad, and (f) for no_AERODYN-no_rad, respectively. (Muser et al., 2020)
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Figure B.2: Same as Fig. B.1 on 23 June 2019, 02:00 UTC.
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Figure B.3: Same as Fig. B.1 on 24 June 2019, 16:00 UTC.
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(b) CALIOP
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Figure B.4: Same as Fig. B.1 on 25 June 2019, 01:00 UTC.
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C. Acronyms

AERODYN
AHI

AOD
CALIOP
CALIPSO
CCN

CG

DKRZ
DWD
EASA

FBS

FSS

fm

TIAU

ICAO
ICON-ART
IMK

INP

IR

JAXA

IMA

Aerosol dynamics module

Advanced Himawari imager

Aerosol optical depth

Cloud-Aerosol Lidar with Orthogonal Polarization
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
Cloud condensation nuclei

Conjugate gradients

Deutsches Klimarechenzentrum

Deutscher Wetterdienst

European Union Aviation Safety Agency

Fractions Brier score

Fractions skill score

Free-molecular regime

Incremental analysis update

International Civil Aviation Organization

Icosahedral nonhydrostatic - aerosols and reactive trace gases
Institute of Meteorology and Climate Research

Ice nucleating particle

Infrared radiation

Japanese Space Agency

Japanese Meteorological Agency
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MER

MPI-M

NWP

nc

OMPS-LP

PDC

PSAS

RRTM

SAL

TROPOMI

uv

VAAC

VEI

110

Mass eruption rate

Max Planck Institute for Meteorology
Numerical weather prediction

Near continuum regime

Ozone Mapping and Profiler Suite — Limb Profiler
Pyroclastic density current

Physical Space Assimilation System
Rapid Radiative Transfer Model
Structure Amplitude Location method
Tropospheric monitoring instrument
Ultraviolet radiation

Volcanic Ash Advisory Center

Volcanic explosivity index



D. Symbols

Physical Variables

Ba
By
Be

Bs

G
Cay,
Caz
Coz
Cay,
Cas,
Cos,
Cerit

ol

[—]
[m?]
(-]
(-]

[kgm~3]
[—]
[ms™']

[m3s~!]

[—]

SAL-amplitude

Area of particle cross section

Accommodation coefficient

Spectral complex refractive index

Coagulation coefficient

Volume absorption coefficient

Volume backscattering coefficient

Volume extinction coefficient

Volume scattering coefficient

Cunningham correction factor for particle with diameter d;
Coagulation rate of mass specific number concentration
Coagulation rate of mass mixing ratio

Condensation rate of mass mixing ratio

Coagulation rate of zeroth moment

Coagulation rate of third moment

Condensation rate of third moment

Critical concentration for production of sufate particles
Mass mixing ratio of sulfuric acid

Mean thermal velocity of molecules

Particle size dependent term for condensation rate

Particle size independent term for condensation rate
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Eo,
Ez;
flrt
Smoa,i
Sobs,i
fsaL
1y

8

h

I

N

air
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[m?s~']

[—]

[m]

[m]

[m]

[—]
[kg~'s™']
[kgkg™'s™']
[—]

[—]

[—]
[kgm~?]
[—]

[m]

[s7']
[Wm?sr!]
[—]
K]
[m*kg™']
[m*kg™!]
[m?kg~']
[m*kg~']
[—]

[m]

[m]

Diffusion coefficient (index indicating species)
Domain

Median diameter for < moment of aerosol mode /
Largest possible distance in domain &
Particle diameter

Number of ensemble members

Emission rate of zeroth moment

Emission rate of third moment

Fraction of particles for long-range transport
Fraction at index i of model field

Fraction at index i of observation field
Fraction for SAL threshold

Column integrated mass of species /
Asymmetry parameter

Height

Integral for condensation rate of mode /
Spectral radiance

Knudsen number

Boltzmann constant

Mass specific absorption coefficient

Mass specific backscattering coefficient
Mass specific extinction coefficient

Mass specific scattering coefficient
SAL-location

Wave length

Mean free path of air



M, kg m3] Mass concentration of mode /
My [m*m—3] k-th moment of particle size distribution of mode /

Mu,so, [kgmol™']  Molar mass of sulfuric acid

M; [s71] Production rate of third moment of condensable material
My [kg] Mass of particles for long-range transport

U [kgm~!s™'] Dynamic viscosity of air

Mpox [—] FSS box size

eell [—] Number of grid cells

Ny [—] Number of vertical levels

o [—] Number of objects %,

N [—] Total number of particles

N; [m3] Number concentration of mode /

Nug, kg~ 's71] Nucleation rate of mass specific number concentration
Nug [kgkg~!'s™!] Nucleation rate of mass mixing ratio

Q; [—] Coefficient to divide condensable mass

w [—] Single scattering albedo

PA [Pa] Partial pressure of substance A

Dy [Pa] Saturation vapor pressure of substance A

(I\IO,I kg1 Mass specific number concentration of mode /

@371 kg kg_l] Mass mixing ratio of mode /

V0,1 kg1 Mass specific number concentration of particles with diameter d,, of mode /
Y3 [—] Mass mixing ratio of particles with diameter d;, of mode /
0. [—] Extinction Efficiency

Qemiss [kgs~'m~!] Emission rate

O [—] Scattering Efficiency

q [m] Weighted averaged distance
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R*

rd

RH

Pa

Pp

(e
(9]

C;

Wo.i
W3,

X

Used k.1
Z

z
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[JK~! mol~!] Universal gas constant

[—]
[kgm 2]
[kgm ]
[m]
[m]
[%]
[kgm~?]
[kgm™]

(-]

[m?]

[m?]

(K]

[—]

[—]

[—]
[ms~!]
[kg's™']
[kgkg's™']
[—]
[ms™']
[m]

[m]

Object with index n

Arbitrary quantity for SAL method
Threshold value for evaluation metrics
Distance from Lidar instrument
Mean Earth radius

Relative humidity

Density of dry air

Density of aerosol particle
SAL-structure

Saturation ratio

Extinction cross section

Standard deviation of a mode /
Scattering cross section

Temperature

Optical thickness

Weighted average of scaled volumes
Scaled volume of object n

Wind vector

Wet deposition rate of zeroth moment
Wet deposition rate of third moment
Size parameter

Sedimentation velocity for k™ moment of mode [
Vertical coordinate

Center of mass



Data Assimilation Variables

/~ 2 = = o < =wv »

™

Matrix in linear equation system
Covariance matrix of model errors
Right hand side of linear equation system
Gaussian matrix for localization
Observation operator (linear)

Identity matrix

Preconditioner matrix

Covariance matrix of observation errors
Observation error

Ensemble matrix

State vector of ensemble mean
Analysis model state

Background model state (first guess)
Observations vector

Solution of linear equation system
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Chemical Components

CH, Methane

Ca® Calcium

CI” Chlorine

CO Carbon monoxide
CO, Carbon dioxide
H,O Water

H,S0O, Sulfuric acid
K* Potassium
Mg>* Magnesium
Na* Sodium

NH, Ammonium
NOs Nitrate

(OF Ozone

SO, Sulfur dioxide
SO;~ Sulfate
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