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Abstract

Atmospheric aerosols play a key role in the Earth’s climate system, influencing the radiative
balance, the hydrological cycle, atmospheric chemistry, air quality, and human health. How-
ever, their precise effects depend strongly on their spatial and temporal distribution, as well
as their properties such as mass, surface area and number concentration, and their chemical
composition. Thus, the uncertainties on climate and health effects of atmospheric aerosols
remain large. While in-situ and remote sensing observations provide valuable insights, they
are often limited by their spatial and temporal coverage or by their inability to directly
quantify key aerosol characteristics. To extrapolate these observations to global scales,
comprehensive global atmospheric chemistry models are essential.

This thesis presents a series of studies aimed at improving global simulations of atmospheric
aerosols from the surface to the stratosphere using the ECHAMS5/MESSy2 Atmospheric
Chemistry (EMAC) model. The improved model setup forms the basis for a more accu-
rate representation of global aerosol distributions and composition, supporting a better
understanding of their climate and health impacts, and advancing the knowledge of key
aerosol-related processes.

The first study presents a global EMAC simulation of annually averaged ultrafine particle
(UFP) concentrations at the Earth’s surface, evaluated against in-situ observations from
field campaigns, the EBAS database, literature and published datasets. The evaluation
results are used as guidance for a novel emission-based downscaling of UFP concentrations
to a horizontal resolution of 0.1 x 0.1°. Recent studies suggest that long-term exposure to
high UFP concentrations has a significant, on the global scale mostly unexplored, impact
on public health. This first global UFP dataset provides a foundation for global health
assessments. Additionally, the model improvements and refinements of primary particle
emission size distributions developed in this process are crucial for accurately simulating the
horizontal and vertical transport of primary emitted particles.

The second study introduces and evaluates the newly developed MESSy submodel for emis-
sions from Explosive Volcanic ERuptions (EVER), designed to simulate gaseous and aerosol
emissions using user-defined vertical distributions. This submodel is complemented by a
refined historical volcanic eruption configuration, developed based on an existing emission
inventory (1990-2023), with emission parameters optimized through sensitivity analyses
conducted in this work. Whereas previous studies on stratospheric volcanic eruptions required
manual intervention during simulations, the new submodel automatically integrates volcanic
emissions at run-time. This model improvement is essential for aerosol studies in the upper
troposphere and stratosphere. Additional use cases for the EVER submodel range from
simulations of large-scale wildfire emissions to assessments of aerosol-based solar radiation
modification strategies.

The third study presents global distributions of aerosol mass, number concentrations and
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Abstract

chemical composition of atmospheric aerosols from the surface to the stratosphere, based on
a newly developed EMAC model setup. This configuration combines elements of previously
used tropospheric and stratospheric setups and integrates the developments from the preced-
ing studies. Simulations are evaluated using a comprehensive set of observations, including
ground-based measurement stations, aircraft campaigns, and satellite remote sensing. While
the previous tropospheric and stratospheric setups were incompatible and unable to con-
sistently reproduce aerosol processes from the surface to the stratosphere, the new setup
enables investigations of interactions between the lower troposphere and the stratosphere.
This advancement opens the door for future studies on anthropogenic influences on aerosol
distributions, long-range aerosol transport, online aerosol-cloud-radiation interactions, and
stratospheric ozone chemistry. Moreover, it supports a deeper understanding of observed
aerosol processes and their underlying mechanisms.

The three main studies are complemented by a summary of additional research efforts that
build directly upon the developments presented in this thesis. First, the improved model
setup was applied in two studies investigating the formation of the Asian Tropopause Aerosol
Layer (ATAL) during the Asian monsoon season, as well as the subsequent transport and fate
of aerosols formed within the ATAL, supporting recent aircraft-based observations. Second,
the setup was used in the context of the CAFE-Brazil aircraft campaign over the Amazon
basin, exploring the sensitivity of regional atmospheric chemistry and global climate to
changes in biogenic volatile organic compound emissions, and analysing aerosol formation and
cycling in the region. Third, the influence of non-stratospheric volcanic eruptions on sulfate
concentrations in the lowermost stratosphere was examined, focusing on mixing processes
in the tropopause region. Fourth, global UFP concentrations were further refined using
machine learning to achieve even higher horizontal resolution. This dataset, in combination
with the previously developed global UFP map, serves as the basis for a global study on
UFP-related public health impacts.

In summary, this work strongly improves the agreement of EMAC simulations with ob-
servations across all layers of the lower atmosphere, and provides a solid foundation for
model studies extending from the surface to the stratosphere. These advancements may
contribute to reducing uncertainties in aerosol-related climate impacts, as emphasized in the
latest IPCC reports, as well as in the assessment of health effects associated with aerosol air
pollution. The key developments presented here are applied in a range of scientific studies,
advancing our understanding of global aerosol distributions, their chemical composition,
associated climate and health effects, and the underlying aerosol processes.
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Zusammenfassung

Atmosphérische Aerosole spielen eine zentrale Rolle im Klimasystem der Erde, da sie
Strahlungsbilanz, Wasserkreislauf, Atmosphérenchemie, Luftqualitit sowie menschliche
Gesundheit beeinflussen. Ihre genauen Auswirkungen hingen jedoch von ihrer rdumlichen
und zeitlichen Verteilung sowie ihren Eigenschaften wie Masse, Oberfliche, Anzahlkonzen-
tration und chemischen Zusammensetzung ab. Daher bestehen weiterhin erhebliche Un-
sicherheiten hinsichtlich der Klima- und Gesundheitseffekte von Aerosolen. In-situ- und
Fernerkundungsmessungen liefern zwar wertvolle Erkenntnisse, sind jedoch héaufig durch
ihre begrenzte rdumliche und zeitliche Abdeckung oder durch die fehlende Moglichkeit,
Aerosoleigenschaften direkt zu quantifizieren, eingeschrénkt. Um Beobachtungen auf globale
Ebene zu tbertragen, sind umfassende globale Atmosphérenchemie-Modelle notwendig.

In dieser Arbeit wird eine Reihe von Studien mit dem Ziel, globale Simulationen atmo-
sphérischer Aerosole von der Erdoberfliche bis zur Stratosphére mithilfe des ECHAMS5/
MESSy2 Atmospheric Chemistry (EMAC) Modells zu verbessern, vorgestellt. Das weiteren-
twickelte Modell bildet die Grundlage fiir eine genauere Darstellung globaler Aerosolverteilun-
gen und -zusammensetzung. Damit unterstiitzt es ein vertieftes Verstdndnis ihrer Klima-
und Gesundheitseffekte sowie zentraler Aerosol-Prozesse.

In der ersten Studie wird eine globale EMAC-Simulation der jahrlich gemittelten Konzen-
trationen ultrafeiner Partikel (UFP) an der Erdoberfliche vorgestellt, validiert anhand
von In-situ-Beobachtungen aus Feldkampagnen, der EBAS-Datenbank, Fachliteratur und
veroffentlichten Datensédtzen. Die Ergebnisse der Evaluierung dienen als Grundlage fiir ein
neuartiges, emissionsbasiertes Downscaling der UFP-Konzentrationen auf eine horizontale
Auflésung von 0,1 x 0,1°. Neue Studien deuten darauf hin, dass eine langfristige Exposi-
tion gegeniiber hohen UFP-Konzentrationen erhebliche Auswirkungen auf die Gesundheit
haben kann, was auf globaler Ebene jedoch bislang weitesgehend unerforscht ist. Dieser
erste globale UFP-Datensatz bietet eine Grundlage fiir globale Studien zu Gesundheitseffek-
ten von UFP-Exposition. Dariiber hinaus sind die im Rahmen dieser Studie entwickelten
Modellverbesserungen und Verfeinerungen der Emissionsgréflenverteilungen der priméren
Partikelemissionen von entscheidender Bedeutung fiir die realistische Simulation des horizon-
talen und vertikalen Transports primér emittierter Aerosole.

In der zweiten Studie wird das neu entwickelte MESSy-Submodul fiir Emissionen explosiver
Vulkanausbriiche (EVER), das Gas- und Aerosolemissionen mithilfe benutzerdefinierter
vertikaler Verteilungen simulieren kann, vorgestellt und evaluiert. Erginzt wird dieses Sub-
modul mit einer Modellkonfiguration, die historische Vulkanausbriiche, basierend auf einem
bestehenden Emissionsinventar (1990—2023), enthélt. Die genauen Emissionsparameter
wurden im Rahmen dieser Arbeit durch Sensitivitdtsanalysen optimiert. Wéhrend frithere
Studien zu stratosphérischen Vulkanausbriiche manuelle Eingriffe wahrend der Simulationen
erforderten, integriert das neue Submodul die vulkanischen Emissionen automatisch zur
Laufzeit. Diese Modellverbesserung ist von zentraler Bedeutung fiir Aerosolstudien in der
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Zusammenfassung

oberen Troposphére und Stratosphére. Weitere Anwendungsfille reichen von der Simulation
grofiflichiger Waldbrandemissionen bis hin zur Untersuchung aerosolbasierter Strategien zur
Verdinderung der Sonneneinstrahlung.

Die dritte Studie prasentiert globale Verteilungen der Masse, Anzahlkonzentration und
chemischen Zusammensetzung atmosphérischer Aerosole von der Erdoberfliche bis in die
Stratosphére, basierend auf einer neu entwickelten EMAC-Modellkonfiguration. Diese Kon-
figuration kombiniert Elemente bisher verwendeter troposphérischer und stratosphérischer
Setups und integriert die Entwicklungen der vorhergehenden Studien. Die Simulationen
werden anhand von umfassenden Beobachtungsdaten aus bodengestiitzten Messstationen,
Flugzeugkampagnen und satellitengestiitzter Fernerkundung evaluiert. Wahrend die bisheri-
gen troposphérischen und stratosphérischen Modellkonfigurationen unvereinbar waren und
Aerosolprozesse von der Erdoberfliche bis in die Stratosphére nicht konsistent abbilden kon-
nten, ermdoglicht das neue Setup nun Untersuchungen zu Wechselwirkungen zwischen unterer
Troposphére und Stratosphére. Dieser Fortschritt eroffnet Moglichkeiten fiir kiinftige Studien
zu anthropogenen Einfliissen auf Aerosolverteilungen, zum Transport von Aerosolen, zu
Echtzeit-Wechselwirkungen zwischen Aerosolen, Wolken und Strahlung sowie zur Ozonchemie.
Dariiber hinaus trigt das Modell zu einem tieferen Verstdandnis beobachteter Aerosolprozesse
und ihrer zugrunde liegenden Mechanismen bei.

Die drei Hauptstudien werden durch eine Zusammenfassung zusétzlicher Forschungsarbeiten
ergianzt, die unmittelbar auf den in dieser Dissertation vorgestellten Entwicklungen aufbauen.
Erstens wurde das verbesserte Modell-Setup in zwei Studien angewandt, in denen die Bildung
der asiatischen Tropopausen-Aerosolschicht (ATAL) wahrend der asiatischen Monsunzeit
sowie der anschlieBende Transport und Verbleib der innerhalb der ATAL gebildeten Aerosole
untersucht wurden, was neue flugzeug-gestiitzten Beobachtungen unterstiitzt. Zweitens fand
das Setup Anwendung im Rahmen der CAFE-Brazil-Kampagne iiber dem Amazonas, zur
Untersuchung der Empfindlichkeit der regionalen atmosphérischen Chemie und des globalen
Klimas gegentiiber Verdnderungen in Emissionen biogener fliichtiger organischer Verbindungen
sowie zur Analyse der Aerosolbildung in dieser Region. Drittens wurde der Einfluss nicht-
stratosphéarischer Vulkanausbriiche auf Sulfatkonzentrationen in der unteren Stratosphére
untersucht, mit Fokus auf Mischungsprozesse in der Tropopausenregion. Viertens wurden
die globalen UFP-Konzentrationen mithilfe von Methoden des maschinellen Lernens weiter
verfeinert, um eine noch héhere horizontale Auflésung zu erzielen. Dieser Datensatz bildet,
in Kombination mit der zuvor entwickelten globalen UFP-Verteilung, die Grundlage fiir eine
weltweite Studie zu gesundheitlichen Auswirkungen von UFP-Exposition.

Zusammenfassend verbessert diese Arbeit die Ubereinstimmung der EMAC-Simulationen
mit Bobachtungsdaten in allen Schichten der unteren Atmosphére erheblich und schafft eine
solide Grundlage fiir Modellstudien, die sich von der Erdoberflache bis in die Stratosphére
erstrecken. Diese Fortschritte konnen dazu beitragen, die Unsicherheiten in Bezug auf aerosol-
bedingte Klimaeffekte, wie sie in den jlingsten IPCC-Berichten hervorgehoben wurden, sowie
bei der Bewertung gesundheitlicher Auswirkungen von Aerosolen zu verringern. Die hier
vorgestellten zentralen Entwicklungen finden Anwendung in einer Vielzahl wissenschaftlicher
Studien und férdern das Versténdnis globaler Aerosolverteilungen, ihrer chemischen Zusam-
mensetzung, der damit verbundenen Klima- und Gesundheitseffekte sowie der zugrunde
liegenden Aerosolprozesse.
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1 CHAPTER

Motivation

Particulate matter in the Earth’s atmosphere, whether solid or liquid, is a key driver of
Earth’s climate, the hydrological cycle, and air quality, thus impacting human health and
life on the planet in general [1]. The inhalation of aerosol air pollution potentially leads
to severe diseases and increased premature mortality [2, 3, 4, 5]. Aerosols as seeds for
cloud droplets and ice particles impact cloud formation, lifetime, and precipitation patterns
[6, 7, 8], and thereby exert indirect climate effects [6, 7, 9]. Scattering and absorption
of radiation by aerosols additionally cause direct radiative forcing [1], while aerosols also
influence atmospheric chemistry in general, e.g., by playing a key role in ozone depletion [10,
11]. These effects are well established, yet their magnitude and variability remain among the
largest uncertainties in climate and health impact assessments [1, 2, 9, 12].

A major reason for these uncertainties lies in the limited knowledge of global aerosol distri-
butions, composition, and size across all atmospheric layers [1, 12]. Understanding aerosol
sources, formation, transport, and removal is inherently complex. Aerosols originate from
both natural and anthropogenic sources, undergo chemical transformations, and interact
with meteorology [13, 14, 15]. Their impacts depend not only on mass, but also on number
concentration, surface area, and chemical composition, properties that are challenging to
measure or represent globally.

Observations, though essential, suffer from gaps in spatial and temporal coverage, especially
in the logistically challenging free and upper troposphere, and the stratosphere. In-situ
measurements are sparse, remote sensing is constrained to the observation of aerosol optical
properties, and aircraft campaigns are episodic. At the same time, chemistry-climate models
offer the potential to simulate and predict aerosol processes on a global scale. However, they
remain limited by horizontal resolution, the parameterization of sub-grid-scale processes,
and incomplete knowledge of real-world emissions and chemical pathways. The full potential
of both observations and modelling is realized when they complement each other. On the
one hand, modelling is crucial for the understanding of processes that produce the observed
aerosol properties. On the other hand, model results are only reliable when supported by
observational data. Together, they enable the creation of a comprehensive global picture of
atmospheric aerosols and their processes.

In recent years, ultrafine particles (UFP) have gained increasing attention in health studies.
While aerosol health effects were traditionally linked to PMs 5, recent findings suggest that
UFP number concentrations may contribute significantly to premature mortality, as they
can penetrate deeper into the bloodstream [16, 17, 18, 19]. However, no information on
UFP concentrations on a global scale has been available yet. Likewise, information on global
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aerosol distributions in the free and upper troposphere, and the stratosphere, is scarce due
to observational constraints, leading to large uncertainties in these regions [20, 12].

This thesis aims to advance the global representation and understanding of atmospheric
aerosols from the surface to the stratosphere, enhancing the ECHAMS5/MESSy2 Atmospheric
Chemistry (EMAC) model. Adjusted particle emission size distributions and revisited parti-
cle formation pathways enable a first global simulation of UFP particles at the Eath’s surface,
and improve the representation of primary particle transport to and across the tropopause.
The automatic inclusion of stratospheric volcanic eruptions in EMAC simulations better
represents the stratospheric aerosol layer. Finally, a new model setup with adjusted aerosol
size distributions enables consistent global simulations of key aerosol species across the entire
lower atmosphere.

Ultimately, this work shall contribute to reducing uncertainties and support future studies
on aerosol-climate-health interactions, as well as supporting detailed process studies, as
demonstrated in Chapter 6.



2 CHAPTER

Theory

2.1 The atmosphere of the Earth

The Earth’s atmosphere is very thin relative to its radius, yet it is very important for
sustaining life by providing breathable air, maintaining liveable ambient temperatures, and
shielding organisms from harmful cosmic radiation [15]. For a very long period in the history
of humankind, the atmosphere was shaped solely by natural processes, with very limited
anthropogenic influence. Since the Industrial Revolution, human activities have increasingly
impacted the environment on all scales, and emitted chemical substances into the atmosphere,
influencing climate, dynamics, and composition of the atmosphere, leading to the declaration
of a new epoch, the anthropocene [21], and putting the liveable conditions on Earth at risk [1].

The chemical composition of the atmosphere is predominantly made up of nitrogen (N2, 78%),
oxygen (O2, 21%) and argon (Ar, 0.9%). This basic composition remains fairly constant
throughout the atmosphere and over time, with very little variability. However, despite these
primary gases already adding up to almost 100%, the atmosphere consists of thousands of
additional trace gas and particulate species, that mostly drive climate, atmospheric chemistry
and dynamics [15].

Earth’s atmosphere is vertically subdivided into different regions, mostly based on the vertical
temperature gradient [22, 15]:

Troposphere The troposphere extends from the Earth’s surface to an altitude of approx-
imately 8 km at the poles and up to 16 km at the equator, with the tropopause as upper
boundary. 80% of the total atmospheric mass are contained in the troposphere, and nearly
all weather phenomena occur within this layer. It is characterized by continuous turbulence,
convection and mixing, reflected in its name, derived from the Greek “tropos”, meaning
“turn” or “change”. Temperatures decrease with height, with a typical lapse rate of about
—6.5 K km™!. The troposphere can be further subdivided into the boundary layer, the lowest
few kilometres of the troposphere influenced by surface processes, the free troposphere, and
the upper troposphere, which is influenced by interactions with the stratosphere.

Stratosphere Above the tropopause, temperatures begin to increase in the stratosphere
due to the absorption of shortwave radiation by ozone (Og). This warming trend continues
up to an altitude of 45 to 55 km, where the stratopause is located. The temperature increase
leads to stable stratification (hence the name “stratosphere”), resulting in limited vertical
mixing. In addition to the ozone layer, the stratosphere also contains the Junge aerosol layer,
located between 12 and 28 km, and primarily composed of sulfate aerosols.
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Upper atmosphere The upper atmosphere begins above the stratopause and includes
several layers. The mesosphere, extending up to about 80 to 90km, is characterized
by decreasing temperatures and rapid vertical mixing. Above the mesosphere lies the
thermosphere, where temperatures increase again due to the absorption of short-wave
radiation by Ny and Oo, extending up to around 500 km. Finally, the exosphere marks the
outermost layer, where gas molecules can escape Earth’s gravitational field.

2.1.1 Radiation in the atmosphere

The Earth’s primary energy source is electromagnetic radiation from the sun [23, 15, 24],
which fundamentally drives Earth’s energy balance, weather, climate and atmospheric
chemistry. The total radiant energy from the sun, reaching the top of Earth’s atmosphere
per unit time and area, can be expressed via the solar constant S [25]:

S =0 Ta(as/r0)% ~ 1370 Wm 2 (2.1)

Ts denotes the temperature of the solar photosphere, as the radius of the visible solar disk
and ro the mean sun-earth distance. o = 5.67 x 1078 Wm 2 K~* is the Stefan-Boltzmann
constant. Approximately 30% of the solar short-wave radiation is reflected back to space,
while the remaining 70% is absorbed by the Earth’s surface [26]. As a consequence, the Earth
is heated and re-emits this energy as long-wave radiation, primarily in the infrared spectrum.
In equilibrium, Earth’s temperature would adjust, such that the incoming solar radiation
equals the outgoing terrestrial long-wave radiation, with an equilibrium temperature

(S —a)\Y*
T, = (40) ~ 255K, (2.2)

where a = 0.3 is the Earth’s albedo, i.e., the ratio of back-scattered to total incident short-
wave radiation. However, while radiation travels through the atmosphere, it interacts with its
constituents, such as gases, clouds and aerosols. In general, the light can either be absorbed,
i.e., the energy of the beam is converted to thermal energy, or scattered, i.e., the molecule is
excited to perform oscillations and re-emits to all directions. A fraction of the long-wave
radiation from the Earth is absorbed by greenhouse gases, such as COs, CH4 and water
vapour, and re-emitted. This greenhouse effect is essential for life on planet, as it enables
the liveable temperature on Earth’s surface that we encounter.

If the atmospheric composition changes, this could lead to a change in the incoming or
outgoing radiation and therefore an imbalance between incoming and outgoing radiation,
leading to radiative forcing. Radiative forcing quantifies the change in net (down minus up)
radiative flux at the top of the atmosphere due to such perturbations. Positive forcing leads
to warming, while negative forcing leads to cooling. Since the industrial era, concentrations
of greenhouse gases, such as COy and CHy, steadily increased, leading to a positive radiative
forcing, and thus increasing temperatures, threatening life on Earth [1]. In addition, naturally
or anthropogenically induced changes in aerosol concentrations can alter the Earth’s albedo,
and thereby affecting the incoming short-wave radiation, again resulting in a radiative forcing
(see Sect. 2.2.2).



2.1 The atmosphere of the Earth

2.1.2 Thermodynamic basics

The atmosphere can, to a very close approximation, be treated as an ideal gas, meaning that
its gas molecules can be considered as point particles moving randomly without significant
inter-particle forces [27]. An ideal gas is described by the equation of state, also referred to
as the ideal gas law:

p-V=N-kg-T (2.3)

In this equation, pressure is represented by p, the volume of an air parcel by V', the number of
molecules N and the temperature by 7. The Boltzmann constant kg = 1.381 x 10723 JK—!
represents the constant of proportionality.

Atmospheric pressure Atmospheric pressure p is one of the most fundamental variables
in the atmosphere, and gradients in pressure are the main driver for atmospheric motions.
The standard atmosphere at sea level at 45° N is 1013.25 hPa. It is a direct consequence of
the weight of the air above the considered air parcel. As a result, pressure decreases with
altitude, and can be calculated considering that the gravitational force F, = —Mg;, g has to
be balanced by the vertical pressure gradient force Fj, = dp/dz -V [27]:

dp/dz = —pg (2.4)

Integrating this hydrostatic equation, and using the ideal gas law (eq. 2.3), yields the
pressure at a given altitude p(z) relative to the pressure py at altitude z = 0:

p(z) =po-e (2.5)

with H(z) = RT(2)/(Mgi, g) the pressure scale height, and R = 8.314Jmol ' K~! the
universal gas constant. Thus, the atmospheric pressure decreases exponentially with altitude.

Potential temperature and lapse rate If an air parcel rises in the troposphere, it typically
expands due to the decreasing pressure profile and cools. Assuming the air parcel is isolated
and does not exchange energy with its surroundings, i.e., the process is adiabatic, one can
define the potential temperature

6—T (?)R/CP (2.6)

that is conserved during this motion. In other words, the potential temperature represents
the temperature a parcel would have if you would bring it adiabatically to the surface or a
reference pressure. Using the ideal gas law and the hydrostatic equation and assuming the
potential temperature to be constant in the atmosphere, eq. 2.6 can be transformed to:

AT _ 9 s (2.7)
dz ¢

I',q is the dry adiabatic lapse rate, and represents the temperature change of an air parcel

if it adiabatically rises or falls, given the potential temperature in the atmosphere was

constant. However, in reality 6 is not constant, and the actual atmospheric lapse rate in the

troposphere averages to Tgsmo = 6.5 Kkm ™!,
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Atmospheric stability The relation between the adiabatic lapse rate and the atmospheric
lapse rate is essential for atmospheric stability [27]. If ['gtmo < g4, the atmosphere can be
considered stably stratified, as rising particles cool faster than the surrounding temperature
and face a downward force. This is equivalent to increasing potential temperature with
altitude. In contrast, if potential temperature decreases with altitude and I'gimo > Tog,
rising air parcels cool slower than the surroundings and the air parcel continues to rise. This
phenomenon is known as convection. If the rising air cools enough to reach the saturation
mixing ratio for water vapour, the water condenses, releasing latent heat. This process
additionally warms the air parcel, reducing its lapse rate, and enables deep convective events,
reaching the upper troposphere.

2.1.3 Dynamics & General circulation

The general circulation of the atmosphere is mainly driven by the uneven heating of Earth’s
surface by the sun, which creates pressure differences [22, 24, 15]. These pressure differences
lead to large-scale air movements, in general from high- to low-pressure regions. However,
large-scale air movements in the atmosphere are influenced by the Coriolis force, a result of
Earth’s rotation. This force deflects horizontally moving air to the right in the Northern
Hemisphere and to the left in the Southern Hemisphere. The combination of the pressure-
driven large-scale air movements and the Coriolis force shape wind patterns and large-scale
circulation cells in the Earth’s atmosphere.

One such circulation system is the Hadley Cell, which spans both hemispheres from the
equator to roughly 30° latitude. In this region, warm air near the equator rises due to intense
solar heating, creating strong convective events. Particularly in the Intertropical Convergence
Zone (ITCZ), a region of low pressure close to the equator, this rising air causes clouds and
thunderstorms to form. The raised air in the I'TCZ moves poleward, cools, and sinks at
higher latitudes (around 30°), creating a belt of high pressure known as the subtropical highs,
before flowing back toward the equator as the trade winds. In addition to the Hadley Cell,
the Ferrel and Polar Cell build at higher latitudes, with similar origins, leading to another
hotspot of convection around 60° latitude. These cells, in combination with the Coriolis
force lead to the formation of the subtropical jetstream and the polar jet, strong zonal wind
patterns in the free and upper troposphere.

Atmospheric waves are another important driver of the general circulation [27]. Planetary
waves, also known as Rossby waves, are driven by the rotation of the Earth and the variation
of the Coriolis force with latitude. Rossby waves oscillate horizontally, especially in mid-
latitudes, leading to the meandering of the jetstream, and strongly influencing global weather
patterns. In addition, vertical displacements of air, e.g., due to air passing mountain ranges,
can lead to vertical gravity waves. Both types of waves can propagate into the stratosphere,
where their breaking strongly influences stratospheric dynamics.

This overall general circulation leads to distinct patterns in different layers of the lower
atmosphere. These patterns are summarised in the following.

Boundary Layer (BL) The BL is the lowest part of the atmosphere, typically extending
up to 1 to 3km [28, 29]. The actual height can vary strongly due to local conditions, e.g.,
time of day, local weather and geographic features. The BL is directly influenced by the
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Earth’s surface, and thus its dynamics are driven by friction, turbulence, and surface heat
exchanges. During the day, the solar heating of Earth’s surface leads to rising warm air
and creates a well-mixed BL, with respect to heat, moisture and atmospheric constituents.
When the air cools at night, the BL becomes more stable and turbulence is reduced. In
general, wind speeds are slowed down by Earth’s friction, so that large-scale movements are
suppressed in the BL.

Free Troposphere (FT) The FT starts above the BL and extends to around 8-10km [29].
The lack of surface friction leads to higher wind speeds compared to the BL, especially
in regions dominated by the subtropical and polar jet. Winds approximately follow the
geostrophic balance, where the Coriolis force and the pressure gradient force are in equilibrium.
As a consequence, the FT is better-mixed zonally with regards to its composition. BL air
can enter the F'T in convective events, potentially leading to cumulus and cumulonimbus
clouds.

Upper Troposphere (UT) & Lowermost Stratosphere (LS) The UT & LS (UTLS) region
is defined as the atmospheric layer where isentropic potential temperature surfaces intersect
the tropopause, typically spanning altitudes from 8 to 18 km [30, 31]. This region includes
the upper troposphere at lower latitudes and the lowermost stratosphere at higher latitudes.
It is characterized by complex interactions between tropospheric and stratospheric processes,
exchanging air, energy and atmospheric constituents between the troposphere and the
stratosphere. The Tropical Tropopause Layer (TTL) is the main source region where
tropospheric air, containing long-lived source gases, enters the stratosphere [32]. BL air
reaches the TTL through deep convective events. Subsequent transport into the stratosphere
occurs either quasi-isentropically into the extratropical lowermost stratosphere, or cross-
isentropically into the tropical stratosphere by slow radiatively driven ascent [33]. It is
important to note that meridional (latitudinal) transport in the UTLS is inhibited by
transport barriers associated with the subtropical jet, creating a “tropical pipe”, and the
polar jet [34, 30, 31]. Conversely, transport from the stratosphere to the troposphere also
occurs in the UTLS, either by sedimentation from the extratropical LS into the FT, or
tropopause foldings, resulting in deep intrusions of stratospheric air into the troposphere
[33].

Stratospheric Overworld Above the tropopause, atmospheric temperatures increase with
altitude [31]. As a result, the stratosphere is stably stratified, in contrast to the troposphere,
and strongly suppresses vertical mixing. Convective events usually stop at the tropopause,
and vertical movements are reduced in the stratosphere. The general stratospheric circulation
is driven by the Brewer-Dobson circulation [31, 35], which consists of slow rising motion of
air in the tropics, poleward transport in the upper stratosphere, and descending motion at
higher latitudes. It distributes chemical species in the atmosphere around the globe and
influences the temperature structure of the stratosphere. The zonal transport in the tropical
stratosphere is dominated by the Quasi-Biennial Oscillation (QBO), an oscillating zonal
wind pattern that leads to changing zonal winds from westerlies to easterlies with a mean
period of approximately 28 months [36].
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2.2 Atmospheric aerosols

The atmosphere consists of chemical species, that can exist in gaseous, liquid, or solid phase.
These phases can potentially transition into each other under certain atmospheric conditions.
Liquid droplets and solid particles suspended in the atmosphere are collectively referred to
as aerosols [13, 15]. Their properties significantly differ from gas phase species.

2.2.1 Sources of atmospheric aerosol

Aerosols in the atmosphere originate from a wide range of natural and anthropogenic sources
[13]. These sources can be broadly categorized into primary and secondary aerosols. Primary
aerosols are directly emitted into the atmosphere as solid or liquid particles, while secondary
aerosols are formed in the atmosphere through gas-to-particle conversion. Thus, aerosol
sources combine the emission of solid, liquid and gas phase species.

The vast majority of natural aerosol emissions stem from the following sources:

e Desert Dust: One of the largest natural sources of aerosols, desert dust, originates
from arid and semi-arid regions, where wind erosion lifts fine mineral particles into the
atmosphere.

e Sea spray: Aerosols generated by the ocean come from the breaking of waves and
the bursting of bubbles at the sea surface, which injects sea spray particles into the
atmosphere, mostly consisting of salt, with additions of biological and organic material.

e Volcanic Eruptions: Volcanic eruptions inject large quantities of ash and gases like
sulfur dioxide (SO3) into the atmosphere, which can lead to the formation of sulfate
aerosols. Smaller eruptions or degassing volcanoes only emit into the troposphere with
mostly local impacts, while explosive eruptions potentially directly inject ash and SOq
into the stratosphere with global impacts.

e Biogenic Sources: Natural emissions from plants, such as volatile organic compounds
(VOCs) like isoprene and terpenes, can oxidize in the atmosphere to form lower volatile
organic species, that can eventually form secondary organic aerosols (SOA). In addition,
the terrestrial biosphere also emits biological (such as insect debris, pollen, spores,
bacteria and viruses) or Primary Organic Aerosols (POA) into the atmosphere.

« Wildfires/Biomass Burning: Biomass burning from wildfires releases large amounts
of primary aerosols, including black carbon (soot) and organic carbon, along with
precursor gases that can form secondary aerosols. The global influence depends on the
strength of the wildfire, being either limited to the troposphere or directly injected into
the stratosphere in pyrocumulonimbus clouds. A substantial part of biomass burning
emissions can also be classified as anthropogenic origin.

e Meteoric material: Small particles from meteors entering Earth’s atmosphere con-
tribute to the aerosol burden, particularly in the upper and middle atmosphere [37].
While being a major source of upper stratospheric aerosol, it can be mostly neglected
in the troposphere.

Anthropogenic aerosol emissions mostly originate from the following sources:
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e Industrial processes: Combustion of fossil fuels in power plants, factories, and other
industrial processes releases black carbon and POA directly, and precursor gases like
sulfur dioxide (SOs2), nitrogen oxides (NO,) and VOCs, which form sulfate, nitrate
and organic aerosols in the atmosphere.

e Transportation: Motor vehicles, ships, and aircrafts emit large quantities of aerosols
and aerosol precursors. Black carbon (soot) and organic compounds from incomplete
combustion of fuels are significant contributors, especially in urban areas and along
highways. Again, precursor gases are emitted alongside, potentially forming secondary
aerosol.

e Agriculture: Agricultural activities, including tilling, harvesting, and burning of
crop residues, release among others dust and organic particles into the atmosphere.
Livestock farming and the use of fertilizers additionally emit ammonia (NHs), which
can eventually form ammonium aerosol in the presence of acids.

e Residential combustion: The burning of biomass, coal, and wood for heating and
cooking in many parts of the world is a significant source of primary aerosols like black
carbon and organic matter, as well as aerosol precursors.

2.2.2 General properties of aerosol populations

Aerosol populations exhibit distinct properties that vary throughout the atmosphere. These
properties can be generally classified by factors such as chemical composition, total mass
and number concentrations, size distribution, and interactions with radiation [13].

Aerosol composition A single particle that has travelled through the atmosphere for some
time will never be composed of a single pure chemical species. Instead, each particle is
a mixture of various species. Moreover, when considering an aerosol population within
an air parcel, the composition becomes even more heterogeneous. The composition of an
aerosol population at any given time typically reflects the sources and ageing of the particles
throughout its journey.

Chemical species in the atmosphere can generally be classified into three categories. First,
there are species that exist in the solid phase under all atmospheric conditions, such as desert
dust, volcanic ash, meteoric material, and black carbon. Second, some species remain in
the gas phase regardless of atmospheric conditions and are not directly relevant to aerosol
populations. The third category is the most complex, consisting of low- or semi-volatile
species that can exist in the gas, liquid, or particle phase depending on atmospheric conditions.
This category includes substances (in the aerosol phase) such as sulfate, ammonium, nitrate,
organic aerosols, salts, and metals. These species can undergo phase changes like condensation,
evaporation, or crystallization throughout the atmosphere.

Mass and Number concentration One way to describe an aerosol population, is to simply
measure total mass and number of aerosol particles within a specific reference volume,
known as mass concentration and particle number concentration (PNC). Typically, mass
concentrations are reported as ng m 3
as cm 3. In addition, it has proven useful to provide mass and number concentrations only
in specific size regions for specific applications. Mass concentrations are often given for
particles up to a specific aerodynamic diameter, either 1 pm (PM;), 2.5 um (PMs5) or 10 pm

or ng m~3, while number concentrations are reported
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(PMjg). PNC is typically further classified into UFP, i.e., number concentration of particles
with an aerodynamic diameter below 100 nm.

Size distribution Number and mass concentrations of aerosol populations are linked
through the size distribution of the particles. Within a given aerosol population, particles
vary in size rather than having a uniform diameter. Freshly formed particles typically range
from 1 to 3nm, while primary particles from desert dust and sea salt can reach sizes of tens
of micrometers. Thus, aerosol populations are often characterized by a size distribution,
covering the range from 1nm to 100 pm. These size distributions are typically expressed
using differentials dN/dD,, or dN/dlog(D,), where D, is the particle diameter.

Ambient aerosols size distributions are typically divided into four log-normal modes. The
nucleation mode mode covers freshly formed particles (see Sect. 2.2.3) up to around 20 nm,
the Aitken mode includes grown nucleation particles and fresh combustion particles between
approximately 20 and 100 nm, in the accumulation mode particles accumulate due to specific
processes (see Sect. 2.2.3) and can grow to to micrometer-size, and the coarse mode typically
contains fresh or aged dust and sea salt particles. Small particles in the nucleation and
Aitken modes typically dominate number concentrations, whereas medium-sized particles in
the accumulation mode generally dominate mass concentrations.

AEROSOL POPULATION A AEROSOL POPULATION B
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Figure 2.1 Number and PM; 5 mass concentration of two aerosol populations with differing
size distributions. Both aerosol population have identical PMs 5, despite having differing count
median diameter (CMD) and vastly differing PNC. This illustrates the importance of the size
distribution in characterizing aerosol populations. The figure is self-created.

Knowledge of the size distributions is crucial in atmospheric processes of aerosols. Merely
knowing the number and mass concentrations is insufficient to deduce the size distribution.
Figure 2.1 exemplarily illustrates, how log-normal size distributions (identical aerosol density)
of two aerosol populations with differing total number concentrations and count median
diameter (CMD) can lead to identical mass concentrations. Both aerosol populations show
the same PMy 5 concentrations of 1gm™3 (integral over green area); however aerosol
population A has a CMD of 0.25 pm (left panel), while aerosol population B has a CMD
of 0.5um. As a consequence, the number concentration of aerosol population A is more
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than five times greater (integral over blue area), leading to very different behaviours in the
atmosphere.

Interaction with radiation As outlined in Sect. 2.1.1, if a radiation beam is incident on
a single aerosol particle, it is either scattered or absorbed [13, 15]. The sum of scattering
and absorption as the amount of radiation removed from the beam, is called extinction, and
depends on the complex refractive index of the particle. Defining the extinction coefficient
Oext, One can express the Aerosol Optical Depth (AOD) 7 of an atmospheric layer ranging
from altitude hg to h; as the integral over the instantaneous extinction at each altitude
within the layer:

hy
T= Oext(2) dz (2.8)
ho
Beer’s Law states that the intensity of the radiation I decreases with dI = —I7. Thus, after
passing an atmospheric layer with the AOD 7, the initial light intensity [y will reduce to:

I= IO e T (29)

Thus, a value of oyy = 1km™! can be understood as a weakening of the initial intensity Iy
to e~! - Iy after passing an atmospheric layer of 1km. AOD can be defined with respect to
different atmospheric domains, e.g., total AOD from the surface to the top of the atmosphere
or stratospheric AOD (sAOD), only covering the stratosphere.

Absorption and scattering of light by a spherical particle can be described by Mie theory
(e.g., [38, 39]), which mostly depends on the wavelength of the radiation, the aerosol size and
the aerosol optical properties, strongly depending on its chemical composition and size. By
interacting with radiation, aerosols influence the Earth’s radiative balance, and can locally
warm or cool the atmosphere.

Aerosols & clouds In an atmosphere without aerosols, clouds would only form at very
high supersaturations. Thus, aerosols are essential for the formation of clouds in Earth’s
atmosphere [40, 9, 15]. They can act as cloud condensation nuclei (CCN) or ice-nucleating
particles (INP), initiating cloud formation and freezing of liquid water droplets. The ability
of aerosols to act as CCN or INP strongly depends on their composition and size, due to
varying hygroscopicity and microphysical properties. Thus, the number of CCN and INP are
always defined with regard to a specific supersaturation.

In general, at most atmospheric conditions enough CCN or INP are available to form clouds.
However, the number of CCN and INP can significantly alter cloud properties [7]. The more
CCN are available, the smaller cloud particles form, reflecting more solar radiation (Twomey
effect [41]). As a consequence, the cloud appears lighter. In addition, smaller cloud particles
lead to drizzle suppression (and thereby increased liquid water content), increased cloud
height [42] and longer cloud lifetimes [43].

2.2.3 Atmospheric processes

Once in the atmosphere, aerosols or their precursor gases undergo a number of typical
processes, leading to an ageing of the particles [13, 15].

11
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Condensation Condensation in the atmosphere occurs when gas-phase molecules, such as
water vapour or low-volatility compounds like sulfuric acid or oxidized organic compounds,
transition into the liquid or solid phase on the surface of existing aerosol particles. The rate
of condensation depends on the temperature-dependent vapour pressure of the gas phase
species relative to its saturation vapour pressure, and the radius and hygroscopicity of the
available particles. This process increases the size and mass of the particles, while leaving
their number unchanged.

Coagulation Coagulation describes the process of agglomeration of colliding particles to
form larger particles. It is typically a combination of Brownian motion, where random
particle movements occur due to thermal energy and available aerosol surfaces for collisions.
As Brownian velocities decrease with size, coagulation is most efficient for fast-moving small
particles with large particles that provide the necessary surface area. This process decreases
the number of particles in the atmosphere, and shifts the size distribution upwards. The
total mass of the aerosol population does not change.

New particle formation (NPF) In the absence of significant condensational sinks, molecules
from very low-volatile vapours can form small clusters, that either evaporate again, or grow
via condensation to a critical size. Once, this critical size is reached, new particles are
formed that potentially grow. This process is also called nucleation. For a long time, it was
believed that sulfuric acid (H2SOy) is the solely responsible driver for new particle formation.
However, observations showed that other chemical species might also be involved. In fact,
the CLOUD experiment at CERN [44, 45] has found a wide range of additional contributors
to NPF, such as ammonia (NHz), ultra-low volatile organics compounds (ULVOCs), nitric
acid (HNOs3), and iodic acid (HIO3). Figure 2.2 gives an overview over a number of observed
particle formation channels in the CLOUD experiment, taken from Kirkby et al. (2023) [45].
While NPF can result in significant local increases in PNC, the direct effect on the overall
mass of the aerosol population is limited due to the initially small size of these particles.
However, newly formed particles can provide surfaces for condensation and grow to CCN size,
thereby impacting cloud properties and indirectly contributing to the mass of the aerosol
population.

Atmospheric transport Atmospheric aerosols are primarily transported by large-scale
atmospheric circulation patterns and local turbulences. The transport efficiency strongly
depends on the size of the particles. In the BL, turbulence results in a well-mixed chemical
composition, while larger-scale transport occurs via advection. Convection plays a key role in
vertically transporting aerosols and their precursors to the F'T and UT. In the stratosphere,
aerosols are distributed by the Brewer-Dobson circulation and strong zonal winds. These
processes distribute aerosols all around the globe.

Sedimentation Aerosols in the atmosphere are subject to the Earth’s gravitational field.
Thus, they gravitationally settle (sediment) depending on their size, shape, and density.
Larger particles sediment faster than smaller ones. In the troposphere, sedimentation is only
relevant for coarse-mode particles, as the aerosol lifetime is short compared to sedimentation
velocities for smaller particles. However, in the absence of other removal processes in the
stratosphere, sedimentation plays an important role in redistributing aerosols of all sizes and
transporting them from the stratosphere to the troposphere.

12
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Figure 2.2 Selected nucleation channels observed at the cloud experiment. Displayed are
particle formation rates, measured at different conditions in the CLOUD chamber with varying
vapour concentrations, compared to atmospheric observations. Figure taken from Kirkby et al.
(2023) [45].

Heterogeneous and multiphase chemistry Chemical reactions can be facilitated inside
liquid aerosols or on the surface of liquid and solid aerosols, referred to as multiphase or
heterogeneous reactions, respectively [46, 47, 48]. They depend on the collision frequency
between gas phase molecules and aerosol, determined by the aerosol surface area and
atmospheric pressure, the uptake efficiency of the particle and the reaction rate itself. Via
heterogeneous chemistry aerosols influence gas phase chemistry. Multiphase reactions in
cloud droplets can lead to the formation of sulfuric and nitric acid in acid rain [47]. In the
stratosphere, the production and loss of HO, and NO,, as well as the activation of halogen
species on aerosol surfaces (especially on polar stratospheric clouds forming in the polar
winter at low temperatures) can affect the ozone layer, leading to a depletion of stratospheric
ozone [10, 11] (more details in Sect. 2.6).

2.2.4 Chemistry of aerosol precursor gases

Secondary aerosol forms through the conversion of gas phase species to the solid or liquid
phase. The main quantity determining the efficiency of secondary aerosol formation is the
volatility of the gas phase species, i.e., the tendency of condensed species to evaporate,
respectively the tendency of gas phase species to remain in the gas phase [49]. High-volatile
gas phase species tend to stay in the gas phase, while low-volatile species prefer to transition
to the liquid or particle phase. Volatility is usually provided as saturation vapor pressure
or saturation mass concentrations, i.e., the amount of the substance in the gas phase in
equilibrium with the condensed phase.

In general, ageing of gaseous compounds, specifically oxidation processes by reaction with the
OH radical, O3, NO3 or halogens, decrease their volatility. Nitrogen- and sulfur-containing
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species mostly end up as nitric and sulfuric acid upon oxidation, with a higher oxidation
state and much lower volatility than the original species. Nitric and sulfuric acid can readily
dissolve in water droplets, and form sulfate and nitrate aerosol. In the presence of ammonia,
the salts ammonium sulfate and ammonium nitrate can form, while ammonium sulfate is
preferred if sufficient sulfuric acid is available [15].

A large number of different VOCs are emitted from natural and anthropogenic processes.
Upon different oxidation pathways they can form thousands of organic species with differing
volatility [50]. It is analytically and computationally not feasible to keep track of all
these species. To account for this complexity, Volatility Basis Sets (VBS) were introduced
[51], providing logarithmically equally spaced saturation bins, covering several orders of
magnitudes in which organic tracers are lumped for the calculations. A simple approximation
of the saturation mass concentration C¥ in pgm™2 of organic species can be derived by only
considering the number of carbon (n¢) and oxygen (np),

ncno

boo, 2.10
no + no co ( )

logo = (noc —nc)be —nobo — 2

with the coefficients n2, = 25 (carbon number of pentacosane —Cas [51]), be = 0.475, bo = 2.3
and bcpo = —0.3. This expression can be extended to additionally contain nitrogen and
sulfur species, that influence the volatility of the organic compound [52]. Based on the value
of C* = vC? with v the activity coefficient, organic compounds can then be classified into
different volatility regimes [53]:

« Extremely Low-Volatility Organic Compounds (ELVOC, C* < 3.2x10~% pgm~3)
strongly tend to the condensed phase at all atmospheric conditions, and can potentially
form new particles in the absence of condensational sinks.

« Low-Volatility Organic Compounds (LVOC, 3.2 x 107% < C* < 0.32pgm™?)
tend to the condensed phase under most atmospheric conditions.

« SemiVolatile Organic Compounds (SVOC, 0.32 < C* < 320ugm~?) can either
reside in the gas or condensed phase at typical ambient conditions

o Intermediate Volatility Organic Compounds (IVOC, 320 < C* < 3.2 x
10% pg m=2) reside in the gas phase under typical atmospheric conditions, but can be
oxidized to form organic compounds with lower volatility.

« Volatile Organic Compounds (VOC, C* > 3.2 x 10° pgm~3) reside in the gas
phase under all ambient atmospheric conditions. Freshly emitted gas phase organics
are usually VOCs, but can be oxidized to form lower volatile compounds.

2.2.5 Aerosol removal

At some stage in the lifecycle of an atmospheric aerosol particle, it is removed from the
atmosphere. In general, this occurs through two main processes: wet deposition and dry
deposition [13].

Wet deposition, also referred to as scavenging, is the primary removal pathway for soluble
species in the troposphere. During cloud formation, aerosol particles can dissolve into
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the cloud droplets. If the cloud precipitates, these aerosol particles are removed from the
atmosphere through in-cloud scavenging. As raindrops fall, they may collide with particles
in the vertical column below the cloud, and the particles can dissolve in the droplet. This
is referred to as impact scavenging. However, these process does not necessarily lead to a
removal of particles. Under certain conditions, raindrops can re-evaporate at lower altitudes,
releasing the scavenged aerosol particles back into the atmosphere, leading to a redistribution
of the particles rather than their removal.

Dry deposition is only relevant close to surfaces, and describes the direct removal of particles
by collision with non-atmospheric surfaces, such as the Earth’s surface, trees, or buildings.
Dry deposition can be realised via three different mechanisms. First, aerosol particles can
be deposited to the Earth’s surface due to turbulence. Second, large particles can directly
sediment onto the Earth’s surface. And third, aerosols can collide with obstacles above the
Earth’s surface. Dry deposition can be neglected outside the BL. However, sedimentation
can transport coarse particles into the BL, where they are subject to dry deposition.

Overall, these removal processes in combination with the aerosol size determine aerosol
lifetime across the atmospheric layers. In the BL, the aerosol lifetime is rather short, mostly
below one week, as particles are subject to dry and wet deposition. Once in the free and
upper troposphere, aerosol lifetime can reach several months, depending on relative humidity
and cloud formation. Aerosols reaching the stratosphere, can reside there two years or more,
depending on latitude and altitude. The only significant removal process in the stratosphere
is sedimentation back into the troposphere, which can be slowed down by radiative heating
and subsequent uplift.

2.3 Observations of atmospheric aerosols

Atmospheric aerosols were first recognized through observations of natural phenomena like
haze, fog, and volcanic eruptions. In the late 19th century, John Aitken built the first
instrument to measure the number of particles in the atmosphere [54, 55]. This laid the
foundation for in-situ measurements of aerosols, directly capturing and investigating aerosol
populations. During a similar time, Lord Rayleigh (John William Strutt) [56, 57] worked
on the understanding of aerosol optical properties by studying scattering and absorption
of light by particles, providing the basis for remote sensing of atmospheric aerosols, i.e.,
characterizing aerosol populations by their interaction with light.

2.3.1 In-situ measurements

In-situ aerosol measurements provide detailed information on aerosol populations by directly
sampling the air at the measurement location [13]. Meanwhile, a wide range of instruments
has been developed, serving different purposes. They are mostly used to measure aerosol
parameters such as total mass, chemical composition, particle number concentration, particle
size distribution, and optical properties.

In-situ measurements can be performed in various settings. Long-term measurements are

mostly performed at the Earth’s surface on fixed measurement sites. Measurements can
also be performed in moving platforms on the surface, such as ships or cars. Additionally,
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aircrafts and balloons can be equipped with in-situ measurement devices to sample air in
the FT, UTLS and the stratosphere.

2.3.2 Remote sensing

Measurements that are performed at some distance to the actually measured aerosol popula-
tions are referred to as remote sensing [13]. The information is retrieved by electromagnetic
waves, i.e., radiation. If this electromagnetic radiation is emitted by a natural source
(short-wave radiation from the sun or long-wave radiation from the Earth), and the instru-
ment solely measures the scattered radiation, the remote sensing is referred to as passive.
Active remote sensing instrument emit radiation and measure the back-scattered fraction of it.

Passive remote sensing can be realized using different techniques and geometries. Extinction
can either be measured from the ground (solar radiation) providing information on the
column composition or from space, using occultation methods, observing radiation from the
sun, the moon or stars through the Earth’s atmosphere, providing 3-dimensional information
on the atmosphere’s composition. Other instruments measure scattering or direct emission of
solar or infrared radiation in different geometries, i.e., at the limb (the edge of the atmosphere
with satellites), in nadir geometry (satellites observing vertically down), or from the Earth’s
surface.

Active remote sensing is mostly realised via lidar measurements, emitting short laser pulses,
and observing the back-scattered fraction. Lidar observations can be performed from the
surface, satellites, aircrafts or balloons.

2.4 Modelling of atmospheric aerosols

2.4.1 Atmospheric modelling

In 1904, Vilhelm Bjerknes formulated the idea that weather could be predicted by solving
a set of fundamental physical equations [58], including the Navier-Stokes equations, which
describe fluid motion, and equations of thermodynamics and mass conservation. This idea is
the foundation of all atmospheric modelling. Up to this day, most atmospheric models still
rely on the solution of these fundamental equations. However, the computational effort to
solve these equations were impractical at that time. Lewis Fry Richardson first attempted
to perform these calculations in 1922 [59], however unsuccessful. As a consequence, he
envisioned a “forecast factory” of human calculators to collectively perform weather forecasts.

With the development of non-human computers between 1940 and 1950, first numerical
weather predictions became possible, applying strict simplifications [60]. From this start,
the atmospheric model development accelerated. In the 1960s, the first General Circulation
Models (GCMs) appeared, based on fundamental physical laws, as envisioned by Vilhelm
Bjerknes. They represented the atmosphere in simplified forms, usually in two-dimensional
models, but included important concepts like heat transfer, the hydrological cycle, and
radiation. This allowed for first basic climate simulations. In the 1970s, three-dimensional
GCMs arose with increasing complexity, higher resolution and better representation of
processes like cloud formation, ocean circulation, and interactions between the atmosphere
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and the biosphere.

In the following decades, more and more chemical processes were added to atmospheric
models, resulting in the creation of Chemistry Climate Models (CCMs) [60]. The combination
of atmospheric dynamics with chemical reactions allowed for simulations of phenomena like
ozone depletion, aerosol-cloud interactions and the greenhouse effect, and thus leading to a
better understanding of air pollution, greenhouse gases, and their impact on climate. Since
the early 2000s, Earth System Models arose, coupling the atmosphere with other Earth
components, such as oceans, land surfaces, ice sheets, and ecosystems, helping to understand
feedbacks within the Earth System.

Today, a large number of atmospheric models exist, that serve a lot of different purposes.
Box models help understanding specific processes with fixed boundary condition, 2D- models
enable the study of transport processes within the atmosphere. 3D-models can represent the
global or regional atmosphere from the Earth’s surface to the Upper Atmosphere. Eulerian
models simulate the state of Earth’s atmosphere at fixed coordinates, while Lagrangian
models follow individual air parcels. Chemical processes and additional Earth components
can be included for specific studies. However, atmospheric models are among the most
complex model systems, and thus are still limited by computational power. As a consequence,
there always has to be a trade-off between scientific detail and computational cost, especially
with regards to long-term simulations.

2.4.2 EMAC model

The numerical simulations presented in this thesis have been produced using the ECHAMb5/
MESSy2 Atmospheric Chemistry Model (EMAC) [61, 62]. MESSy [63] stands for Modular
Earth Submodel System, which enables the coupling of a large number of physical, chemical,
and diagnostic submodels to different GCMs. Specifically, for this work, the GCM ECHAMb5
has been used as the base model. ECHAMS is a further development of the ECMWEF
operational forecast model cycle 36 (EC), combined with a comprehensive parameterization
developed in Hamburg (HAM) [64]. The MESSy infrastructure allows for flexible atmo-
spheric simulations with varying complexity, depending on the submodels used and their
configuration.

EMAC simulations can be performed at different resolutions, both horizontally and verti-
cally. The dynamical calculations in ECHAMS are carried out in spectral space to reduce
computational costs. Consequently, the horizontal resolution is defined by the triangular
truncation of the waves. Most simulations in this thesis are performed at T63 horizontal
resolution, corresponding to 1.875 x 1.875° grid box size, or T106 (1.1 x 1.1°) and T255
(0.47 x 0.47°) for short-term high-resolution studies. In tropospheric simulations, 31 vertical
levels are used up to a height of approximately 30 km or 10 hPa, while simulations including
the stratosphere use 90 vertical levels, extending up to 0.01 hPa (or 80 km).

The MESSy infrastructure consists of four layers of different abstraction: 1) the Base Model
Core Layer (BMCL), which includes the base model (in this case ECHAMS5) and is respon-
sible for simulating the general circulation, with implemented calls to 2) the base model
interface layer (BMIL), which manages the activation of and communication with the various
submodels, thus responsible for the MESSy infrastructure, 3) the SubModel Interface Layer
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(SMIL), which handles the submodel communication with the base model and the other
submodels, and 4) the SubModel Core Layer (SMCL), which contains the core routines of
the submodels and is independent of both the base model and other submodels.

Within the BMIL, a range of submodels manages the model infrastructure, strictly separated
from process-related and diagnostic submodels. These generic submodels are active in all
simulations and cannot be deactivated. The SWITCH submodel enables the user to select
specific submodels for a simulation, allowing for flexibility and control of resource usage.
The chosen submodels are then called by the CONTROL submodel. The CHANNEL
submodel is responsible for the storage, exchange and information of data [62]. All prognostic
and diagnostic variables are stored in channel objects, which can have individual attributes,
dimensions, and representations. Model output can be controlled through a namelist, deter-
mining which channel objects are output and at which time intervals. Additionally, both
the base model and all submodels have access to all channel objects in the interface layer,
facilitating communication between them.

Information on all trace gases and aerosol species, hereafter referred to as tracers, is handled
by the TRACER submodel [65]. The total abundance of each tracer is stored separately
from the static metadata. The tendencies of all prognostic and diagnostic variables, including
tracers, are globally managed by the TENDENCY submodel [66], individually accounting
for each process’ contribution to the total tendency. Tendencies are applied following the
operator splitting concept [63], where the individual tendencies of each process are added
based on the variable state from the preceding time step, along with all tendencies from
previous processes in the sequence.

Initial and boundary conditions are essential for numerical simulations. In MESSy, these
can be provided with the IMPORT submodel, which allows the specification of input files
via namelist. The imported objects can then be used by the respective process submodels.
Four-dimensional (space and time) input data is usually provided on a grid differing from the
model grid. The GRID submodel [67] handles the definition and transformation methods to
align different grid specifications. The TIMER submodel manages the time control of the
simulation, while the QTIMER. submodel optimizes the use of queue limits and provides
runtime diagnostics. Finally, the TOOLS submodel [62] offers shared tools for use across
submodels.

Process related and diagnostic submodels, distinct from the model infrastructure submodels,
can be flexibly activated or deactivated for each simulation. These submodels are called at
each timestep to perform prognostic and diagnostic calculations for each grid box. Some
process submodels are essential for every chemistry simulation. These submodels will shortly
be introduced in the following. Submodels relevant for the simulation of atmospheric aerosols
are discussed in the following section, while all other submodels are summarized in Sect. 2.4.4.

Chemical reactions are managed by the MECCA submodel [68], which includes predefined
chemical mechanisms that can be extended or modified. Photochemical reactions depend
on the photolyisis rate (denoted as j values) which are computed online by the JVAL

submodel [69]. Emissions can either be provided using offline emission inventories through
the OFFEMIS submodel or calculated online via the ONEMIS submodel [70]. In this
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thesis, sea salt and dust emissions are calculated online, with the wind speed provided by
the base model.

2.4.3 Aerosols in EMAC

This thesis primarily focuses on the simulation of atmospheric aerosols. Within the MESSy
framework, various submodels are responsible for handling aerosol processes. Aerosol micro-
physics can be managed by the MADE3, GMXe, or PTRAC submodels for passive tracers.
For this work, the aerosol microphysics and gas aerosol partitioning submodel (Global
Modal-aerosol eXtension, GMXe) [71] is used, which is based on the M7 aerosol microphysics
model [72].

Interactive log-normal size modes form the core of GMXe’s microphysics. Each mode is
defined by an upper and lower diameter boundary, and a given constant sigma o, (log-normal
distribution width). A detailed investigation of these parameters’ influence on global aerosol
distributions is presented in Chapter 5. Within each mode, the median diameter D, can
adjust freely in response to the relevant processes. The prognostic variables for each mode
are the number of particles (IV,,), and the corresponding mass of each constituent. Other
diagnostic variables, such as density and diameter, can be derived from these quantities.
In general, all species within each mode are assumed to be internally mixed, meaning that
particles within a mode have the same composition, determined by the mass of the respective
species. However, the modes are externally mixed with respect to each other. Although all
particles are assumed to be spherical for computational simplicity, it is important to note
that their shapes can vary significantly in reality.

The original GMXe setup includes seven log-normal modes: four soluble (nucleation, Aitken,
accumulation, and coarse) and three insoluble (Aitken, accumulation, and coarse). However,
the number of modes in GMXe can be adjusted flexibly, while a higher number of aerosol
modes results in higher computational costs. The size distribution for each mode, given the
particle diameter D, follows a log-normal distribution (with width o,,), which is defined as

[15]:

AN, N, (In D, — In Dy, )?
= — 2.11
dD, (2m)Y2D,Inoy, exp{ 21n? o, (211)
dNp, dNp,
™ _D,-In10- 2.12
dlogD, " dD, (212)

The total PSD of the aerosol population is then the sum of the size distributions of each
mode. To quantify PNC within a specific size segment, it is necessary to integrate the size
distribution functions of each mode, using the error function:

2 [Z 2
erf (z) = ;/ e “dx. (2.13)
0

The total number of particles with a diameter up to D;,qz, €. g., relevant for the calculation
of UFP with a diameter up to 100 nm, can then be calculated as follows:

N, InD —InD
Neum(D,) = —2 (1 f maw m 2.14
(Dy) == ( e ( Vo, )) (2.14)
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For comparison with observations, it is important to evaluate the PNC within the same size
segment, Nac(Dmin, Dmax ), where Dyin t0 Diax, correspond to the measurement size limits.
This can be calculated by subtracting the two cumulative PNC at the two size boundaries:

NfraC(Dmiru Dmax) - Ncum(Dmax) - Ncum(Dmin) (215)

Similarly, the cumulative aerosol mass up to a specific diameter Mcum(D,) can be calculated
by multiplying the cumulative volume Veum (D)) by the average density of the mode, pyy:

Ny 9 In (Dpax/Dm) — 3102 oy,
cum Dmax = 1 Dm -1 2 m 1 f
Veum ( ) exp{S nD,, + 5 "o } ( +er < Voo
(2.16)
Mcum(Dmax) = Pm V;:um(Dmax) (217)

The total mass between Dy,j, and Dpyay for comparison with observations can be calculated
with the approach outlined in Eq. 2.15.

Within GMXe, the following aerosol processes are considered:

e Primary emissions: Based on the emission fluxes calculated in OFFEMIS and
ONEMIS, primary particles are emitted in GMXe. In addition to the mass flux
(Memis), the emission median diameter dep;s, aerosol density pemis and the emission
mode must be provided. Using this information, the number of primary emitted
particles Nemis that match the mass flux can be calculated.

Nemis = Leml; . exp{—4.5ln2 am} (2.18)

T Pemis * demis
om represents the width of the log-normal mode. If the emission diameter is larger

(smaller) than the median mode diameter, the median mode diameter will increase
(decrease) accordingly.

e Inorganic aerosol thermodynamics: GMXe offers several thermodynamic models
for calculating gas-aerosol partitioning. In this work, the thermodynamic equilibrium
model ISORROPIA-II [73] is used. This model can treat the KT-Ca?T Mg*" NH, "
Nat-8042"-NO3; -Cl -H,O system by identifying the relevant subset of thermody-
namic equations and solving for the equilibrium state using chemical potential. As
a result, gas phase species can condense on existing particles or liquid species can
evaporate, depending on the equilibrium state.

e Coagulation: The description of coagulation in GMXe is adopted from the M7
model [72], with the coagulation coefficents calculated for Brownian Motion. During
coagulation, the mass of the smaller particle is transferred to the mode of the larger
particle, and insoluble particles are transferred to the soluble modes when they collide
with soluble particles.

e Mode redistribution: The processes described above can cause a shift in the median
diameter of the aerosol modes. As a result, after each time step, aerosol mass and
number is redistributed between the size modes. The part of the size distribution that
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overlaps into neighbouring boundaries is transferred to the next higher or lower bin.
This approach prevents unphysical results and effectively simulates observed growth
and shrinkage processes.

Additionally, GMXe includes a simplified mechanism for the formation of SOA. However, in
this work the submodel ORACLE [74] is used for organic gas-aerosol partitioning. ORACLE
introduces a range of organic gas phase species, classified into different volatility bins and
source sectors. The volatility classification follows the VBS approach (see Chapter 2.2.4)
[51].

While GMXe includes a parameterization for nucleation processes, it relies on older param-
eterizations of the sulfuric acid-water nucleation system [75]. Therefore, a New Aerosol
Nucleation (NAN) submodel [76] was recently developed, providing a flexible interface for
implementing new particle formation rates, primarily based on the results of the CLOUD
experiment (see Sect. 2.2.3). In standard simulations conducted in this work, the following
NPF channels are included: binary HoSO4-H2O [77], ternary HoSO4-NH3-H2O [77], syner-
gistic HoSO4-NH3-HNOg, pure organic [78], and nucleation from oxidized organic species
with sulfuric acid [79]. The CLOUD experiment also found that the presence of ions can
enhance NPF [77, 78]. Within NAN, NPF can be distinguished between ion-induced and
neutral processes. The formation of ions is calculated using the IONS submodel [76].

As discussed in Sect. 2.2.5, aerosols are removed from the atmosphere through either wet or
dry deposition. Wet deposition is handled by the SCAV submodel [80], which differentiates
between in-cloud scavenging (mostly dominant for particles with a diameter above 0.1 pum)
and impact scavenging, that relies on Brownian motion (dominant for small, fast-moving
particles). The efficiency of wet deposition depends on the solubility of the aerosol population.
Dry deposition of aerosols is managed by the DDEP submodel [81] and occurs only in the
lowermost model layer, where the atmosphere interacts with the Earth’s surface. The dry de-
position rate depends on several factors, including the aerodynamic resistance of the surface,
the particle size, the molar mass of the aerosol relative to dry air, and the thickness of the
layer. Larger particles tend to deposit due to the gravitational acceleration, while smaller par-
ticles are removed through turbulence. Both SCAV and DDEP also handle the removal of gas
phase species. Sedimentation of aerosol particles is treated by the SEDI submodel [81], which
primarily depends on the density and size of the particle, and is calculated for all model layers.

AERosol OPTical properties are calculated online with the AEROPT submodel [82] or the
new AOP submodel, either based on climatological data or coupled to GMXe using online
aerosol populations. These calculations rely on precomputed lookup tables that provide
Mie size parameters for each aerosol mode on 32 predefined wavelength bands, 16 in the
shortwave and 16 in the longwave spectrum. The output can either be used diagnostically
for comparison to satellite observations, or used for radiative transfer calculations via the
RAD submodel [82]. RAD is the MESSy implementation of the original ECHAMS5 radiation
scheme. It uses aerosol and cloud optical properties from AEROPT and CLOUDOPT
(described below), along with greenhouse gas concentrations, to simulate radiative transfer
processes based on incoming solar radiation.
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2.4.4 Additional MESSy submodels

In addition to the MESSy submodels discussed above, this work also uses the following
submodels for physical parameterizations and diagnostics:

22

ATRSEA [83] treats the exchange of gas phase species between the atmosphere and
the ocean, i.e., emission and deposition, with a focus on organic species, such as DMS,
isoprene and acetic acid.

BIOBURN calculates emissions from Biomass Burning (BB) and Agricultural Wsste
and residue Burning (AWB) based on observed dry matter burned and fire type [84,
85].

CLOUD is responsible for the calculation of cloud microphysics based on different
cloud schemes. Simulations in this thesis use the standard cloud scheme from ECHAMS5
[64].

CLOUDOPT [82] calculates cloud optical properties, based on cloud cover, liquid and
ice water, and cloud nuclei concentration, that can be used for radiative considerations.

CONVECT [80] handles convective processes based on different convection schemes.
In this thesis, the Tiedtke scheme [86] is used.

CVTRANS [87] is responsible for the convective transport of trace gases and aerosols
based on the chosen convection scheme (see above)

GWAVE treats non-orographic gravity waves from the original ECHAMS5 code [64]
based on parameterizations from Hines [88, 89].

LNOX [80] includes parameterizations of NO, (NO and NO2) from lightning. This
work uses the parameterizations from Grewe et al. [90], scaled to 2.6 Tg N per year.

MEGAN (Model of Emissions of Gases from Nature [91]) estimates biogenic emissions
from terrestrial ecosystems.

MSBM simulates the formation of Polar Stratospheric Clouds and handles strato-
spheric heterogeneous reactions [62].

ORBIT [82] calculates orbital parameters of the Earth around the sun to support
calculations on solar radiations incident on Earth.

OROGW includes parameterizations of subgrid scale orography drag based on the
original ECHAMS5 code [64]

QBO can be used for the nudging of the model to an assimilation of QBO zonal
wind observations (as done in this work), or for self-consistent free-running simulations
including the QBO.

S4D [62] samples model data along the track of a moving observatory platform, such
as aircrafts, balloons or ships. Calculations are performed online, and output can be
produced at each timestep.
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o SORBIT [62] samples model data along sun-synchronous satellite orbits, synchronising
satellite overpasses with the simulation time. This facilitates comparison of model
calculations with satellite observations.

« SURFACE is based on the original ECHAM implementation [64], and calculates
properties of the Earth’s surface and the soil.

o« TNUDGE [70] calculates pseudo-emissions (or sinks) of tracers with unknown emis-
sions, but well-known surface mixing ratios

« TROPOP [61] provides the height of the tropopause, which can be defined either
according to the WMO criteria based on the lapse rate or using potential vorticity. In
addition to computing potential vorticity, it also determines the BL height.

2.5 Ambient aerosol populations

Due to the advancing technologies in both measurement techniques and atmospheric mod-
elling, the knowledge on global ambient aerosol populations has rapidly increased over
the last decades. Observations from ground-based stations, aircrafts, balloons, ships and
satellites have been complemented with modelling results to shape a picture of global aerosol
distributions. Nevertheless, substantial uncertainties remain, particularly due to limited
measurements in certain regions of the atmosphere. This section summarizes the current
state of knowledge regarding aerosol populations across different atmospheric layers.

2.5.1 BL

Due to surface friction, wind speeds at the Earth’s surface are decelerated, and large-scale
transport is suppressed in the BL. Simultaneously, turbulent mixing leads to high dry
deposition rates at the Earth’s surface. As a result, aerosol populations in the BL are
strongly shaped by local sources and sinks, meteorology and orography, leading to a highly
heterogeneous distribution of surface aerosol.

An important measure for aerosol populations is PMs 5 concentration. Numerous studies
have combined in-situ measurements, satellite observations and atmospheric modelling [92,
93, 94, 4] to estimate global PMs 5 concentrations, exhibiting hotspots in densely populated
regions, such as East and South Asia, and over desert regions (see Fig. 2.3).

Mass spectrometers all over the globe provide valuable insights into the composition of
atmospheric aerosols in the BL [95, 96, 97, 98]. While elevated PM3 5 concentrations in
desert regions are clearly dominated by mineral dust [99], aerosol composition in other
regions of the world is more diverse. In urban areas, POA and SOA, black carbon, and
sulfate typically dominate, with notable contributions from nitrate, ammonium, and various
metals. The primary source of these particles are combustion and general industrial processes.

Aerosol populations in remote and rural regions are shaped by local land use and long-range

transport patterns. Over the ocean, sea salt particles become very important, while organic
aerosol is dominating in forest regions. Non-marine arctic and antarctic regions usually
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Figure 2.3 Surface PMs 5 concentrations, self-plotted based on pseudo-observations from van
Donkelaar et al. [92].

exhibit very low PMy 5 concentrations, reflecting minimal local emissions and limited long-
range transport.

New particle formation in the BL typically occurs under conditions of low condensational
sink and high availability of precursor gases, such as low-volatility organic compounds,
sulfuric acid, or iodic acid. Gordon et al. (2017) [100] estimated that approximately 50% of
surface-level aerosols originate from NPF. PNCs vary by several orders of magnitudes across
the BL, with strong hotspots due to local emissions [101], and quick relaxation to background
levels with distance from the source due to the short lifetime of freshly formed particles
[102]. Numerous studies have provided local high-resolution datasets of PNC and UFP
concentrations using land use regression models [101, 103, 104, 105]. However, global-scale
information on UFP remains limited.

252 FT

Knowledge of aerosol populations in the FT is primarily derived from aircraft and balloon
observations, as well as stationary measurements at high-altitude mountain sites. Aerosols
in the FT are mainly influenced by upward transport from the BL, with transport efficiency
depending on particle size, or by direct injections from elevated sources such as industrial
stacks, wildfires or volcanic eruptions. In contrast to the BL, the absence of surface friction in
the FT allows for more efficient zonal long-range transport, resulting in a more homogenized
aerosol distribution relative to local sources. The FT usually contributes less to tropospheric
AOD than the BL, with studies finding around 31% of the tropospheric attributable to the
FT globally [106] and 13-31% locally over a Chinese city (Wuhan) [107]. This contribution
is also influenced by variations in BL height, which differ between day and night.

As aerosol mass and surface concentrations decrease in the FT, the condensational and
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coagulation sinks also decrease. Consequently, if precursor gas concentrations are sufficiently
high, conditions can favour NPF, as reported in various field campaigns [108, 109, 110].
These precursor gases can originate from the surface [111, 112] transporting sulfuric acid
and Highly Oxidized Organic Molecules (HOMSs) from urban or forest regions to the FT,
from the outflow of convective clouds in marine regions [113, 114], or from the stratosphere
via stratospheric intrusions introducing high sulfuric acid concentrations in the FT [115].

2.5.3 Stratosphere (Overworld)

In 1960, Christian Junge and coworkers conducted balloon measurements in the stratosphere
to search for meteoric and cosmic dust, as well as debris from nuclear bomb tests. Instead,
they primarily found HoSO4-H2O droplets, distributing in the altitude range between 12 and
28 km [116]. Subsequent studies showed that they form a global stratospheric layer, referred
to as the Junge layer [117, 118, 119]. The lower boundary of the Junge layer is defined by the
tropopause, below which cloud processes significantly limit the lifetime of sulfate aerosols.
Above 30 km, stratospheric temperatures rise, leading to the evaporation of sulfate droplets.

The Junge layer is believed to primarily form through natural processes. In 1976, Paul
Crutzen proposed that the transport of long-lived carbonyl sulfide (OCS) to the stratosphere,
followed by its photochemical destruction, is the dominant source of background stratospheric
sulfate [120]. This theory has been supported by model studies, which show that OCS alone
is sufficient to sustain the Junge Layer [121, 122], with other short-lived sulfur compounds
contributing only minor amounts [122]. Additionally, volcanic eruptions can enhance the
Junge Layer by injecting SO directly into the stratosphere, forming sulfate droplets after
oxidation. Very strong volcanic events can potentially cause substantial negative radiative
forcing, up to —3 to —5 Wm~2 [123, 124].

While sulfate aerosols dominate the stratospheric aerosol burden, recent studies have shown
that other compounds can also be present in varying amounts [20]. Meteoric and cosmic
dust, primarily observed in the upper stratosphere and mesosphere, also influence the lower
stratosphere [125, 126, 127]. Additionally, direct injections of primary particles are observed
during volcanic eruptions, where volcanic ash is released, and after intense wildfires, which
introduce black and organic carbon through pyroconvection.

Additionally, anthropogenic and natural precursor gases and primary particles emitted at the
Earth’s surface can reach the upper troposphere through strong convective events, followed by
quasi-isentropic transport to the lowermost stratosphere or cross-isentropic into the tropical
stratosphere (see Sect. 2.1.3). This process typically occurs on local and seasonal timescales,
but can significantly enhance stratospheric burdens of ammonium, nitrate, dust and organic
carbon [20]. More detail will be given below.

254 UTLS

The UTLS marks the transition region between the troposphere and the stratosphere, con-
taining the tropopause. Thus, the UTLS aerosol burden is influenced by tropospheric and
stratospheric processes.

25



Chapter 2 Theory

The UT can be penetrated by deep convective events, which transport precursor gases and
primary aerosols, particularly in the tropics. Larger particles are generally scavenged in deep
convective clouds, resulting in a high amount of aerosol precursor gases at simultaneous low
condensational sink [128]. As a result, bursts of new particles are observed in the outflow of
these deep convective clouds [128, 129, 130, 131, 132]. This process varies across different
regions of the globe, leading to distinct aerosol patterns in the UT:

o Asian Summer Monsoon (ASM): The South and East Asian Summer Monsoon
initiates strong convective updrafts over India and China [133, 134], transporting
large concentrations of anthropogenic pollutants from densely populated regions to the
UT. In 2011, the Asian Tropopause Aerosol Layer (ATAL) was discovered with the
help of the CALIOP instrument onboard the CALIPSO satellite, occurring seasonally
from June to August [135]. Recent aircraft campaigns have revealed, that primary
particles are mostly scavenged during the convective uplift, while new particles form
and grow within the Asian Monsoon Anticyclone [132]. It has been shown that the
ATAL primarily consists of ammonium nitrate and SOA [136, 137]. The fate and global
impact of ATAL aerosol remain unclear.

e Amazon basin: With the movement of the Intertropical Convergence Zone (ITCZ),
different areas of the Amazon basin experience strong convective events at different
times of the year. During these events, large numbers of particles are created in the
Upper Troposphere. The exact mechanisms behind the particle production remain
unknown. [138, 139]

Sedimentation of aerosols from the stratospheric overworld can penetrate into the UTLS
region. While this process competes with the slow adiabatic ascent in the tropics, large scale
subsidence in the extratropics leads to transport into the LS. These particles can be further
transported into the UT and vice versa. Additionally, stratospheric intrusions influence the
tropical UT in a similar way as the FT, particularly in mid-latitudes.

2.6 Implications of (anthropogenic) atmospheric aerosols

The discussed properties of atmospheric aerosols have significant implications for the atmo-
sphere. Most importantly, atmospheric aerosols, whether natural or anthropogenic, influence
local and global climate, public health, the ozone layer, and the hydrological cycle. The
effects are often contradicting, making policy on atmospheric aerosols particularly challenging.

In Sect. 2.2.2, the interaction of aerosols with radiation and clouds were discussed. First,
aerosol scattering and absorption of light directly affects Earth’s radiative balance, and
anthropogenically induced enhancements of the atmospheric aerosol burden exert a direct
radiative forcing. Second, cloud albedo is very sensitive to increasing CCN concentra-
tions, leading to a longer cloud lifetime and brighter clouds. This results in an indirect
radiative forcing. The latest IPCC report from Working Group I [1] calculated a total
aerosol radiative forcing from both direct and indirect effects between 1750 and 2019 of
—1.06 W m™2, while the respective uncertainties exceed the uncertainties of all other con-
tributors and dominate the uncertainties of the total anthropogenic radiative forcing. This
translates to a cooling of the atmosphere of 0.51°C due to anthropogenic aerosol. Similarly,
Lelieveld et al. [140] concluded, that a reduction in fossil fuel emissions would lead to a
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warming of 0.51 °C, while reducing all pollution particles would result in a warming of 0.73 °C.

In general, aerosols have a much shorter lifetime compared to greenhouse gases [1]. As a
result, the reduction of combustion processes and fossil fuel emissions to reduce anthropogenic
CO2 emissions could lead to an additional short-term warming of the atmosphere, as the
provided ”cooling shield* of anthropogenic aerosol will diminish before the onset of the
beneficial effects of the reduced greenhouse gas concentrations.

However, the overall positive climate effects of anthropogenic aerosol is only one side of the
coin. Enhanced aerosol concentrations lead to a wide range of additional consequences for
the atmosphere, biosphere and humanity in general, that call for a reduction of emissions of
aerosol and precursor gas emissions.

Fine particulate matter (PMs5) and UFP exposure are strongly associated with respiratory
and cardiovascular diseases, neurodegenerative conditions, and premature mortality [2, 3, 4,
5]. Urban centres, where aerosol emissions are concentrated, face disproportionate health
burdens. Furthermore, heterogeneous reactions on aerosol surfaces influence the concentra-
tions of reactive gases such as ozone (Oz) and nitrogen oxides (NOx) with additional health
effects [141, 142, 143].

Additionally, stratospheric aerosol both, from natural and anthropogenic sources, provides
surfaces for heterogeneous reactions. Most prominently, this impacts catalytic reactions, lead-
ing to depletion or enhancement of the stratospheric ozone layer, depending on atmospheric
chlorine concentrations [10, 11]. Volcanic eruptions in the recent past (including Pinatubo)
have led to a depletion of ozone owing to the activation of chlorine species on the surfaces of
volcanic aerosols. However, as atmospheric chlorine concentrations decrease, increased aerosol
surfaces likely exert a positive influence on the ozone layer. This anticipated shift arises
because, at sufficiently low halogen concentrations, the effect of removing ozone-destroying
NO, species on aerosol surfaces can outweigh the catalytic ozone depletion effect associated
with chlorine species [10], depending on latitude and altitude.

Additional consequences of anthropogenically enhanced aerosol include:

o Aerosols modify cloud microphysics, suppressing precipitation in some regions while
intensifying storms in others [144, 145].

e High aerosol concentrations result in haze, reducing visibility and affecting both
aesthetics and transportation [146, 147].

o Aerosols deposit harmful substances, such as heavy metals and acidifying compounds,
onto land and water, disrupting ecosystems and biodiversity [148, 149].

One proposed solution to this dilemma is solar radiation modification [150], injecting aerosols
or their precursors into the stratosphere to reflect incoming short-wave radiation back into
space. While this could potentially mitigate some of the negative consequences of global
warming, it also carries significant risks [151, 152]. These radiation modifications would
affect the Earth’s radiative balance through a different mechanism than greenhouse gases,
and would additionally perturb the Earth’s atmosphere with unforeseeable consequences for
the hydrological cycle, stratospheric ozone, the biosphere and humanity in general. Moreover,
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such an approach would require global cooperation and long-term planning, with drastic
consequences of sudden modifications.

A comprehensive understanding of global aerosol distributions in the lower atmosphere and
the processes that govern these distributions is essential for mitigating anthropogenic impacts
on Earth’s atmosphere. The work presented here aims to contribute to this understanding.

2.7 Structure & goal of the thesis

This thesis is primarily based on 3 studies: one published, one accepted for publication, and
one to be submitted, presented in Chapters 3, 4 and 5. I am the first author of these studies.
Chapter 6 outlines additional work I significantly contributed to. All of the presented work
involves numerical atmospheric chemistry simulations, with a particular focus on global
aerosol distributions.

The overarching goal of the thesis is the improvement of aerosol simulations from the Earth’s
surface to the stratosphere using the EMAC model, addressing the research gaps and uncer-
tainties outlined earlier. The key outcome is one comprehensively evaluated model setup that
focuses on global aerosol distributions across all layers of the Lower Atmosphere. This setup
serves as the basis for both current and future studies that contribute to our understanding of
global aerosol distributions and their implications for climate, public health, the hydrological
cycle and atmospheric chemistry.

Chapter 3 presents the first global simulation of UFP concentrations, downscaled to a
horizontal resolution of 10 x 10km. To achieve this, particle emission distributions have
been optimized, and nucleation channels evaluated. Global data on UFPs are crucial for
cohort studies investigating the relationship between diseases and UFP exposure, as well
as for estimating the health effects on a global scale, which can inform policy decisions.
Additionally, improvements in modelling nucleation and primary emissions at the Earth’s
surface are essential for accurately simulating the transport of both primary and secondary
particles to higher altitudes that is strongly size dependent.

Another key component missing for atmospheric chemistry simulations from the surface
to the stratosphere was the consistent inclusion of emissions from volcanic eruptions in
standard model setups. While a comprehensive amount of volcanic studies with EMAC have
been conducted, these simulations typically relied on manual adjustments to account for
volcanic events, and a standardized treatment of stratospheric SO2 emissions was lacking.
Chapter 4 addresses this gap by presenting the implementation and evaluation of the new
MESSy submodel for Explosive Volcanic ERuptions (EVER). The new submodel handles
emissions of gas and aerosol species with varying vertical shapes. A standard setup has
been developed and evaluated, covering the period from 1991 to the end of 2023, which
automatically includes all stratospheric SO2 emissions based on the emission inventory by
Schallock et al. [123].

By combining the tropospheric model configuration used for simulating surface UFP and
PMj 5 concentrations with the stratospheric setup previously applied to volcanic eruptions,
and integrating the newly developed EVER submodel, a unified model configuration for
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atmospheric aerosols from the surface to the stratosphere has been established. The aerosol
size distribution was adjusted to represent all layers in the lower atmosphere, and the evapo-
ration of sulfate particles has been included. The model setup is presented and evaluated in
Chapter 5, demonstrating reasonable agreement with observations across all layers of the
lower atmosphere. Based on this setup, global aerosol distributions of aerosol mass, number
concentrations, and chemical composition are presented in the BL, the FT, the UTLS, and
the stratospheric overworld.

The newly developed model setup enables the investigation of global aerosol distributions,
as well as studies on specific atmospheric processes with global implications. Chapter 6
provides an overview of additional studies in which I participated as a co-author, primarily
in collaboration with observational research groups. These studies focused particularly on
the Amazon Basin, the South Asian monsoon system, the impacts of volcanic eruptions, and
further applications related to UFP.
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3 CHAPTER

Global ultrafine particle concentrations at the
Earth’s surface

This chapter presents a research article published in the journal Atmospheric Chemistry &
Physics. 1 am the first author of and the main contributor to this paper. I performed the
model simulations with Andrea Pozzer and Sourangsu Chowdhury. I analysed the model
results, evaluated the simulation and developed the downscaling procedure. I prepared the
manuscript and made all figures. More detailed information on the Author contributions are
provided at the end of the paper.
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Y., Tripathi, S. N., Sebastian, M., Pandithurai, G., Wang, H., and Pozzer, A.: Numerical
simulation and evaluation of global ultrafine particle concentrations at the Earth’s surface,
Atmos. Chem. Phys., 23, 13191-13215, https://doi.org/10.5194/acp-23-13191-2023,
2023.
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Abstract. A new global dataset of annually averaged ultrafine particle (UFP) concentrations at the Earth’s
surface for the years 2015-2017 has been developed through numerical simulations using the ECHAM/MESSy
Atmospheric Chemistry model (EMAC). We present total and size-resolved concentrations along with their inter-
annual variability. Size distributions of emitted particles from the contributing source sectors have been derived
based on literature reports. The model results of UFP concentrations are evaluated using particle size distribu-
tion and particle number concentration measurements from available datasets and the literature. While we obtain
reasonable agreement between the model results and observations (logarithmic-scale correlation of r = 0.76 for
non-remote, polluted regions), the highest values of observed, street-level UFP concentrations are systematically
underestimated, whereas in rural environments close to urban areas the model generally overestimates observed
UFP concentrations. As the relatively coarse global model does not resolve concentration gradients in urban
centres and industrial UFP hotspots, high-resolution data of anthropogenic emissions are used to account for
such differences in each model grid box, obtaining UFP concentrations with unprecedented 0.1° x 0.1° hori-
zontal resolution at the Earth’s surface. This observation-guided downscaling further improves the agreement
with observations, leading to an increase in the logarithmic-scale correlation between observed and simulated
UFP concentrations to r = 0.84 in polluted environments (and 0.95 in all regions), a decrease in the root mean
squared logarithmic error (from 0.57 to 0.43), and removal of discrepancies associated with air quality and pop-
ulation density gradients within the model grid boxes. The model results are made publicly available for studies
on public health and other impacts of atmospheric UFPs, as well as for intercomparison with other regional and
global models and datasets.

Published by Copernicus Publications on behalf of the European Geosciences Union.

34

9|0IlJe yodleosay



13192

1 Introduction

Atmospheric aerosols in various size ranges have a signif-
icant impact on public health, the hydrological cycle and
climate. Close to the Earth’s surface, aerosol particles are
among the main pollutants and drivers of atmospheric chem-
istry in the boundary layer, being directly relevant for human
health (Burnett et al., 2014; Pope and Dockery, 2006; Cohen
et al., 2005). At the same time, aerosols can directly scatter
and absorb solar and thermal radiation, altering the radiative
balance of the Earth’s atmosphere (e.g. Bellouin et al., 2020).
Furthermore, atmospheric aerosols act as cloud condensation
nuclei (CCN) and thus influence cloud formation processes
and cloud properties. Consequently, changes in CCN concen-
trations may affect the hydrological cycle and indirectly the
radiative balance of the Earth’s atmosphere by altering cloud
cover and albedo (e.g. Christensen et al., 2020; Lohmann and
Feichter, 2005; Twomey, 1959).

Recently, multiple studies have concluded that the expo-
sure to particulate matter air pollution from a variety of
sources has major implications for public health (Lelieveld
et al., 2020, 2015; Chowdhury et al., 2022). The latest Global
Burden of Disease study has associated 4.2 million deaths
globally with the exposure to ambient particulate matter with
an aerodynamic diameter smaller than 2.5 um (PM;5) and
0.37 million deaths to ambient ozone pollution (Murray et al.,
2020). Evidence presented in recent studies indicates that the
long-time exposure to high concentrations of ultrafine par-
ticles (UFPs), i.e. particles with an aerodynamic diameter
smaller than 100 nm (WHO, 2006) which barely contribute
to PM5 5 mass, significantly impacts human health, leading
to the increased incidence of cardiovascular and cerebrovas-
cular diseases (Downward et al., 2018; Delfino et al., 2005;
Stone et al., 2017). The health impacts of UFPs may be at-
tributed to their high potential to penetrate more deeply into
the lungs and potentially into the bloodstream compared to
coarser size particles (Schraufnagel et al., 2019; Schrauf-
nagel, 2020; Hong and Jee, 2020).

Reflection and absorption of solar radiation can be ne-
glected for UFPs as the scattering and absorption coeffi-
cients typically peak at particle diameters between 400 and
1000 nm. However, aerosol particles with a minimum diam-
eter of approximately 40 nm and larger can serve as CCN,
while particle numbers strongly decrease for sizes greater
than 200-300 nm in general (Andreae, 2009). Thus, UFPs
significantly contribute to CCN concentrations.

Atmospheric aerosols can either be directly emitted into
the atmosphere (primary) by natural or anthropogenic pro-
cesses or be nucleated from precursor gases (secondary),
with the latter being considered to be the largest source of
atmospheric aerosols (Gordon et al., 2017). Freshly nucle-
ated secondary particles usually have a diameter between 1
and 20 nm (Curtius, 2006) and can grow by coagulation and
condensation of trace gases (Kulmala et al., 2004). While pri-
mary aerosols from natural sources (e.g. desert dust and sea
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salt) are emitted at diameters predominantly in the microme-
tre range and larger (Dentener et al., 2006), anthropogenic
particles (e.g. from combustion processes) are usually emit-
ted at much smaller sizes, contributing to UFPs (Kwon et al.,
2020; Paasonen et al., 2016).

Despite the importance of UFPs for atmospheric processes
and human health, very little is known about their global dis-
tribution at the Earth’s surface. A simulation of global par-
ticle number concentrations at the Earth’s surface was per-
formed by Gordon et al. (2017), however focusing on new
particle formation (NPF) and CCN up to an altitude of 460 m
above the surface, and by Chen et al. (2021) with a nested
high-resolution simulation over eastern Asia (0.33° x 0.33°)
and a particular focus on organic aerosols. Local (surface
or vertical) distributions of particle number concentrations
and size distributions were measured and modelled by Ket-
zel et al. (2021) and Frohn et al. (2021, both street- and
address-level UFP concentrations in Denmark), Fountoukis
et al. (2012) and Saha et al. (2021, high-resolution UFP con-
centrations over Europe and the United States, respectively),
Kukkonen et al. (2016, dispersion of particle numbers in
European cities), Franco et al. (2022, NPF and growth in
the Amazon rainforest), Williamson et al. (2019) and Liu
and Matsui (2022, both NPF and the contribution of organic
aerosols in the remote atmosphere from the surface to the up-
per troposphere), and Weigel et al. (2021, NPF in the South
Asian monsoon).

Thus, present knowledge on global surface UFP concen-
trations is mostly limited to local model studies and in situ
measurements of particle size distributions (PSDs), from
which UFP concentrations can be inferred. While the num-
ber of PSD measurements is increasing (Wu and Boor, 2021;
Rose et al., 2021), they are still sparse and mostly not con-
tinuous over time. Furthermore, there are no clear method-
ological guidelines for measuring PSDs or particle number
concentrations (PNCs) (Trechera et al., 2023), and measure-
ment size limits vary greatly. However, new recommenda-
tions have recently been suggested (CEN/TS 17434:2020,
2020; CEN/TS 16976:2016, 2016; ACTRIS, 2021).

To generate a first, global, annually averaged UFP dataset
for the years 2015-2017 we used the ECHAM/MESSy At-
mospheric Chemistry model (EMAC; Jockel et al., 2006),
including gas-phase and heterogeneous chemistry with com-
prehensive chemical mechanisms, aerosol microphysics with
size-resolved particulate matter and cloud interactions. Such
data can be applied to investigate the impact of UFPs on pub-
lic health, CCN formation and cloud properties, as well as for
intercomparison studies with other regional and global mod-
els and datasets.

Several emission inventories describe the total emitted
mass of aerosol and gas species on a global grid (e.g. Hoesly
et al., 2018; Crippa et al., 2020; Granier et al., 2019). How-
ever, the inference of the number of emitted particles is very
sensitive to their size distribution as small changes can lead
to large deviations in the resulting particle number concen-
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trations. Information on these size distributions is rare, and
the uncertainties are high (Paasonen et al., 2016). For that
reason we use existing information on PSDs of emitted parti-
cles from the literature and evaluate our results against mea-
surement data in China, India, Europe, the United States and
various remote regions.

Another challenge in the global modelling of UFPs is
the limited model resolution. Studies showed that UFP con-
centrations return to background levels within a distance of
about 1000 m from the source (e.g. Karner et al., 2010, for
roadways). Thus, UFP concentrations can show sharp urban
to rural gradients (e.g. Saha et al., 2021) that cannot be cap-
tured efficiently by a global model that is limited in the hor-
izontal grid size. As a result, high local UFP concentrations
in densely populated urban areas may be artificially diluted
by the surrounding regions in the grid boxes. This may result
in an underestimation of UFP concentrations in city centres,
while concentrations in remote regions close to urban areas
may be overestimated. This shortcoming in the evaluation of
model results is studied in depth as the inability of localized
measurements to represent the grid box environment (repre-
sentation error) in Schutgens et al. (2016a, b, 2017).

The correlation between the underestimation of the model
on the one hand and local high-resolution anthropogenic
emissions at the measurement sites relative to the average
anthropogenic emissions at model resolution on the other
hand is used here to derive UFP concentrations at 0.1° x 0.1°
horizontal resolution. We show that this improves the agree-
ment between observations and simulations, reduces the spa-
tial representation error, and decreases inconsistencies intro-
duced by the difficulties of the coarse model resolution to
capture population density and air pollution gradients.

2 Global model and methods

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model (Jockel et al., 2006) is a combination of the fifth-
generation European Centre Hamburg general circulation
model, ECHAMS (Roeckner et al., 2003), which serves as
the dynamical base model, and the second version of the
Modular Earth Submodel System, MESSy2 (Jockel et al.,
2010), comprising various submodels that describe the chem-
istry and physics of the atmosphere.

The simulation used for this study is performed at a spec-
tral, horizontal resolution of T63 (1.875° x 1.875° or ap-
prox. 180 x 180 km at the Equator) with 31 vertical, hybrid
terrain-following and pressure levels up to 10hPa altitude
and the surface level extending up to approximately 45-70 m
above the surface, depending on latitude and season. The
model simulation is “nudged” (Jeuken et al., 1996; Jockel
et al., 2006) towards meteorological reanalysis data of the
years 2014-2017 (ERA-Interim; Berrisford et al., 2011) from
the European Centre for Medium-Range Weather Forecasts
(ECMWF).
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Global anthropogenic emissions of reactive gases and
aerosols at the surface from the simulated years are taken
from the Community Emissions Data System (CEDS; Mc-
Duffie et al., 2020a, b). We consider primary emitted black
carbon (BC), organic carbon (OC) and sulfate (SO4; 2.5 %
of SO, emissions according to Dentener et al., 2006) as di-
rect aerosol sources at the surface. The CEDS anthropogenic
emissions from the sectors energy generation (ENE), in-
dustries (IND), land transportation (TRA), domestic energy
use (DOM), waste (WST), agricultural soils (AGR), solvent
production and application (SLV; no primary particle emis-
sions), and ship and other navigation (SHIP) are consid-
ered. Emissions from biomass burning (BB) and agricultural
waste and residue burning (AWB) were calculated daily us-
ing the BIOBURN submodel based on observed dry mat-
ter burned and fire type compiled by Andreae (2019). The
biomass burning emissions for OC and BC were increased
by a factor of 4.48 and 2.8, respectively, based on the work
of Pan et al. (2020) and a comparison with observations in
the Amazon Basin (Holanda Bruna, personal communica-
tion, 2023). Aircraft emissions of reactive gases, BC and
OC were taken from the CAMS global aviation emissions
(CAMS-GLOB-AIR; Granier et al., 2019). Sea salt (see al-
gorithm from Guelle et al., 2001) and dust emissions (see
algorithm from Klingmiiller et al., 2018) are calculated on-
line using the submodel ONEMIS (Kerkweg et al., 2006).
All emissions are distributed to six different emission height
levels based on the description by Pozzer et al. (2009).

Aerosols are treated using the MESSy submodel GMXe
(Pringle et al., 2010). Aerosol microphysics are based on
aerosol size distributions with currently seven interactive
lognormal modes that cover the typical size spectrum of
aerosol species and differentiate into four hydrophilic (nucle-
ation, Aitken, accumulation and coarse) and three hydropho-
bic (Aitken, accumulation and coarse) aerosol modes. All
aerosols are approximated as spherical particles. The prop-
erties of aerosols in each mode are completely defined by
the total mass (internal mixture of contributing species), den-
sity, number concentration, median radius and width of the
lognormal distribution. After each simulation step aerosols
may transfer between modes depending on size changes. Or-
ganic aerosol species are additionally described by the Or-
ganic Aerosol Composition and Evolution (ORACLE; Tsim-
pidi et al., 2018) submodel, taking into account the parti-
tioning between aerosols and the gas phase. ORACLE dis-
tinguishes between primary and secondary organic aerosols
from different sources and volatilities (in up to five logarith-
mically spaced saturation concentration bins, ranging from
1072 to 10° ugm~3, depending on the emission sector).

Heterogeneous and gas-phase chemistry are treated with
the submodel MECCA (Sander et al., 2019) with the Mainz
Isoprene Mechanism (MIM1; Poschl et al., 2000; Jockel
et al., 2000) as the chemical mechanism, comprising more
than 100 gas-phase species and more than 250 reactions.
Dry deposition, sedimentation and wet deposition are simu-
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lated with the submodels DDEP, SEDI (both Kerkweg et al.,
2006) and SCAV (Tost et al., 2006), respectively. The sub-
model NAN (Ehrhart et al., 2018) is used to estimate bi-
nary and ternary nucleation following Dunne et al. (2016),
pure organic nucleation (Kirkby et al., 2016), and nucleation
from oxidized organic species and sulfuric acid (Riccobono
et al., 2014). The parameterization of ion-induced nucleation
is included in NAN, using ion pair production and steady-
state ion concentrations from the submodel IONS (Ehrhart
et al., 2018). IONS calculates the ion pair production from
galactic cosmic rays and from radon decay. The latter is
obtained from the diagnostic radon (DRADON) submodel
(Jockel et al., 2010).

Aerosols at the surface simulated with the EMAC model
have been extensively evaluated in many publications, with a
focus on either PMj 5 mass or aerosol optical depth (Pozzer
etal., 2012, 2015; Lelieveld et al., 2019; Pozzer et al., 2022).
Chowdhury et al. (2022) conducted an evaluation for aerosol
optical depth, PM> s, and black carbon and organic aerosols
in PM» 5 using a similar setup as used in this study.

The number of emitted aerosols (Nqer) is calculated as

e exp (—4.51n201n> , (1
T - Paer dmed

where the emitted aerosol mass M, is given by the respec-
tive emission dataset. puer is the density of the considered
aerosol species, and oy, is the width of the lognormal mode
in the model. The fraction is just the geometrical derivation
of the number of spherical particles from total mass, given a
diameter dp,eq, While the exponential function corrects for the
lognormal volume distribution (compare Eqgs. 8.34 and 8.51
from Seinfeld and Pandis, 2016). The median diameter of the
emitted particles (dmeq) depends on the considered sector and
species. As Nyer x 1/ dgle - the number of emitted particles is
highly sensitive to the emission median diameter; i.e. a dou-
bling of the diameter leads to a reduction in the number of
emitted particles by a factor of 8.

In order to emit the aerosols with a realistic size distribu-
tion for each sector, a detailed investigation of the emission
size distributions is performed based on the findings of Paa-
sonen et al. (2016). Paasonen et al. (2016) used an emission
model (Amann et al., 2011) in combination with emission
factors and size distributions from the literature in order to
obtain global emission particle size distributions for differ-
ent sectors. As the median emission diameter dpeq is a global
quantity in the EMAC model, we derived the median of the
present global size distributions from Paasonen et al. (2016)
and used them as dpeq for the corresponding sectors in our
model. The distributions along with their median diameters
are depicted in Fig. 1.

Additionally, the aerosol median emission diameter from
biomass burning and AWB is estimated to be 130 nm based
on the average of multiple studies on biomass burning emis-
sions summarized in a review (Reid et al., 2005), confirmed
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by Janhill et al. (2010, who measured 120 nm) and the re-
spective size distribution from Paasonen et al. (2016) for
AWB (median diameter of 126 nm). Ship aerosol emissions
are assumed to be represented by a median diameter of 40 nm
based on studies by Kasper et al. (2007, who found 20—
40nm for low-speed marine diesel engines), Diesch et al.
(2013, small nucleation mode from 10-20nm and Aitken
mode around 35 nm) and Petzold et al. (2008, 52 nm in fresh
plume and up to 100 nm in aged plume). Aerosols from air-
craft emissions are emitted at a diameter of 40 nm as well,
based on studies from Petzold and Schréder (1998) and Pet-
zold et al. (2003), who distinguished a mode between 30 and
45 nm and an additional smaller accumulation mode around
180 nm. Dust particles are emitted only in the accumulation
and coarse modes according to Klingmiiller et al. (2018) and
play a negligible role in UFP concentrations (d’Almeida,
1987). For the emissions of sea salt we use the diameters
from the algorithm of Monahan (1986), also only emitting
particles in the accumulation and coarse modes.

As only a few measurements of PSDs are available, which
can be used to directly infer UFP concentrations, measure-
ments of total PNCs are additionally used for the model eval-
uation as they are often dominated by UFPs, especially close
to UFP sources (e.g. Baldauf et al., 2016; Kumar et al., 2014).
Figure 2 shows a typical simulated PSD (blue line) as the sum
of the four soluble and three insoluble modes. The solid red
line shows the upper bound for UFPs at 100 nm. The dashed
red line is the variable lower bound, used exclusively for
comparison to observations, as measurement devices entail
a cut-off particle diameter below which no particles are de-
tected. The published global UFP dataset includes arbitrarily
small particles and does not use a lower cut-off value.

The UFP concentration in the simulation Nygp is cal-
culated using the particle number concentration Ny ;, the
width o; and the median diameter Dy, ; of each mode i:

7
Noot. i In(Dyp/ D i
Nugp = E oLt -{erf ( up/ m’l)
—~ 2 V21n(o;)

In (Dlow/Dm,i) }
—erf| ————= , 2
. ( V2In(a;) ) @

where Dy, is the fixed upper bound of 100 nm, and D)oy is
the variable lower detection limit associated with the mea-
surement device below which no particles can be detected.
The cut on the detection limit is applied on the simulation for
comparisons with observations. For the final global dataset
we report the total number of UFPs, and thus Doy is set to
0 nm, and the second error function in Eq. (2) equates to —1.

The total PNC is the sum of the particle number con-
centrations Ny ; for each mode (i.e. Dyp = +00, and the
terms in the curly brackets in Eq. (2) add up to +2 for
Diow = 0). However, PNC measurements also have a lower
cut-off value, which has to be considered for model evalua-
tion when comparing simulated and measured PNCs.
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Figure 1. Normalized size distributions of primary emitted particles from different sectors (IND: industries, ENE: energy generation, TRA:
land transportation, AGR: agricultural soils, WST: waste, DOM: domestic energy use) taken from Paasonen et al. (2016) with corresponding
median diameters derived from these distributions (black line). The median diameters are taken as median diameters for the sector emissions

in our simulation.
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Figure 2. Typical particle size distribution (PSD) taken from the
simulation in an urban region. The dashed lines represent the sol-
uble and insoluble aerosol modes. The PSD is the sum of all these
modes (blue line), typically dominated by the soluble modes. UFPs
are defined as all particles with a diameter below 100 nm (right red
line), while the total particle number concentration is the full inte-
gral over the PSD. For comparison between observed and simulated
concentrations, the lower bound (dashed red line) is considered a
cut-off, which depends on the detection limit of the measurement
device. The final dataset includes all UFPs without lower bounds.

3 Observations

In order to evaluate the simulated UFP concentrations from
the EMAC model, observations were collected from different
stationary measurement sites at the Earth’s surface with a fo-
cus on polluted regions. The simulation has been performed
for the years 2015-2017 with 1 year of spin-up (2014),
whereas we evaluated the simulation for the year 2015 only.
Thus, if available, the simulations were compared to observa-
tions in 2015. However, to increase the number of available
datasets to compare with simulation results, we additionally
used annual averages of observed UFP concentrations and
PNCs from all available years for the evaluation. This is
noted accordingly in the following sections. Observational
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data were collected for UFP concentrations and PNCs and
were compared to the respective calculated simulated values
according to the lower cut-off value of the respective mea-
surement devices. The sources of the observational data of
UFPs (derived from PSDs) and PNCs are listed below.

3.1 EBAS

EBAS is a database for atmospheric measurement data oper-
ated by the Norwegian Institute for Air Research (NILU) and
contains measurements for different programmes of which
we used the following:

— The European Monitoring and Evaluation Programme
(EMEP) monitors air pollutants in Europe.

— The Global Atmosphere Watch — World Data Centre for
Aerosols (GAW-WDCA) is a data repository for mi-
crophysical, optical and chemical properties of atmo-
spheric aerosol.

— The Aerosol, Clouds and Trace Gases Research In-
frastructure (ACTRIS) contains long-term atmospheric
measurement data.

The data were obtained from the EBAS database (http://
ebas.nilu.no/, last access: 17 February 2022). We analysed
all available PSDs (mostly in Europe and remote regions)
and PNC measurements (Europe, North America and remote
regions) taken in 2015.

3.2 Field measurements, literature and published
datasets

We derived UFP concentrations from PSDs measured by
groups involved in the present study in India, China and
the Amazon rainforest. In India PSDs were measured in
Delhi (Thamban et al., 2021), Mahabaleshwar and Hyder-
abad (both Sebastian et al., 2022). Measurements in China
were taken in Shanghai (unpublished), Beijing (Liu et al.,
2020), Lin’an (Shen et al., 2022) and Gucheng (Li et al.,
2021). Additionally, we used measurements from the Ama-
zon Tall Tower Observatory (ATTO) centrally located in
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the rainforest in Brazil, about 150 km northeast of Manaus
(Franco et al., 2022). The observational datasets are comple-
mented by including literature and published datasets from
China and India (Gani et al., 2020; Wu et al., 2008), as well
as from the Atmospheric Tomography mission (ATom) air-
craft campaign (Brock et al., 2019).

4 Results

Annual averages of modelled UFP (UFPy) concentrations
in 2015 on a global scale are displayed in Fig. 3, ranging
from about 40 cm™> over parts of the ocean to up to more
than 12000 cm~3 in China, India, Indonesia and Papua New
Guinea (considering averages over model grid boxes). UFPy
concentrations are generally high across Europe, ranging
from 2000 to 6000 cm™3; however, they are lower than in
several Asian hotspot areas. In North America, UFPy; con-
centrations are simulated to be higher along the East Coast,
with additional hotspots in and around the big cities along
the West Coast, reaching up to 8000 cm ™3 in and around San
Francisco and Los Angeles. We also simulate high UFPy;
concentrations close to 10000cm™ in the West Coast of
South America and regional enhancements along the East
Coast. Southern Australia, northern Africa and the Middle
East (the Persian Gulf region) also show enhanced UFPy
concentrations exceeding 8000 cm ™3,

Continental polar regions in North America, Europe, Asia
and Antarctica are simulated to have UFPy; concentrations
mostly below 500 cm ™~ due to the absence of pollution par-
ticle sources. Low UFPy; concentrations (down to 150 cm™?)
are also simulated across the Amazon rainforest and in major
desert regions (e.g. the Sahara). However, there is a lack of
measurement data of PNCs and UFP concentrations in desert
regions that hinders the evaluation of the model results. Low
UFP concentrations in the boundary layer over the Amazon
forest have been reported previously and have been attributed
to missing sources of primary UFPs and the growth of sec-
ondary particles during transport from the upper troposphere
through the condensation of oxidized organic species, reach-
ing the boundary layer through convective downdrafts (Zhao
et al., 2020; Wang et al., 2016; Andreae et al., 2018).

UFPy concentrations over the oceans are highly variable,
with relatively high values exceeding 2500 cm ™~ over the Pa-
cific and Indian oceans downwind of pollution sources on
land and very low values below 50cm™3 over the South-
ern Ocean and tropical Atlantic and Pacific oceans. Low
UFP concentrations in the tropical ocean environment have
been observed by the ATom aircraft campaign as well, po-
tentially caused by the efficient removal of small particles
by coagulation and again the downward transport of aged
secondary particles from the upper troposphere (Williamson
et al., 2019).

PNCs were previously modelled by Gordon et al. (2017)
at relatively low global resolution, Saha et al. (2021) for
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the United States only and Chen et al. (2021) with a fo-
cus on eastern Asia. Gordon et al. (2017) concentrated on
cloud condensation nuclei and averaged over a vertical col-
umn of 460 m. We generally simulate higher concentrations
compared to Gordon et al. (2017), mostly capturing UFP
hotspots, in accordance with observations, especially after
the redistribution based on anthropogenic emissions (see
Sect. 4 and 4.2). The comparably lower concentrations sim-
ulated by Gordon et al. (2017) might partially result from the
larger vertical column in the simulation, the coarser resolu-
tion or the different emission diameters (globally 60 nm for
all fossil-fuel-related emissions). Our simulated UFP con-
centrations agree very well with the PNC simulation from
Chen et al. (2021) in most continental regions, especially
in Europe, North and South America, Africa, Australia, and
eastern Asia (which they focused on). However, simulated
PNGC:s in India are considerably lower than our UFP concen-
trations (supported by observations; see Sect. 4.1.3). Addi-
tionally, we simulate higher UFP concentrations at marine
southern mid-latitudes (in reasonable agreement with mea-
surements taken during the ATom campaign; see Sect. 4.1.5)
than Chen et al. (2021).

The simulated spatial distribution of UFPs over the con-
tiguous United States matches that of Saha et al. (2021).
They used a land use regression model to produce a high-
resolution (200 x 200 m) product of UFP concentrations. We
reach similar values in the urban regions in the United States
after the redistribution based on anthropogenic emissions as
described in Sect. 4.2; however the values are still lower than
the highest values simulated by Saha et al. (2021). The dif-
ference might be due to the fact that UFP concentrations are
a subset of PNCs. Ketzel et al. (2021) simulated PNCs at
the street- and address-level on the same order of magnitude
as our simulation up to the urban background level but with
much higher peak values, reaching more than 30000 cm~3
in traffic hotspots, which we cannot resolve. Our simulated
UFP concentrations are much lower than the modelled re-
sults from Fountoukis et al. (2012), which reach around
20000 cm~3, even for background regions in Europe in May
2008, and up to more than 100 000 cm~3 in local hotspots in
southeastern Europe. However, the general increasing trends
from western to eastern Europe agree.

Trechera et al. (2023) analysed observations of PNCs and
UFP concentrations in Europe from 2017 to 2019, focus-
ing on daily and seasonal patterns, UFP drivers, and regional
trends. They again find increasing UFP concentrations from
northern to southern and from western to eastern Europe. Our
simulation also exhibits the west—east tendency in Europe,
however no clear pattern from north to south. Seasonality
and drivers of UFP concentrations and composition will be
the subject of follow-up studies.

UFPs have widely differing size distributions across the
globe. Figure 4 illustrates this based on three size bins, i.e.
1.7-20, 20-50 and 50-100 nm. Freshly nucleated particles
between 1.7 and 20 nm mostly dominate in remote environ-
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Figure 3. Annual average of global UFP concentrations simulated with EMAC for the year 2015 at model resolution of 1.875° x 1.875° and

from the lowest vertical model level (surface level).

ments, especially over oceans. PSDs usually peak at diam-
eters between 20 and 50 nm in polluted regions, represent-
ing a mixture of freshly emitted primary particles from fos-
sil fuel combustion and rapidly grown secondary particles.
Biomass burning particles are typically emitted at larger di-
ameters (see Fig. 1). Additionally, high concentrations of or-
ganic vapours lead to strong condensational growth in forest
regions. Thus, UFPs are dominated by 50-100 nm particles
there.

The interannual variability in UFP concentrations is pre-
sented in Fig. 5. We observe strong interannual variation, ex-
ceeding 1000cm ™3 and (up to 50 %) along the Intertropi-
cal Convergence Zone (ITCZ), which is mostly caused by
meteorological differences in the different years, potentially
caused by the strong El Nifio in 2015, followed by weaker
La Nifia and El Nifio events in 2016 and 2017. The meteo-
rological influence on UFP concentrations could be the ba-
sis for future studies. We additionally find absolute interan-
nual variation exceeding 1000 cm™3 over polluted regions,
although below 20 % in relative terms. This is mostly due
to a decreasing trend in emissions over southern and eastern
Asia, Europe, and the United States. However, we observe an
increasing trend in UFP concentrations over parts of Africa,
especially over Nigeria and South Africa.

4.1 Evaluation

In the following, we present the evaluation of the simu-
lated UFPy concentrations based on observational data. Sec-
tion 4.1.1 to 4.1.4 evaluate urban and rural regions in four
comparably highly polluted regions for which measurement
data are available, namely Europe, North America, India and
China. In Sect. 4.1.5 remote regions in polar, forest, moun-
tain and ocean environments with a lower population den-
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Figure 4. Fraction of UFPs in different size ranges, represent-
ing freshly nucleated particles (1.7-20 nm), fossil fuel emissions or
grown nucleation particles (20-50 nm), and further grown or larger
emitted particles (50—100 nm).

sity are evaluated. Mountain environments are defined cover-
ing altitudes from 1500 to 3000 m a.s.1., while measurements
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Figure 5. Absolute interannual variation in UFP concentrations cal-
culated based on the years 2015-2017. It is defined by the maximum
minus the minimum annually averaged UFP concentrations.

above 3000 m a.s.1. were excluded as they are mostly located
in the free troposphere, and this study concentrates on bound-
ary layer processes and the respective evaluation.

Annual averages of observed UFP (UFP() concentrations
and PNCs (PNCp) were either derived from daily PSDs (by
integrating the number of aerosol particles per size bin from
the lowest measurement bin up to the bin crossing the up-
per size threshold of 100 nm) and PNCs — removing outliers
differing by a factor greater than 10 from the median value
and subsequently calculating the annual average — or directly
provided. The daily averaged number concentrations of the
model aerosol modes were integrated for the same size re-
gion as the observations (from the lower detection limit of
the measurement device up to the highest measurement bin
with a mean diameter below 100 nm) according to Eq. (2).
UFPy concentrations were sampled at the vertical grid box
covering the measurement site altitude.

The evaluation in this section concentrates on the mod-
elled (UFPy; or PNCyp) and observed (UFPg or PNCq) con-
centrations. The downscaled (i.e redistributed within each
grid box) concentrations (UFPR or PNCR) are the subject of
Sect. 4.2. We used three different statistical measures for the
evaluation based on daily model output and observations if
available:

— PF2, percentage of modelled values that are simulated
within the range of a factor of 2 of the observed values;

— NRMSE, root mean squared error (RMSE) normalized
by the range of the observations; and

— M/O, geometric mean of the ratio between the mod-

elled (M) and observed daily mean (O).

4.1.1 Europe

UFPo concentrations in Europe were derived from daily
PSDs provided by the EBAS database. An overview of
the different measurements in Europe and a comparison to
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UFPy are presented in Table 1. We used all available obser-
vations from the EBAS database from 2015 in Europe from
rural and urban stations. The remote stations as defined above
are excluded here and are discussed separately in Sect. 4.1.5.
Additionally, we excluded measurements in Athens (GR) and
Preila (LT) due to apparent inconsistencies in the observa-
tional datasets.

The simulation shows reasonable agreement with the ob-
servations at most measurement stations with PF2 > 40 %,
NRMSE <0.4 and 0.5 < M/O <2.0. However, there are
some exceptions. At the measurement stations of Madrid,
Leipzig-Eisenbahnstrasse, Leipzig-Mitte and Dresden-Nord,
the model strongly underestimates the UFP concentrations.
This is due to a combination of two effects. Firstly, UFP
concentrations are typically related to anthropogenic emis-
sions (see Sect. 4.2 for details). The high UFP concentra-
tions in the densely populated urban centres are artificially
diluted in the simulation by lower concentrations in the sur-
roundings covered by the grid box. This spatial representa-
tion error after Schutgens et al. (2016a) can partly be cor-
rected for by redistributing UFP concentrations using high-
resolution anthropogenic emission datasets, discussed in de-
tail in Sect. 4.2. Secondly, the measurements were performed
close to busy streets (the Leipzig-Eisenbahnstrasse, Leipzig-
Mitte and Dresden-Nord sites particularly measure traffic
emissions) with high primary UFP emissions from vehi-
cles, which would require impracticable street-level horizon-
tal resolution to resolve.

The model overestimates UFPy; concentrations at the sta-
tions of L’Observatoire pérenne de 1’environnement (OPE;
France) and Finokalia (GR). OPE is located at a remote re-
gion close to Nancy, and the grid box is thereby highly in-
fluenced by the urban region. Finokalia on the other hand
is located in a rural environment close to the coast of the
island Crete. The interference of the oceanic influence and
surrounding enhanced anthropogenic emissions from the is-
land leads to enhanced UFP concentrations within the grid
box.

Multiple measurements in one city provide an interesting
case of the variability in UFPs within one modelled grid box.
Measurements were performed at four different locations in
Leipzig (shown in Fig. 6), varying by up to a factor of 3,
while simulated UFP); concentrations (dashed grey line) ap-
proximately coincide with the observations taken at some
distance from heavy traffic locations (Leipzig). The station at
Leipzig-Eisenbahnstrasse is at a curbside and measures very
high UFPgo concentrations. It can be noted that the model
is capable of reproducing urban background conditions, i.e.
the average over urban regions and their surroundings in the
grid box, while not replicating local UFP hotspots, for ex-
ample roadsides or near industrial emitters, due to limited
horizontal resolution. It is expected that dilution and coag-
ulation during atmospheric transport from these hotspots to
the surroundings will quickly reduce the UFP concentrations
to levels that are realistically represented by the urban back-
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Table 1. Summary of observations of UFP (UFPg) concentrations (cm73) derived from PSDs across Europe for 2015, with data archived
in the EBAS database. The geographical location is indicated by latitude (Lat) and longitude (Long), and the elevation of the site above the
sea surface is indicated by the altitude a.s.l. in metres (Alt). The lower cut-off value (Cut) from the measurement device (also applied on
the simulation) is expressed in nanometres. The annual averages of the UFPqg and UFP); concentrations for the grid box encompassing the
station are compared, and different measures of agreement are listed. The same comparisons are performed after the redistribution of the
model (Redistributed model, UFPR), which are discussed in detail in Sect. 4.2. All included measurement stations contained at least 200 d of
valid measurements in 2015. Abbreviations: DD — Dresden, NOAK — National Atmospheric Observatory Kosetice, ECO — Environmental-
Climate Observatory, LE — Leipzig, OPE — Observatoire pérenne de 1’environnement.

Observations Model results ‘ Redistributed model
Station Lat  Long Alt Cut UFPo ‘ UFPyy PF2 NRMSE M/0 ‘ UFPR  PF2 NRMSE M/0
Annaberg-Buchholz (DE)  50.57 13.0 545 9.4 6649 3597 55 0.21 0.55 3317 49 0.22 0.51
Cabauw Zijdeweg (NL) 51.97 4.93 1 9.1 6324 4539 77 0.22 0.72 3828 62 0.26 0.6
DD-Nord (DE) 51.06 13.74 120 4.8 10526 4289 29 0.34 0.39 7690 67 0.25 0.7
DD-Winckelmannstr (DE) 51.04  13.73 112 9.4 5474 4218 85 0.16 0.78 7562 77 0.22 1.39
ECO Lecce (IT) 40.34  18.12 36 9.4 5372 3741 59 0.36 0.62 4821 62 0.37 0.8
Finokalia (GR) 35.34 2567 250 8.6 1421 3628 34 0.6 2.3 3917 28 0.67 2.48
Hohenpeissenberg (DE) 47.8  11.01 985 94 2302 2479 78 0.25 1.08 2234 76 0.23 0.97
K-puszta (HU) 46.58  19.35 125 6.0 4040 5127 67 0.27 1.32 4966 66 0.26 1.28
LE-Eisenbahnstr (DE) 5135 1241 120 4.8 14410 4358 15 0.37 0.3 5020 23 0.35 0.34
LE-Mitte (DE) 51.34  12.38 111 48 10624 4251 27 0.34 0.39 5521 47 0.3 0.5
LE-West (DE) 51.32 12.3 122 4.8 6222 4451 74 0.21 0.69 4686 77 0.21 0.73
Leipzig (DE) 51.35 1243 118 4.8 4882 4300 88 0.17 0.86 4953 91 0.17 0.99
Madrid (ES) 4046 —3.73 669 144 11311 2916 22 0.17 0.28 6192 59 0.15 0.59
Melpitz (DE) 51.53 1293 87 4.8 7018 4343 72 0.19 0.62 4400 72 0.19 0.63
Montseny (ES) 41.78 2.36 700 8.9 3056 2375 69 0.21 0.78 2371 69 0.21 0.78
NOAK Kosetice (CZ) 49.58  15.08 534 8.6 2569 4332 57 0.3 1.79 3701 66 0.24 1.53
Neuglobsow (DE) 53.14  13.03 62 9.4 2808 3515 69 0.17 1.3 2986 74 0.15 1.11
OPE (FR) 48.56 55 392 9.7 1834 2865 63 0.32 1.6 2786 64 0.31 1.55
Prague-Suchdol (CZ) 50.12 1438 277 5.6 6421 4412 74 0.15 0.7 6124 89 0.13 0.97
SIRTA Palaiseau (FR) 48.71 2.16 162 10.0 4239 3441 82 0.2 0.84 5391 79 0.24 1.31
Schauinsland (DE) 47.9 7.92 1205 9.4 1545 1833 78 0.19 1.22 1783 80 0.19 1.19
Vielsalm (BE) 50.3 6.0 496 8.8 2082 2596 75 0.22 1.26 2628 73 0.23 1.27

ground (e.g. Karner et al., 2010, finding a distance of 1000 m
for roadways). This is in agreement with a study from Salma
et al. (2014), showing measured UFP concentrations at dif-
ferent locations across Budapest, Hungary. They measured
on average a factor of 3 higher UFP concentrations in the city
centre compared to the urban background and an additional
factor of 2 higher concentrations in street canyons.

4.1.2 North America

In North America only measurements of PNCs are available.
Annual averages of observed PNCs (PNCp) at urban sites in
the United States are taken from a study by Saha et al. (2021).
The measurements were performed in different years, from
2009 to 2016. The results are summarized in Table 2. We
note that the model again underestimates PNCq at central
urban stations, mostly by a factor ranging from 1.5 to 2.5.
Additional observations of PNCg in the United States and
Canada were obtained from the EBAS database providing
daily measurements. They are compared to annual averages
of the simulation for days with valid measurements, shown in
Table 3. PNCy in Bondville, Egbert and at the Appalachian
State University (ASU) agree reasonably well with the ob-
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Figure 6. Monthly averaged UFP concentrations in the simulation
(grey, dashed) and measured at different stations in Leipzig, Ger-
many (thick, solid lines). The daily fluctuating UFP concentrations
are shown with thin, transparent lines in the same colour.
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Table 2. Summary of observations of PNCs (annual averages, cm™3) in urban regions across the United States for different years taken from
a study by Saha et al. (2021). The geographical location is indicated by latitude (Lat) and longitude (Long). The annual averages of observed
(PNCp) and modelled (PNCy;) PNCs (2015 for PNC)y, variable years for the observations) for the grid box encompassing the station are
compared. The measurements applied a cut-off minimum diameter (Cut, in nanometres). The same cut-off was used to calculate simulated
PNCy;. Simulated PNCs after the emission-sector-based redistribution are displayed as well (PNCR), discussed in Sect. 4.2.

Location Lat Long Year Cut PNCo PNCy, PNCr
Rochester (NY) 43.14 —77.54 2013 10 4450 3799 6294
Boston (MA) 42.33 —71.10 2016 10 12200 4614 9169
Somerville (MA)  42.40 —71.09 2009 6 10000 4687 8640
Queens (NY) 40.73 —73.82 2009 20 8210 4787 12722
Long Island (NY) 40.74 —73.58 2009 20 7600 4787 9975
Livermore (CA) 37.69 —121.78 2012 7 8220 6090 6553
Red Wood (CA) 37.48 —122.20 2015 7 11910 6090 9757
San Pablo (CA) 3796 —122.36 2012 7 10480 6090 12119
Santa Rosa (CA) 38.44 —122.71 2012 7 8660 6090 11526
Anaheim (CA) 33.83 —117.94 2016 7 13950 8019 12100
Central LA (CA) 34.07 —118.23 2016 7 17780 8019 14929
Compton (CA) 3390 -—118.21 2012 7 14000 8019 14916
Rubidoux (CA) 3400 —117.42 2016 10 12930 7975 11858

Table 3. Summary of observations of PNCq (Crn’3) across the United States and Canada in 2015, with data archived in the EBAS database.
The geographical location is indicated by latitude (Lat) and longitude (Long), and the elevation of the site above the sea surface is indicated
by the altitude a.s.l. in metres (Alt). The annual averages of PNCqp and PNCy for the grid box encompassing the station are compared,
and different measures of agreement are listed. The same comparisons are performed after the redistribution of the model (Redistributed
model), which are discussed in Sect. 4.2. All included measurement stations contained at least 250 d of valid measurements in 2015. There
is no particle size cut-off value given in the datasets, and thus none is applied on the simulation. Abbreviations: ASU — Appalachian State
University, SGP — Southern Great Plains observatory.

Observations ‘ Model results ‘ Redistributed model
Station Lat Long Alt PNCo | PNCyy PF2 NRMSE M/O | PNCk PF2 NRMSE M/O
ASU, Boone (NC,US) 3621 —81.69 1076 2930 | 2471 58 026 081 | 3317 55 03  1.09
Bondville (IL, US) 4005 —8837 213 4095 | 4130 55 026 096 | 4343 55 027 101
Egbert (ON, CA) 4423  —7978 255 4962 | 3238 53 026  0.68 | 2775 49 027 058
SGP E13 (OK, US) 3660 —97.48 318 3600 | 6966 40 061 182 | 7457 38 067 195
Trinidad Head (CA, US) 41.05 —124.15 107 1526 | 2882 48 0.59 1.8 | 2800 49 057 175

servations with respect to the aforementioned criteria (see
Sect. 4.1.1), while at the Southern Great Plains (SGP) obser-
vatory and at Trinidad Head the concentrations are overesti-
mated by the model. The SGP site is located in the middle of
wheat fields and pastures and is thereby efficiently shielded
from major UFP sources in the encompassing grid box. The
Trinidad Head measurement was performed directly at the
Californian coast, and the corresponding grid box is influ-
enced by a mixture of anthropogenic, rural and oceanic in-
fluences, leading to strong UFP gradients (comparable to Fi-
nokalia in Europe).

4.1.3 India

Annually averaged UFPo concentrations in Delhi (Tham-
ban et al., 2021), Mahabaleshwar and Hyderabad (both from
Sebastian et al., 2022) were obtained from a collaboration
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with groups performing field measurements. Additionally,
we adopted daily measurements of PSDs from Gani et al.
(2020) for the Indian Institute of Technology Delhi (IITD),
which we converted to UFP concentrations and combined
with the measurements of Thamban et al. (2021). The evalu-
ation for India is summarized in Table 4.

The simulation grid cell covering Delhi underestimates
UFPg concentrations at all three urban measurement stations
in Delhi. The higher UFPg concentrations over the IITD
compared to the two other measurements may be due to its
proximity to a major highway. In contrast, our simulations
are biased high over Hyderabad. The measurement station in
Hyderabad is a suburban university campus, approximately
15 km from the city centre, where UFP concentrations are ex-
pected to be significantly reduced compared to the downtown
regions with strong traffic emissions. The consequent UFP
gradients may not be adequately resolved by our model cal-
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Table 4. Summary of UFPg concentrations (cm™3) derived from PSDs in India for different years. The geographical location is indicated by
latitude (Lat) and longitude (Long). The annual averages of UFPg and UFPy concentrations (2015 for UFP), variable years for the observa-
tions) for the grid box encompassing the station are compared. The measurements applied a cut-off minimum diameter (Cut, in nanometres).
The same cut-off was used to calculate simulated UFP)s. Simulated UFP concentrations after the emission-sector-based redistribution are
displayed as well (UFPR), which are discussed in Sect. 4.2. Abbreviations: IITM — Institute of Information Technology & Management,
IITD - Indian Institute of Technology Delhi, MRIU — Manav Rachna International University.

Station Lat Long Year Cut UFPg UFPy UFPR Reference

Delhi ITM 28.61 77.1 2018/2019 14.1 19750 15339 28789 Thamban et al. (2021)

Delhi IITD 28.55 77.19 2017/2018/2019 14.1 42972 15339 24917 Thamban et al. (2021), Gani et al. (2020)
Delhi MRIU 28.45 77.28 2018/2019 14.1 17350 15339 15959 Thamban et al. (2021)

Mahabaleshwar  17.92  73.66 2015 5.5 2441 2248 2316  Sebastian et al. (2022)

Hyderabad 17.46 7832  2019/2020/2021 10 4680 6350 11131  Sebastian et al. (2022)

culations (spatial representation error after Schutgens et al.,
20164a).

4.1.4 China

Observations of PSDs in China were obtained through col-
laboration with relevant groups for Shanghai (unpublished),
Beijing in 2018/19 (Liu et al., 2020), Lin’an (Shen et al.,
2022) and Gucheng (Li et al., 2021). Additionally, we in-
cluded observations from Beijing from 2004-2006 (Wu
et al., 2008). We compare the UFP concentrations derived
from our simulation to the PSD measurements from these
sites. The results are summarized in Table 5.

UFPwy concentrations in Shanghai and Beijing are slightly
lower (approximately 20 %) than UFPg concentrations for
the years closest to 2015 (2014 for Shanghai, 2018/19 for
Beijing), unlike other urban locations discussed above. How-
ever, UFPo concentrations in Beijing from 2004-2006 are
underestimated by more than a factor of 2 by UFPy;. A prob-
able reason for this is the various air pollution reduction mea-
sures in place in China, especially in Beijing. In Beijing,
PM; 5 concentrations decreased from 89 ug cm™3 in 2013 to
58ugcem™ in 2017 and 42 pgecm™ in 2019 (Zeng et al.,
2019; Lu et al., 2020), implying a simultaneous reduction in
UFP sources. Due to the air pollution reduction measures, in-
dustrial areas are also moved further away from city centres,
potentially decreasing the association with UFP concentra-
tions (see also Sect. 4.2).

UFPw overestimates UFPg strongly in Lin’an and slightly
in Beijing’s suburban Gucheng. Lin’an is influenced by the
neighbouring city of Hangzhou with approximately 10 mil-
lion inhabitants, Gucheng by sharing the grid box with cen-
tral Beijing.

4.1.5 Remote regions

We considered remote measurements over the open ocean,
in forests, on mountains and at polar sites, of both PNCs
and UFP concentrations. The simulation and measurement
results are summarized in Table 6. Simulated average con-
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centrations are all within a factor of 2 of the observations. In
particular, the northern hemispheric polar regions show good
agreement, while there is a stronger overestimation and un-
derestimation of UFPq at the two measurement stations in
Antarctica, both at elevated altitudes.

The annual average forest UFPo concentrations at ATTO
in Brazil (Franco et al., 2022) and Hyytidld (EBAS database)
are both underestimated by the simulation. The timeline anal-
ysis of the measurements in the Amazon forest (ATTO)
shows this pronounced underestimation only in winter; i.e.
UFPy shows a stronger seasonality than UFPg. The poten-
tial causes will be the subject of future studies, also consid-
ering data from an upcoming measurement campaign.

Measurements over the open ocean were taken from the
ATom aircraft campaign (Brock et al., 2019), conducted in
different seasons from 2016 to 2018. We collected all mea-
surements that were performed below 200 m over the ocean
and compared them to daily averaged UFP)y concentrations
in the lowest vertical model level of the corresponding hori-
zontal grid cell at the respective day of the year. UFPg con-
centrations over the Southern Ocean are mostly underesti-
mated by the simulation, while concentrations over the Pa-
cific are overestimated. Considering generally higher UFPy
concentrations over the Pacific Ocean and lower UFPy; con-
centrations over the Southern Ocean (compare Fig. 3), the
open-ocean UFP variance seems to be overestimated by the
model.

4.1.6 Global

Figure 7 summarizes the evaluation results of all measure-
ment stations presented and compares the annual averages of
the observed to the simulated UFP concentrations in a scat-
terplot. The shapes of the symbols represent the five studied
regions. Population density data (represented by the colour
scheme in Fig. 7) are taken from CIESIN (2018), sampled at
the measurement stations with a resolution of 0.1° x 0.1°.
The logarithms of UFPg and UFPy; concentrations are
correlated by r = 0.93 (r = 0.76 excluding remote regions),
while the RMSLE (root mean square logarithmic error) is

Atmos. Chem. Phys., 23, 13191-13215, 2023
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Table 5. Summary of UFPg concentrations (cm™3) derived from PSDs in China for different years. The geographical location is indicated
by latitude (Lat) and longitude (Long). The annual averages of UFPp and UFPy concentrations (2015 for the simulation, variable years
for the observations) for the grid box encompassing the station are compared. The measurements applied a cut-off minimum diameter (Cut,
in nanometres). The same cut-off was used to calculate simulated UFPy;. Simulated UFP concentrations after the emission-sector-based
redistribution are displayed as well (UFPR), which are discussed in Sect. 4.2.

Station Lat Long Year Cut UFPg UFPy UFPR  Reference
Shanghai  31.17 121.43 2014 134 12800 10850 23623 Unpublished
Beijing 39.94 11629  2018/2019 5.6 14812 11489 20123 Liuetal. (2020)
Beijing 39.9 11638 2004-2006 3.0 24900 11408 21041 Wuetal. (2008)
Lin’an 30.28 119.75 2015 3.8 4928 11815 12447  Shenetal. (2022)
Gucheng 39.15 115.73  2018/2019 129 8284 10678 9680 Lietal. (2021)

Table 6. Summary of UFPg concentrations (cm~3) and PNCg in remote regions. Four different settings are distinguished, namely ocean,
forest, mountain and polar. The geographical location is indicated by latitude (Lat) and longitude (Long), and the elevation of the site
above the sea surface is indicated by the altitude a.s.l. in metres (Alt). The annual averages of the observed (Obs) and simulated (Mod)
concentrations for the grid box encompassing the station are compared, and different measures of agreement are listed (see Table 6). We
applied the measurement detection limit on the simulation for all UFP concentrations, while information on the detection limit was not

available for the PNC measurements.

Station Setting Lat Long Alt Meas Obs Mod PF2 NRMSE M/O Reference

ATom campaign Ocean - - <200 UFP 403 800 - - — Brocketal. (2019)
ATTO (Brazil) Forest —2.14 —59.0 120 UFP 376 199 - - —  Franco et al. (2022)
BEO Moussala (BG) Mountain 42.18 2359 2925 UFP 542 940 45 0.51 1.58 EBAS

Hyytidld (FI) Forest 61.85 24.3 179 UFP 1430 1140 59 0.21 0.77 EBAS
Sammaltunturi Pallas (FI) ~ Polar 67.97 24.12 565 UFP 556 489 43 0.24 0.71 EBAS
Trollhaugen (NO) Polar —72.02 2.53 1309 UFP 154 62 31 0.23 0.36  EBAS

Virrio (FI) Polar 67.75 29.61 390 UFP 697 800 44 0.34 093 EBAS

Zeppelin mountain (NO)  Polar 79.9 11.86 473  UFP 161 185 40 0.42 0.55 EBAS

Zugspitze (DE) Mountain 4741 1098 2650 UFP 944 655 57 0.22 0.65 EBAS

Alert (NU, CA) Polar 82.50 —62.34 2182 PNC 205 279 47 0.26 1.48 EBAS

Barrow (AK, US) Polar 7132 —156.61 11 PNC 277 417 33 0.44 098 EBAS

South Pole Polar —90.00 —2480 2841 PNC 192 238 56 0.21 1.5 EBAS

0.55.! The geometric mean of the ratio between the modelled
and observed mean values is M /O = 0.82.

In remote areas all simulated concentrations are within a
factor of 2 of the observed ones. For these areas the popula-
tion density (and respective anthropogenic emissions) within
the encompassing grid box is mostly uniform at low num-
bers of inhabitants; i.e. the grid cells only cover remote ar-
eas. Thus, the grid cell average of UFP concentrations is not
influenced by densely populated and typically much more
polluted regions.

All other measurement stations considered have in com-
mon that the encompassing grid boxes include an urban city
centre with its surroundings and thus have high variance in
anthropogenic emissions within the grid box. Figure 7 indi-
cates a link between local population density and UFP con-
centrations. In fact, the logarithm of the population density
is positively correlated to the logarithm of the UFPg con-

IWe use the correlation and RMSE of the logarithmic values
here as several orders of magnitudes are covered, and the influence
of the lower UFP concentrations would be negligible otherwise.

Atmos. Chem. Phys., 23, 13191-13215, 2023

centrations in non-remote regions with » = 0.80. Thus, it can
be expected that the actual UFP concentrations in grid boxes
encompassing urban regions and its surroundings are non-
uniform, with higher UFP concentrations at higher popula-
tion density and lower UFP concentrations at lower popula-
tion density. This inability of in situ observations to represent
the grid box environment is defined as the spatial representa-
tion error and is studied by Schutgens et al. (2016a) and was
found to be the strongest close to sources, in agreement with
our evaluation results.

The spatial representation error is illustrated in Fig. 7.
At low UFPg concentrations in non-remote regions the
local population density is lower (background, suburban
and rural stations in grid boxes including urban centres),
while UFPy concentrations are higher than UFPg concen-
trations (M /O = 1.32 for a population density smaller than
100 individuals km_z), as the model grid boxes are influ-
enced by the urban regions. At higher UFPg concentrations
population density increases as well, and the simulation un-
derestimates UFPq concentrations on average by a factor of
almost 2 (M /O =0.62 for a population density in excess
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Figure 7. Summary of all measurement stations in a scatterplot
showing observed UFPp concentrations on the x axis and simu-
lated UFP) concentrations on the y axis. Different symbols indi-
cate the different regions. The colour represents the local popula-

tion density, sampled at the measurement stations with a resolution
of 0.1° x 0.1°.

of 1000 individuals km‘z), as these urban stations are sur-
rounded by suburban and rural regions that lower the simu-
lation grid cell average of UFPy concentrations.

The main cause of the spatial representation error is the
limited model resolution of approx. 180 x 180km (at the
Equator). Consequently, the correlation between the loga-
rithm of the local population density and UFPy; concen-
trations in non-remote regions is only r = 0.57, thus much
lower than the correlation to UFPg concentrations. To over-
come this, an increase in model resolution of at least a factor
of 3 (in one dimension) would be necessary, which would
lead to an unreasonably high demand of computing time.
Thus, an alternative approach was developed to mimic a res-
olution increase, by retroactively (after the simulation) re-
distributing UFPy; concentrations per grid box based on lo-
cal high-resolution primary anthropogenic emissions relative
to the grid box averaged primary anthropogenic emissions,
guided by observations. This is discussed in the following
section.

4.2 Downscaling based on primary anthropogenic
emissions

Our results, in line with the observations, corroborate that
UFP concentrations at the Earth’s surface are strongly in-
fluenced by anthropogenic activity. Although our access to
long-term measurements is limited, the data available from
several urban stations show a high variance in UFPg con-
centrations among different sites in a city (e.g. for Leipzig,
Germany, and Los Angeles, the United States), being en-
hanced when model grid boxes contain urban and rural en-
vironments (e.g. Salma et al., 2014). Population density and
UFPo concentrations are highly correlated, while the eval-
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uation of UFPy; concentrations indicates discrepancies due
to sharp gradients of anthropogenic emissions within areas
covered by the model grids.

Primary anthropogenic emissions (PAEs) from the CEDS
database are available at a resolution (that is higher than
the model resolution) of 0.5° x 0.5° (hereafter referred to
as PAEcgps:0.5) and were regridded to the simulation mesh
(resulting in grid box averaged emissions PAEcgps.Gg). Pri-
mary anthropogenic emissions from the Emissions Database
for Global Atmospheric Research (EDGAR) v6.1 (Crippa
et al., 2022) are available at an even higher resolution of
0.1° x 0.1° (hereafter referred to as PAEEpGAR:0.1)- Stud-
ies showed that locally enhanced UFP concentrations usually
reach (urban) background levels within 1000 m from sources
(e.g. Karner et al., 2010), and the curbside UFP concentra-
tions are highly localized. Hence, this section aims to use
local PAEcEDs;0.5 and PAEEpGaR:0.1 and the relation to the
respective grid box average at coarser resolution to fine-tune
the simulation results guided by the observations, gaining im-
proved resolution (downscaling) and closer agreement with
observations (reducing the spatial representation error), espe-
cially in urban centres and their surroundings. It is important
to mention that we do not modify the total number of UFPy
concentrations per grid box in the following but that UFPy
concentrations are merely redistributed within each grid box.

Figure 9 illustrates the two-step downscaling procedure
by the example of New Delhi and surroundings, using
PAECEDS;O.S to downscale to 0.5° x 0.5° and PAEEDGAR;O.]
for further downscaling, obtaining a UFP dataset with 0.1° x
0.1° horizontal resolution. As a basis we calculate rela-
tive anthropogenic emissions (RAEs), i.e. the local anthro-
pogenic particle number emissions relative to the average
emissions of the grid box at coarser resolution:

RAEcgps = PAEcEDs;0.5/PAECEDS;GB,
RAEgpGAR = PAEEDGAR;0.1/PAEEDGAR;0.5-

RAEcgps (top left in Fig. 9) and RAEgpgar (top
right in Fig. 9) can be interpreted as the local excess or
deficit of PAEceps;0.5 (PAEEDGAR;0.1) over PAEcEDs;GB
(PAEEDGAR:0.5), respectively. We limit RAEcgps to a maxi-
mum value of 10 and RAEgpgaRr to 7 due to missing obser-
vational datasets at locations with higher RAE.

In the first step we investigated the relationship between
RAEcgps and the underestimation of UFPg concentrations
and PNCg at each station (UFPg / UFPy; or PNCp / PNCy)
for all evaluation results in grid boxes with anthropogenic
emissions exceeding two million particles per square metre
and second.? The relationship is displayed in Fig. 8a. As ex-
pected, there is a logarithmic correlation (r = 0.42) between
the two quantities. We perform a linear fit that crosses the

2All high-resolution pixels in the remaining (less anthropogeni-
cally influenced) grid boxes are bilinearly interpolated with respect
to the coarser resolution.
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Figure 8. Scatterplot of the relative anthropogenic emissions
(RAEs) against the model-measurement discrepancy (observed and
simulated UFP concentrations). The RAEs of the CEDS database
relative to the model grid box are directly compared to the model—
measurement discrepancy (a), while the RAEs of CEDS relative to
the CEDS grid box are compared to the remaining discrepancy after
the first downscaling (b). We use the same colour code for the popu-
lation density and shapes for the regions as in Fig. 7. The black lines
show a linear fit crossing the (1,1) point. Higher RAEs correspond
to a more pronounced underestimation of the observations.

point (1,1); i.e. y =ccgps - (x — 1)+ 1, where y is the ra-
tio Nobs/Nmod and x is the RAEcgps. This function was
chosen as it is the only global function that conserves the
average grid box UFPy concentrations after applying it to
the model results. The fit parameter ¢ was determined to be
cceps = 0.127 using a logarithmic least squares fit. Thus,
if RAEcgps increases by 1, the model underestimation in-
creases by 0.127. The fit function is shown as a black line
in Fig. 8a. This relationship is used to downscale simulated
UFPMm concentrations, yielding redistributed UFP (UFPg 5)
concentrations.

This procedure is repeated for the relationship between
RAEgpgar and the remaining model-observation discrep-
ancies after the first downscaling (Fig. 8b). We determine
CEDGAR to be ¢ =0.148, and thus UFPy5 can be further
downscaled to the urban and industrial environments, yield-
ing redistributed UFPq | (hereafter referred to as UFPR) con-
centrations (rightmost plot in Fig. 9). Summarized, we ob-
tain two downscaling functions that are applied sequentially
to simulated UFPy; concentrations:

UFPy 5 = UFPy - (0.127 - (RAEceps — )+ 1),
UFPRr = UFPg5 - (0.148 - (RAEgpGgarR — 1)+ 1).

To demonstrate the independence of the downscaling pro-
cedure from the data used for the fit, we randomly subdi-
vided the non-remote measurement stations into a training
and test dataset (25 for training, 24 for testing) in 5000 differ-
ent random ways, derived the fit parameters from the train-
ing dataset only, and subsequently applied them to the test
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dataset. The results are displayed in Fig. 10. The fit parame-
ters cceps and cgpgar range between 0.07 and 0.23 in 90 %
of the runs, while the average values are very close to the
values derived from the complete dataset, and all derived fit
parameters are greater than 0. The RMSLE consistently de-
creases with rising order of downscaling, with an average
improvement of 0.11 in total (95.6 % of the time RMSLE
decreases), while the logarithmic correlation increases on av-
erage by 0.07 (improves 95.1 % of the time). The bias M/ O
evolves from 0.78 on average in the model output resolu-
tion (2.4 % of the time between 0.9 and 1.1) to 0.92 after the
CEDS downscaling (55.3 % of the time between 0.9 and 1.1)
to 1.04 (66.2 % of the time between 0.9 and 1.1) after the
final downscaling, slightly overestimating the observed val-
ues. We conclude that the fit parameters can be applied to
data points outside the training dataset. However, as we want
to maximize the number of measurement stations to use for
the global downscaling, we use the complete evaluation re-
sults for the downscaling as described before.

The resulting UFPr concentrations are included in Ta-
bles 1-5 in the last columns. At measurement sites in Eu-
rope, urban regions in the United States, India and China
the agreement with measurements generally improves. For
instance, UFPR concentrations in Madrid, the measurement
station with the strongest underestimation in this analysis
(triangle in the top-right corner in Fig. 8a), are increased by a
factor of 2.1, strongly improving the agreement (see Table 1:
PF2 from 22 % to 59 %, M /O from 0.28 to 0.59). The re-
maining underestimation is likely caused by the influence of
nearby roads with heavy traffic, which are of localized rele-
vance only.

UFPRr in Beijing and Shanghai is strongly increased by
the redistribution as well, which can even lead to an overes-
timation of the observed UFPg concentrations (see Table 5).
However, for Beijing the redistributed UFPR falls between
the high UFPg from 2004-2006 and the lower UFPg from
2018/19. This is in line with the emission reduction in China
(see Sect. 4.1.4). UFPR concentrations over Beijing’s subur-
ban Gucheng, sharing the model grid box with Beijing, are
reduced, approaching UFPo concentrations.

Similarly, UFPR concentrations are strongly increased at
the measurement stations Delhi IITM and Delhi IITD, re-
sulting in UFPR concentrations in between the two UFPg
concentrations. Moreover, UFPR is only slightly increased at
Delhi MRIU due to the lower local PAEgR, remaining simi-
lar to UFPg.

The left panel of Fig. 11 shows the comparison between
UFPRr and UFPq concentrations (analogously to Fig. 7) af-
ter the applied redistribution. In spite of the redistribution
of UFPs within grid cells, there is still an overestimation of
MO = 1.27 (1.32 before) at low population density below
100 individuals km 2. On the other hand, in densely popu-
lated regions (more than 1000 individuals km~2), simulated
and observed UFP concentrations are of the same magnitude
(M /O = 1.01). Thus, the biases described in Sect. 4.1.6 are
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resolutions in two steps. The average of the RAE over each grid box of the coarser resolution (black boxes) equals 1, and thus the respective
average UFP concentrations per grid box remain unchanged. Note that the colour scale for UFP concentrations differs from Fig. 3.
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Figure 10. Results of 5000 independent training and test runs for
the fit parameter estimation (25 stations in training dataset, 24 in test
dataset). The fit parameters are displayed in the top panel, while
the statistical measures are displayed below at different orders of
downscaling, along with the absolute change in RMSLE and the
logarithmic correlation. We show box-and-whisker plots, where the
boxes illustrate the 25 %—75 % interval and the whiskers the 5 %—
95 % interval. The median values are marked by the vertical white
line and mean values by the light grey circles.
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strongly reduced though not fully eliminated, especially for
scarcely populated regions.

Evaluation results before and after the downscaling are
displayed in the right panel of Fig. 11. The strong improve-
ment in municipal regions is apparent when considering the
urban measurement stations in the United States (top right),
aligning closely around the centre line. An increase in corre-
lation is also clearly visible in China, Europe and India.

All UFPR concentrations differing by more than a factor of
2 from UFPg can be attributed to nearby major traffic nodes
and motorways (Leipzig-Eisenbahnstrasse) or alternatively
coastal sites (Finokalia), a shielded location in a wheat field
(Southern Great Plains E13) and the influence of a neigh-
bouring megacity (Lin’an and Hyderabad). These discrepan-
cies between UFPR and UFPg may perhaps be resolved with
very high (< 1km) horizontal resolution, which is compu-
tationally impracticable with a global model and cannot be
achieved with downscaling due to missing emission datasets
with respective horizontal resolution.

Finally, the logarithmic correlation between population
density and UFPRr concentrations increases to r = 0.77 (r =
0.57 for UFPy) after redistribution, which is similar to
the logarithmic correlation between population density and
UFPo concentrations (r = 0.80). This indicates an improved
representation of the anthropogenic influence in the down-
scaled dataset.

Figure 12 shows UFPR concentrations in Asia after the
applied downscaling, revealing more detailed features in
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Figure 11. (a) The same as Fig. 7 but after the redistribution of UFP); concentrations (downscaling) based on the relative anthropogenic
emissions per grid box (more details in the text). (b) Evaluation results before and after the downscaling (DS) for China, North America,
Europe and India (from top left to bottom right). Note that the value range differs in all subpanels.
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Figure 12. Annual average of UFPR concentrations in Asia sim-
ulated with EMAC for the year 2015 after the downscaling based
on primary anthropogenic emissions at a resolution of 0.1° x 0.1°.
Note that the colour scale from Fig. 7 is extended as UFPR concen-
trations can exceed 40 000 cm 3.

anthropogenically influenced regions, especially in eastern
China and northern India. Note that the colour scale is ex-
tended as UFPR concentrations can exceed 40000cm™ in
Indian industrial regions, as well as in parts of urban envi-
ronments in Mumbai, New Delhi, Shanghai, Riyadh, Kuwait
and Cairo.
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5 Limitations and uncertainties

As the resulting UFPy; and UFPR concentrations are an in-
tricate interplay of emission parameters, numerical simula-
tion, evaluation and observation-guided redistribution, it is
not possible to directly infer quantitative uncertainties for
the provided datasets. However, the final results in Fig. 11
show that 90 % of the annually averaged UFPR concentra-
tions are within a factor of 2 of UFPg concentrations (84 %
for UFPy), and all simulated UFPR concentrations are within
a factor of 3 of the observations after the emission-grid-based
redistribution. Additional limitations and uncertainties are
qualitatively discussed next.

Median diameters of directly emitted particles per sector
were estimated based on the emission size distributions from
Paasonen et al. (2016) and measurement reports in the litera-
ture with associated uncertainties. Additionally, we assumed
the diameters to be globally identical for each sector and used
the same diameters for all species. These simplifications lead
to limitations in the precision by which the different sectors
and species contribute to the total UFPy; and UFPr num-
ber, respectively. Anthropogenic emissions are distributed in
each time step based on monthly averages from the emis-
sion datasets. This potentially introduces bias due to the non-
linearity of chemical and microphysical processes. Future
studies will include emission time factors to improve the time
resolution of emissions.

Apart from UFP concentrations, we also used PNCs for
the evaluation. PNCs are a proxy for UFP concentrations, as
UFPs tend to dominate the total particle number (e.g. Bal-
dauf et al., 2016; Kumar et al., 2014). However, locally there
can be deviations. To increase the number of measurements
for the evaluation we additionally used observations from
years that differ from the simulation year (2015). Different
meteorological conditions and emissions potentially lead to
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biases in the evaluation. The downscaling was performed us-
ing evaluation results from differing years as well, while the
simulation results were only taken from 2015. Thus, poten-
tial errors arise from the interference of the downscaling and
general temporal trends, as seen from the analysis of the in-
terannual variability in Sect. 4. The interannual variability
(up to 50 % at low absolute UFP concentrations and below
20 % over polluted regions over a time span of 3 years) has
been attributed to meteorological variations (along the ITCZ
and mostly over the oceans) and decreasing (southern and
eastern Asia, Europe, and the United States) or increasing
(Nigeria and South Africa) long-term trends.

We define UFPs as all particles with a diameter smaller
than 100 nm in the model without a lower cut on the particle
diameter. Particles with a diameter below 1.7 nm are typi-
cally regarded as molecular clusters, and nucleation rates are
reported as the frequency that clusters reach this threshold
(e.g. by the CLOUD experiment; Kirkby et al., 2011). As a
consequence, freshly formed particles are introduced to the
model with a diameter of 1.7 nm. However, due to the lognor-
mal modal aerosol distribution (Pringle et al., 2010), smaller
particles down to infinitesimal small diameters are automati-
cally created by definition. As a result, small fractions (up to
around 2 % in polluted regions, with maximum values of up
to 20 % locally over the oceans) of the presented UFPs have
a diameter smaller than 1.7 nm. However, these particles are
not considered to be molecular clusters as the low diameter
is a result of computational effects.

In addition to the uncertainties introduced by the hori-
zontal resolution of the model, the vertical resolution of the
model, ranging from 45-70 m for the surface layer, adds ad-
ditional uncertainties. While the surface layer is mostly en-
tirely located in the boundary layer, decreases in UFP con-
centrations are still observed in general, as reported by Du
et al. (2017), Harrison et al. (2019), Heintzenberg et al.
(2011) and Villa et al. (2017), with the strongest decrease
with altitude being observed close to UFP sources. We anal-
ysed the relative change in UFP concentrations from the sur-
face layer to the next highest model level, exhibiting a de-
crease of 20 %—30 % in UFP concentrations on average over
polluted regions, with the reduction slightly exceeding 50 %
over central Africa. At higher latitudes, we even see increas-
ing UFP concentrations at the second lowest model level.
The decrease over polluted regions is in line with the ob-
servations from Du et al. (2017), Harrison et al. (2019) and
Heintzenberg et al. (2011), who observe a decrease of up to
30 % at comparable altitudes.> Considering a linear decrease
and increase within the range of 30 % within the model sur-

3Villa et al. (2017) even observe a decrease of up to 80 %; how-
ever these measurements were performed directly at a highway and
at some distance from other sources, which is not representative of
a grid box covering approx. 180 x 180 km and overestimates the ef-
fect.
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face layer, this adds an additional uncertainty of +15 % to
the simulated UFP concentrations.

Finally, an important uncertainty is the spatio-temporal
representativeness of the observations with respect to the
model grid box and time sampling. We report three differ-
ent types of representation errors:

1. purely spatial representation errors only due to the ex-
tent of the grid box at stations, for which timeline mea-
surements of 2015 (mostly hourly) were available, and
we collocated our simulation with the observations ac-
cording to Schutgens et al. (2016b), i.e. all observations
from the EBAS database;

2. spatio-temporal representation errors for measurement
stations, for which only annual averages were available
or the years differed from the evaluation year (2015);
and

3. (spatio-)temporal representation errors for the aircraft
measurements from ATom, for which we used daily av-
eraged model output, and the measurement years differ
from the simulation year. The spatial representation er-
ror is reduced by the fact that we have several measure-
ments for each grid box.

The horizontal downscaling of UFP concentrations ad-
dresses and reduces the spatial representation error for types
1 and 2, while the temporal representation error of types 2
and 3 cannot be addressed.

The analysis in Sect. 4.2 showed that even after down-
scaling discrepancies in the evaluation remain, which are
at least partly related to the representativeness of the mea-
surement locations for the modelled grid areas (Schutgens
et al., 2017, 2016a), also for UFPRr. Model concentrations of
UFPs in rural regions in the vicinity of urban centres tend
to be overestimated by the model (i.e. UFPR). Hence, even
for UFPR the horizontal resolution is still a limiting factor.
To further reduce the spatial representation error, the simula-
tions would need to be performed at very high resolution re-
quiring currently impracticable computing resources, at least
for the global scale, as well as additional measurement data
for UFPs and meteorological parameters in urban and indus-
trialized regions including roadsides and background urban
environments. Salma et al. (2014) showed that UFP concen-
trations can typically vary by a factor of 6 from the urban
background to street canopies within cities, and Karner et al.
(2010) showed that UFP concentrations reach (urban) back-
ground concentrations within about a kilometre. A next step
could be to apply high-resolution dynamical downscaling of
concentrations guided by comprehensive measurements of
which data may become available in the future, using either
machine learning methods or a combination of operational
street pollution models and human exposure modelling as
done by Ketzel et al. (2021). Clearly, to make progress, a
much larger number of stations that continuously measure
aerosol size distributions will need to be implemented.
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6 Conclusions

We presented the first numerical simulation of ultrafine par-
ticles (UFPs) at the Earth’s surface with the global EMAC
model, which includes a relatively detailed representation of
aerosol formation and growth processes (i.e. the nucleation
and Aitken aerosol size modes). Total concentrations were
shown, along with interannual variability in the years 2015—
2017 and the dominating particle size segments around the
globe. Emissions of gaseous and aerosol species were taken
from the CEDS and CAMS databases, and the emission radii
for aerosol species were taken or derived from the literature
referring to the contributing source sectors.

Simulated UFP and particle number concentrations
(PNCs) were evaluated using particle size distributions and
PNCs from field measurements, the EBAS database, litera-
ture, and published datasets. We generally achieve reason-
able agreement between observed and simulated UFP con-
centrations, with good agreement for remote regions (forest,
mountain, polar and ocean) that are not directly influenced by
urban and other strong source regions (all simulated concen-
trations within a factor of 2 of the observations). In grid boxes
with a high variance in population density, we obtain larger
deviations with observations related to the coarse model res-
olution (approximately 180 x 180km at the Equator). UFP
concentrations in urban regions with a high population den-
sity are underestimated by the simulation, while they are
overestimated in less densely populated regions. This rep-
resentation error is associated with the high correlation be-
tween local population density and observed UFP concentra-
tions (logarithmic correlation of » = 0.80) and is studied in
depth by Schutgens et al. (2016a, b, 2017).

The relationship between the underestimation of the ob-
served UFP concentrations and the local high-resolution an-
thropogenic emissions relative to the grid box average was
used to redistribute UFPs within each grid box, leaving the
total number of particles unchanged. This yields a higher
resolution, i.e. downscaled data for grid boxes with dom-
inant anthropogenic influence; increases the agreement be-
tween observations and simulations (the logarithmic correla-
tion improves from 0.76 to 0.84 for non-remote regions and
root mean squared logarithmic error from 0.57 to 0.43); and
decreases the spatial representation error by improving the
representation of the anthropogenic impact on UFP concen-
trations.

We provide two global annually averaged datasets of
UFP concentrations for the year 2015 at different horizon-
tal resolutions (https://doi.org/10.17617/3.7945X1, Kohl and
Pozzer, 2023) that can be used for several purposes. The first
dataset is given at a resolution of 1.875° x 1.875° (roughly
180 x 180 km at the Equator) and is directly derived from the
simulation. This dataset can serve the purpose of global-scale
analyses of UFP concentrations, e.g. the comparison of dif-
ferent source regions, meteorology and atmospheric chem-
istry. The downscaled dataset has a much finer resolution
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of 0.1° x 0.1° (roughly 10 x 10 km at the Equator and about
10 x 8 km at mid-latitudes) and includes the within-grid-box
UFP redistribution based on anthropogenic emission data.
The latter is recommended to be used to characterize the
exposure to UFPs in public health studies with a focus on
densely populated regions, in particular the urban environ-
ment. Additionally, we make the 2015 UFP concentrations
available in three size bins (1.7-20, 20-50 and 50-100 nm).

Future applications may also include studies on seasonal-
ity, anthropogenic source sectors and the chemical composi-
tion of UFPs and their contribution to the health impacts of
fine particulate matter.

Code availability. The Modular Earth Submodel System
(MESSy) is continuously further developed and applied by a
consortium of institutions. The usage of MESSy and access to
the source code are licensed to all affiliates of institutions that are
members of the MESSy Consortium. Institutions can become a
member of the MESSy Consortium by signing the MESSy Mem-
orandum of Understanding. More information can be found on the
MESSy Consortium website (http://www.messy-interface.org, last
access: 17 February 2023). The code presented here is available as
git commit #49a7a544 in the MESSy repository, and all changes
have been included in the main repository.

Scientific colour maps (https://doi.org/10.5281/zenod0.5501399,
Crameri, 2021) are used in this study to prevent visual distortion
of the data and exclusion of readers with colour vision deficiencies
(Crameri et al., 2020).

Data availability. We provide datasets with annual averages of
UFP concentrations for the year 2015, both in model resolu-
tion (1.875° x 1.875°) directly derived from the model output,
and at a resolution of 0.1° x 0.1° with the observation-guided
downscaling based on anthropogenic emissions. Additionally, we
provide number concentrations in three size bins, i.e. 1.7-20,
20-50 and 50-100nm. The datasets are publicly available at
https://doi.org/10.17617/3.7945X1 (Kohl and Pozzer, 2023).
Emission datasets from CEDS and EDGAR are available
at https://doi.org/10.5281/zenodo.3754964 (McDuffie et al.,
2020b) and https://edgar.jrc.ec.europa.eu/index.php/dataset_ap61
(Crippa et al., 2022), respectively. Emission size distri-
butions are available at https:/previous.iiasa.ac.at/web/
home/research/researchPrograms/air/PN.html (Paasonen,
2016). Gridded Population of the World (v4) is taken from
https://doi.org/10.7927/H4F47M65 (CIESIN, 2018). Measure-
ment data from the ATom aircraft campaign are taken from
https://doi.org/10.3334/ORNLDAAC/1671 (Brock et al., 2019).
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Abstract. This work documents the operation of a new submodel for tracer emissions from Explosive Volcanic ERuptions
(EVER vl.1), developed within the Modular Earth Submodel System (MESSy, version 2.55.1). EVER calculates additional
tendencies of gaseous and aerosol tracers based on emission source parameters, aligned to specific sequences of volcanic
eruptions or other atmospheric emission sources, and allowing various vertical emission profiles. We show that volcanic SO4
plumes can be reasonably reproduced through EVER emissions in numerical simulations with the ECHAM/MESSy Atmo-
spheric Chemistry Model (EMAC), using satellite observations of SO5 columns and mixing ratios following the explosive
eruption of the Nabro volcano (Eritrea) in 2011 and a degassing event of the Kilauea volcano (2018) in Hawaii. Previous
volcanic studies showed large variability in stratospheric SO5 burdens depending on the chosen volcanic emission databases
and parameters. Sensitivity studies on SOy emissions from the Nabro volcano explore perturbations of the emission source
parameters, revealing that emission altitude and the emitted mass above the tropopause are most important for the mid- to
long-term evolution of stratospheric SOo plumes and the resulting stratospheric aerosol, while the correct timing and geo-
graphical location of the stratospheric entrance is crucial for the short-term plume evolution. We integrate information from a
volcanic SO4 emission inventory, additional satellite observations, and our findings from the sensitivity studies to establish a
historical standard setup for volcanic eruptions impacting stratospheric SO from 1990 to 2023. This setup was successfully
evaluated with satellite observations of stratospheric SO2 burden and aerosol optical properties. We advocate for this to be a
standardized setup in all simulations within the MESSy framework concentrating on the upper troposphere and stratosphere in
this period. Further potential applications of EVER involve studies on volcanic ash, wildfires, solar radiation modification, and

atmospheric transport processes.
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1 Introduction

Volcanic eruptions strongly impact atmospheric chemistry, climate dynamics, and air pollution. The most explosive eruptions
reach the Upper Troposphere and Lower Stratosphere (UTLS), carrying primarily emitted particles (mostly volcanic ash) and
volcanic gases, that lead to the formation and growth of aerosol particles. The resulting additional stratospheric aerosol loading
may exert a negative radiative forcing (Schallock et al., 2023; Schmidt et al., 2018), and serves as surfaces for heterogeneous
reactions, thus, impacting stratospheric composition in general and ozone in particular (e. g. Klobas et al., 2017; Tie and
Brasseur, 1995). Moreover, in the troposphere, gaseous and particulate emissions from degassing volcanoes can affect the
environment and public health via inhalation or acid rain (Durand and Grattan, 2001; Stewart et al., 2022).

Although volcanically emitted gases are typically dominated by water vapour and carbon dioxide, the respective total amount
is mostly negligible! in comparison to global emissions and concentrations (Textor et al., 2004). However, in general, the third
most abundant species in volcanic plumes, sulfur dioxide (SO3), exerts the most significant impact on atmospheric chemistry
and climate, substantially enriching atmospheric SO4 levels (Textor et al., 2004). Subsequently, SO, undergoes oxidation
to form sulfuric acid (H2SO4), which rapidly converts to the liquid aerosol phase under most atmospheric conditions (e. g.
Kremser et al., 2016), but can also form solid salts depending on atmospheric conditions. We refer to "sulfur aerosol" as the
sum of liquid and solid sulfur aerosol in the following.

The (global) impact of volcanic eruptions strongly depends on the strength of the eruption and its geographical location.
SO, emissions from degassing volcanoes and smaller eruptions, failing to reach the stratosphere, primarily influence the
local environment, as emitted species and their products are usually removed in the troposphere by rainout processes within
weeks?. When volcanic SO, emissions reach the stratosphere, the subsequently formed sulfur aerosol enhances stratospheric
aerosol and is distributed widely across the globe. The lifetime of stratospheric aerosol can exceed 2 years when injected in
the tropics, leading to sustained impacts on atmospheric radiative balance and climate dynamics. The strongest eruption in
recent times, Mount Pinatubo in 1991, significantly increased the stratospheric Aerosol Optical Depth (sAOD) and resulted in
a radiative forcing of —3 to —5 Wm~2 (Schallock et al., 2023; Schmidt et al., 2018), comparable to the magnitude of positive
anthropogenic radiative forcing attributed to greenhouse gas emissions (IPCC, 2021).

In addition to gaseous emissions, volcanic eruptions release varying amounts of primary aerosol, mainly consisting of vol-
canic ash, directly into the atmosphere. While the lifetime of ash particles in the atmosphere is relatively short, resulting in
mostly negligible climate effects, recent studies have indicated that ash can persist in the atmosphere for longer durations than
previously anticipated (Vernier et al., 2016). Furthermore, ash particles can interact with other atmospheric constituents, such

as SOy and H»SOy, thereby influencing atmospheric chemistry (Zhu et al., 2020), and pose severe hazards to aviation and

Notable exceptions arise during eruptions of submarine volcanoes, such as the Hunga Tonga-Hunga Ha’apai volcano in January 2022 (e. g. Vomel et al.,
2022; Sellitto et al., 2022; Schoeber] et al., 2022; Xu et al., 2022), that can inject substantial amounts of water vapour into the stratosphere, thereby impacting

climate, atmospheric dynamics, and radiative forcing.
2However, they can exert a strong risk for public health and even influence the short-term climate by altering cloud properties (e. g. the 2014-2015 fissure

eruption in the Holuhraun vent of Bardarbunga, Iceland, leading to a global-mean radiative forcing of -0.2 Wm~2; Malavelle et al., 2017)
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affect public health and the environment, as they deposit on the Earth’s surface (Durand and Grattan, 2001; Stewart et al.,
2022).

The understanding of the aforementioned impacts of volcanic eruptions on climate and atmospheric chemistry heavily relies
on atmospheric numerical modelling. Numerical simulations can study the impact of volcanoes on the radiative budget, atmo-
spheric chemistry, and dynamics of the atmosphere. Furthermore, the incorporation of volcanic eruptions is indispensable for
model-based studies on global atmospheric aerosol, particularly in comparison to observations from satellites and aircraft cam-
paigns. Without accurate accounting for volcanic eruptions, models may underestimate upper tropospheric and stratospheric
aerosol concentrations, thereby compromising the accuracy of simulated atmospheric aerosol distributions (e. g., Reifenberg
et al., 2022). Thus, atmospheric models need the capability to account for gaseous and particulate volcanic emissions in general,
and SO in particular.

Several volcanic SO2 emission databases have been developed, each providing a basis for implementing best-estimate emis-
sion parameters for individual eruptions into global atmospheric chemistry models. Timmreck et al. (2018) recommend four
different emission inventories within the Interactive Stratospheric Aerosol Model Intercomparison Project (ISA-MIP). Neely 111
and Schmidt (2016) and Mills et al. (2016) provide an inventory for tropospheric and stratospheric volcanoes, covering daily
emissions and providing plume top and minimal height. The emission database of Carn et al. (2017) provides a comprehen-
sive list of individual explosive volcanic SO injections, covering both tropospheric and stratospheric eruptions, however not
distinguishing between the tropospheric and stratospheric part of the plume. Briihl et al. (2018) developed a volcanic SO4
emission database from 1990 to 2021 (updated by Schallock et al., 2023), focusing only on the stratospheric part of the plume,
also including smaller eruptions. Finally, the emission database from Diehl et al. (2012) only covers volcanoes up to 2010.

The treatment of SO4 from volcanic eruptions based on the available emission inventories in global atmospheric models
varies widely (e. g. Quaglia et al., 2023; Timmreck et al., 2018). Quaglia et al. (2023) performed a model intercomparison
study focusing on the Pinatubo eruption, finding that inter- and intra-model differences in the response of SO2 and sulfur
aerosol on the Pinatubo eruption are large for a range of sensitivity experiments. The differences were mostly attributed to
differing stratospheric transport, emission databases, aerosol microphysics and stratospheric chemistry. Vattioni et al. (2024)
investigated the impact of microphysical settings within the SOCOL-AERV2 aerosol chemistry-climate model and found that
the microphysical timestep, as well as the order of the microphysical processes can lead to vastly differing resulting strato-
spheric aerosol.

Brodowsky et al. (2021) analysed how small- and medium-sized explosive eruptions (from 2008 to 2012) are represented
within interactive models, investigating the sensitivity of the resulting aerosol burdens to the different emission databases,
internal model variability, dynamic nudging and the vertical resolution. The largest uncertainties resulted from the emission
databases and their application. Most interactive aerosol volcanic model studies inject SO in columns at the geographical
location of the volcano (e. g. Quaglia et al., 2023; Mills et al., 2016; Schmidt et al., 2018; Brodowsky et al., 2021), however
the vertical extent of the column is mostly unknown and depends on a number of assumptions. For instance, Brodowsky et al.
(2021) emitted the recommended SO2 amounts (for the emission inventories of Briihl et al., 2018; Carn et al., 2017; Diehl

et al., 2012) from the prescribed plume top height down to two thirds of that altitude. However, this approach may not align
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with how the emission inventory was derived, i. e. if only the stratospheric plume is considered for the derived SO mass (as in
the database from Briihl et al. (2018)) or the tropospheric part of the plume as well (as in the databases from Carn et al. (2017)
and Diehl et al. (2012)).

In this study, we expand the capabilities of the Modular Earth Submodel System, MESSy (version 2.55.1, Jockel et al., 2010),
to incorporate the seamless simulation of volcanic eruptions with a new submodel for Explosive Volcanic ERuptions (EVER).
In previous simulations within the MESSy framework 3D mixing ratio perturbations of SO were added manually to existing
mixing ratios at fixed points in time (e. g. Schallock et al., 2023; Briihl et al., 2018). This required a high manual effort, and
thus stratospheric volcanic eruptions were not part of standard simulations. The new submodel along with a newly developed
namelist setup for stratospheric volcanic eruptions from 1990 to 2023 (based on the emission inventory from Schallock et al.
(2023) and Briihl et al. (2018)), that automates this functionality, is presented in Sect. 2.

Using the new EVER submodel, we perform three numerical experiments:

1. First, we investigate the initial SO injection parameters, such as emission altitude, geographical location, emitted mass
and vertical extent, with sensitivity simulations varying the aforementioned parameters. The resulting short- to mid-
term SO4 plume development is compared to satellite observations of SOy columns and stratospheric mixing ratios for
the Nabro eruption in 2011 to tackle uncertainties in the initial stratospheric SOy burden introduced by the different
emission inventories. We provide recommendations regarding the implementation of stratospheric SO injections from
volcanic eruptions within the MESSy framework (applied in the historic default namelist setup for EVER), as well as in

atmospheric models more broadly.

2. Second, we evaluate a historic default namelist setup for the EVER submodel for the period from 2008-2011. This setup
is developed based on the emission database from Schallock et al. (2023), and we further refine it here using observations
from the IASI satellite (Clarisse et al., 2012, 2014) and the findings from our sensitivity studies. Simulated stratospheric

SO3 burden and the optical properties of the resulting stratospheric aerosol are compared to satellite observations.

3. Third, we evaluate the EVER submodel with regard to the additional use case of tropospheric degassing volcanoes with
SO5 column observations of the Kilauea degassing event from June 2018. We use SO5 emission rates from a previous

study, and provide a method to tune the emission rates, such that observed SO, column amounts can be reproduced.

The methods and the experimental setup is outlined in Sect. 3, and the results of the numerical experiments are presented in
Sect. 4.
2 New submodel for emissions from Explosive Volcanic ERuptions (EVER)

The new submodel EVER is developed as an extension to the second version of MESSy (version 2.55.1, Jockel et al., 2010),
which can be coupled with various basemodels, i. e. General Circulation Models (GCM). MESSy employs strict coding struc-

tures across its submodels to ensure portability and high flexibility in chemistry-climate simulations.
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2.1 Submodel description

The core of EVER is based on the MESSy submodel TREXP (Jockel et al., 2010), primarily employed for artificial tracer
studies and capable of emitting point sources and uniformly distributed columns of trace gases. To enable the simulation of
volcanic eruptions, novel functionalities were introduced as part of the new EVER submodel, including the incorporation of
different types of vertical distributions, primary emission of aerosol species, and seamless coupling with aerosol submodels.
Volcanic eruptions or other local atmospheric emission sources can be simulated and controlled via namelist. Each volcanic

eruption or emission is initiated using the following parameters:

Geographical location (latitude and longitude)

Type of vertical distribution (see Sect. 2.1.2)

Altitude range (minimum to maximum altitude) [km above surface level (asl)]

Midpoint [km asl] and sigma [km] of the eruption plume (only needed for Gaussian vertical distributions)

Period of the (volcanic) emission (date and time of start and end)

— List of emitted tracers (corresponding to tracer names)

List of tracer masses (in Tg)

List of aerosol parameter sets (see Sect. 2.1.1)

The EVER module code converts the individual emitted tracer masses into tracer increments, that are added to the total
mixing ratios during runtime, uniformly distributed over the specified time range, within the grid-column over the defined
location, and following a user-specified vertical distribution. Aerosol parameter sets only need to be provided for aerosol
species, and are defined as described in Sect. 2.1.1. An example Fortran95 namelist setup for the EVER submodel is provided
in the supplement (ever_example.nml), in which both SO4 and volcanic ash are emitted using the same vertical distribution

and time frame. If the temporal or spatial extents differ, new emission points must be defined accordingly.
2.1.1 Primary aerosol emissions

The MESSy framework includes several alternative submodels for interactively simulating atmospheric aerosols. The new
EVER submodel is currently designed to flexibly interface with modal aerosol submodels to emit primary aerosol, and was
tested for the three MESSy aerosol submodels GMXe (Pringle et al., 2010), MADE3 (Kaiser et al., 2014, 2019) and PTRAC
(Jockel et al., 2008), while future coupling to sectional aerosol models is possible with adjustments to the interface. However,
currently MESSy does not contain any sectional aerosol submodel. While PTRAC only requires an increase of the mixing ratio
of the tracer for primary aerosol emissions (as diameter and density of each aerosol tracer remain fixed), the submodels GMXe
and MADES3 require an additional increase in number concentration of the corresponding aerosol size mode. For these two

submodels, the respective channel name ("aermod_channel" in namelist, see supplement) has to be provided.
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The emitted number concentration is calculated based on aerosol parameter sets, which can be defined via Fortran95 namelist

using the following variables:

Aerosol parameter set name (referenced by the volcanic eruption points)

Density of the emitted aerosols p

Median emission particle diameter of the emitted species d,,,4 [m]

Size mode as defined in the aerosol submodel

The median emission particle diameter should reside within the diameter boundaries of the corresponding aerosol mode to
ensure proper treatment of the emission. The sigma of the log-normal distribution (o7;,,) is obtained from the defined aerosol
submodel for the given size mode. In EVER v1.0, which is included in the latest MESSy releases 2.55.1 and 2.55.2, primary
emissions were handled differently. Specifically, EVER could only be directly integrated with GMXe, requiring the GMXe
mode as a string, while sigma had to be explicitly provided for other submodels. The improved coupling with aerosol submodels
was introduced in EVER v1.1 and will be available in all subsequent releases.

On the basis of the aerosol parameter sets, number concentrations are calculated using

6 : Mtra,c
7 p-exp(3Ind,,g +4.5n%0y,,)

Naer = ey

where My, . denotes the mass of the emitted species and p, d,,,4 and o, as described above.

2.1.2 Vertical distributions

As volcanic plumes typically span a range of altitudes rather than being centred at a specific altitude, it is reasonable to specify
vertical distributions as well for the corresponding emissions. Presently, two types of vertical distributions are supported, with

the potential for expansion in the future:

1. Uniform distribution: In this distribution, the mass is uniformly distributed between the minimum and maximum alti-
tudes, proportionally to the height of the grid cell. The lowermost and uppermost grid cells within the altitude range are

filled based on the fraction of the grid cell covered by the altitude range.

2. Gaussian distribution: In this distribution, the mass follows a Gaussian-shaped vertical profile with mean altitude and
sigma specified in the EVER emission namelist. It can be confined to a vertical extent as for the Uniform distribution,
truncating the tail and scaling accordingly. The emission amount in each grid cell is calculated by considering the fraction
of the error function integrated from the bottom to the top of the grid cell (for the lowermost and uppermost grid cells,
the minimum and maximum altitudes are used, respectively) relative to the integral of the error function across the entire

confined vertical extent.

Although each injection is realized within a single column of grid boxes horizontally, multiple emission points can be defined

to accurately reproduce the observed horizontal extent of a single eruption. This is especially important for large volcanic
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plumes entering the stratosphere, exceeding the area of one grid box (Schallock et al., 2023). Tilmes et al. (2023) showed,
that the emission of the Pinatubo SO, plume over a horizontal area, rather than in one single column, leads to a significantly

improved agreement with observations. However, in this study we only used one emission point for each eruption.
2.2 Historic volcanic eruption namelist setup

A primary aim of this study is the development of a methodology, that automatically integrates volcanic eruptions significantly
impacting the stratosphere in standard simulations using the MESSy framework, and thus reproduces stratospheric SO2 mixing
ratios. Therefore, we established a historic volcanic eruption namelist configuration for the EVER submodel based on the SO,
emission inventory developed by Schallock et al. (2023), which we have now extended to the period from 1990 to 2023
(encompassing 774 significant explosive volcanic eruptions), and refined with observations from the IASI satellite.

The emission inventory from Schallock et al. (2023) provides information regarding the mass of emitted SO4 reaching
the stratosphere, the plume altitude as observed from satellites, the initial satellite observation date, and the geographic coordi-
nates of the volcano. This inventory was translated into an EVER namelist. The development of the emission inventory involved
satellite observations and information from the Global Volcanism Program, Smithsonian Institute (https://volcano.si.edu/, last
access: 25 March 2024). It is important to note that this inventory may not include all relevant volcanic events, and we encour-
age the community to contribute additional significant volcanic events to the extendable namelist.

The emission inventory is refined using IASI observations as follows: For each volcano, we conduct a scan of both, temporal
and spatial parameters, extending +10 days from the emission inventory date and +10° latitude and £15° longitude from the
volcano’s geographical coordinates. From this analysis, we extract the horizontal space-time point exhibiting the maximum
stratospheric SO5 mixing ratios observed by IASI as the optimal estimate for both, timing and geographical location for
injecting the plume into the stratosphere.

The SO, mass is then distributed vertically in a Gaussian profile centred 1 km below the maximum altitude (sigma of 2 km,
confined to the vertical extent of the maximum plume altitude down 2 km, truncating the Gaussian distribution at o /2) provided
in the emission inventory from Schallock et al. (2023), at the horizontal geographical location derived from IASI observations,
over 6 hours around the identified date and time of peak mixing ratio. In reality, eruption duration and plume vertical extent
may vary, and can be adjusted for the study of specific eruptions. It is important to note that IASI became operational only
in 2007 and primarily observes larger volcanoes. SO5 injections from volcanic eruptions occurring before 2007 or those not
observed by IASI are introduced with the same vertical distribution, however, at the geographical location of the volcano and
from 9:00 to 15:00 UTC on the date provided by the emission inventory from Schallock et al. (2023). Consequently, these
emissions are subject to uncertainties as discussed later.

We provide the namelist setup as supplement (ever_historic_stratVolcanoes.nml) for direct application in numerical simu-
lations with the EVER submodel. The 54 strong injections with optimized horizontal geographical location and timing of the

stratospheric entry point (e. g. Raikoke 2019, Ulawun 2019, Taal 2020) are marked accordingly.
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Table 1. Summary of satellite instruments and the respective observed quantities used for the evaluation of model simulations with the EVER

submodel. More technical details in the observations and the applied retrievals can be found in the provided references.

Instrument & Satellite Observation method Retrieved quant. ‘ Operation ‘ Reference
Infrared Atmospheric Sounding Thermal infrared emission from SOz — column + 2006 Clarisse et al.
—NOwW
Interferometer (IASI) — MetOp Earth (nadir) altitude retrieval (2012, 2014)
Ozone Monitoring Instrument (OMI) — UV & vis. solar backscatter radi- Li et al.
SO; — total column 2004—now
Aura ation from Earth’s surface (nadir) (2020)
Michelson Interferometer for Passive At- Mid-infrared emission SO; -3D 0022012 Hopfner et al.
mospheric Sounding (MIPAS) — ENVISAT | spectrometer (limb) (stratosphere) (2013, 2015)
TROPOspheric Monitoring Instrument As OMI, extended to UV, SO3 — column 2017 Theys et al.
—now
(TROPOMI) - Sentinel-5P visible, near-IR & shortwave (troposphere) (2017)
Optical, Spectroscopic and Infrared Re- Spectrally dispersed, scattered Aerosol extinction at 2001 Rieger et al.
—now
mote Imaging System (OSIRIS) — ODIN sunlight (limb) 750 nm — 3D (strat.) (2019)
3 Methods

3.1 Observations

SO- and optical properties of aerosols in the atmosphere are continuously monitored by satellites. We use satellite observations
of volcanic plumes for the evaluation of the new submodel, shortly summarized in Table 1. More details can be found in the
provided references. Section 3.2 outlines which observations were used for which study. The versions of the used datasets are
provided in the data availability section.

Satellites typically do not directly observe the retrieved variables but rather functions of these variables, which rely on
certain a priori information (Rodgers and Connor, 2003; Rodgers, 1990; Raspollini et al., 2006). Additionally, observed values
are influenced by the horizontal and vertical resolutions used for retrieval, leading to contributions from neighbouring layers.
To account for this effect, averaging kernel matrices (AKM) can be applied to model data for comparison purposes. In this
analysis, AKMs are used for comparisons with MIPAS observations. It is important to note that it is not possible to invert the

AKM to correct the retrieved product.
3.2 EMAC model and experimental set-up

We perform three separate numerical model experiments for the evaluation of the new submodel EVER and the established
historic namelist setup. All simulations are performed with the ECHAMS/MESSy Atmospheric Chemistry (EMAC) model
(Jockel et al., 2006) that couples MESSy2 (Jockel et al., 2010) to the general circulation model ECHAMS (version 5.3.02,

Roeckner et al., 2003). Temperature, the logarithm of the surface pressure, divergence and vorticity are “nudged” (more details
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by Jockel et al., 2006; Jeuken et al., 1996) towards meteorological reanalysis data (ERAS, Hersbach et al., 2020) from the
European Centre for Medium-Range weather forecasts (ECMWF) below 100 hPa. In addition, we employ the QBO submodel
to weakly nudge the simulations to QBO zonal wind observations between 10 and 90 hPa (Giorgetta et al., 2002) to avoid a
phase drift. Simulations are performed at T63 horizontal resolution for the simulation of stratospheric volcanic emissions, and
at T255 for the degassing case.

Gas-phase chemistry is addressed by the MECCA submodel (Sander et al., 2019). Details on the selected chemical mech-
anism in the different experiments are given below. Emissions from anthropogenic and biogenic sources, and from biomass
burning are introduced as described by Kohl et al. (2023). Sedimentation, dry and wet deposition are simulated using the
submodels SEDI, DDEP (both Kerkweg et al., 2006), and SCAV (Tost et al., 2006), respectively. Namelist setup, chemical
mechanism and runscript for the stratospheric (Sect. 4.1 & 4.2) and the Kilauea (Sect. 4.3) simulation can be found in the

supplement.
3.2.1 SOx in explosive volcanic eruptions — Nabro (2011)

First, we evaluate the EVER submodel and investigate the sensitivity of the resulting SO, plume to the injection parameters
with the eruption of the Nabro volcano, starting on 13 June 2011 (Global Volcanism Program, 2011). The volcanic cloud
predominantly comprised water and SOq, reaching up to 20 km in altitude. As it was observed by a number of satellite
instruments in contrast to the stronger eruption of Mount Pinatubo, it offers a perfect case study to investigate the spatio-
temporal evolution of volcanic SOs in the stratosphere.

Figure 1 illustrates the evolution of the plume during the first days after the initial eruption, as observed from IASI and
OMLI. The top panel provides SO- height retrievals from IASI (Clarisse et al., 2014). The second and third row show retrieved
SO; columns from IAST and OMI, respectively. SOs columns derived from IASI are presented only for coordinates where the
retrieved SOz height exceeds 14 km, whereas OMI observes the total column. It is noteworthy that the precise timing of the
satellite overpasses does not align for IASI and OMI observations.

The initial stratospheric plume followed a northwestward trajectory during its ascent, entering the stratosphere at approxi-
mately 18°N, 30° E, and an altitude of up to 18 km (see Fig. 1 a-c0). Within the UTLS, the SO, plume is influenced by the
Asian Monsoon Anticyclone, subsequently evolving in a northeastward direction (Fig. 1 a-c1). In the night of June 15 to June
16, an additional plume entered the stratosphere, as evident in the IASI observations from June 16 (Fig. 1 a2). Concurrently,
a wind shear within the AMA around the tropical tropopause induced a separation between tropospheric and stratospheric
SO2, with the stratospheric component further north (Fig. 1 a2,3). Subsequently, the SO4 originating from the stratospheric
entries mixed and was transported in the anticyclone. Approximately 10 days after the initial eruption, stratospheric SO, was
distributed widely across the displayed region (not shown).

The difference between the stratospheric IASI SO observations and OMI total columns confirms the altitude-specific find-
ings depicted in the top panel of Fig. 1, enabling a distinction between tropospheric and stratospheric contributions to the
total column. Furthermore, it highlights that while the Nabro volcano continuously emitted, plumes entered the stratosphere

exclusively on June 13 and June 16. It is debated, if these stratospheric entries resulted from a direct injection caused by the
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Figure 1. Observations of the Nabro plume on selected dates in the first week after the Nabro eruption. a) SO2 plume height retrievals
from TASI satellite observations (Clarisse et al., 2014) during ascending (ASC) and descending (DESC) orbits. b) Derived SO2 columns
from IASI (Clarisse et al., 2014) observations. ¢) Derived SO> columns from OMI (Li et al., 2020) observations. IASI SO columns are
calculated assuming that all SO is centred at the retrieved plume height (top row), and we only display pixels where the retrieved SO2
plume is detected in the stratosphere (above 14 km), whereas OMI displays the total column. Note that the timing of the observations does

not coincide in general.

eruption, or if the initial plumes failed to reach the stratosphere, subsequently being uplifted within the South Asian monsoon
system (Bourassa et al., 2012b; Fromm et al., 2013; Vernier et al., 2013; Bourassa et al., 2013; Clarisse et al., 2014). Especially
the second stratospheric plume on June 16 could comprise remnants of the tropospheric plume from June 13, that are uplifted.
This study does not engage in this ongoing discussion, but exclusively concentrates on the stratospheric entrance points of the
plume.

For the Nabro eruption, we carried out a series of EMAC simulations to assess the sensitivity of stratospheric SO burdens
to varying emission source parameters. The simulations are performed at T63 horizontal resolution (approx. 190 x 190 km at
the equator), with 90 vertical levels up to 0.01 hPa and a model timestep of 8 minutes. The SO injection parameters of the
reference simulation are based on the emission inventory developed by Schallock et al. (2023), refined with IASI observations
(see below). We employed the Mainz Isoprene Mechanism version 1 (MIM1; Poschl et al., 2000; Jockel et al., 2016) within
MECCA (see supplement for detailed mechanism), considering oxidation of SO with OH to form SOg, subsequently react-
ing with HoO to form HySOy4. Carbonyl sulfide (OCS), a precursor for stratospheric aerosols, is constrained using monthly

averaged surface concentrations as outlined by Montzka et al. (2007). Dimethyl sulfide (DMS) emissions from the ocean are
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computed using the MESSy submodel AIRSEA (Pozzer et al., 2006) and global ocean surface DMS concentrations derived by
Lana et al. (2011) in the stratospheric setup.

The following simulations were performed:

— reference: Column emission centred at altitude from the emission inventory minus 1 km (17 km); Gaussian vertical
distribution with a sigma of 2 km, confined to the altitude range from 16 to 18 km (see Sect. 2.1.2); horizontal position
and timing derived from IASI (one column encompassing 22.9°N, 29.7°E on June 13, 2011, 16:00 - 22:00 UTC); SO4
amount (406 kt) from the emission inventory from Schallock et al. (2023).

— optimized: Same as reference, but with the total amount distributed on two stratospheric entry points (67% on June 13

and 33% on June 16 based on the qualitative findings from the IASI observations).
— reduced: Same as reference, but with reduced SO emissions (280 kt).
— volc_pos: Same as reference, but emissions injected at the geographical location of the volcano (13°N, 41°E).
— point: Same as reference, but using only one single grid-box at the emission inventory altitude minus 1 km (17 km).
— min_2days: Same as reference, but emissions shifted by two days (June 11, 2011, 16:00 - 22:00 UTC).
— plus_lkm: Same as reference, but emissions shifted by 1 km in altitude (18 km).

— mills_et_al: Emissions as described by Mills et al. (2016). The emissions are injected over several days and in columns
covering the free troposphere and the UTLS region, ranging from 2.5 to 17 km. The only partly stratospheric emission

takes place on June 13, emitting 1500 kt, uniformly distributed over the altitude range from 9.7 to 17 km.

IASI observations of SOs columns and plume altitude are used for the qualitative evaluation of the short-term plume evolu-
tion (first week after the eruption; Sect. 4.1.1), by sampling simulated SO- columns at the time of the satellite’s overpass using
the SORBIT submodel (Jockel et al., 2010). For the mid-term plume evolution and quantitative assessment of simulated SO,
mixing ratios, we use three-dimensional observations from the MIPAS instrument® (Sect. 4.1.2).

For the comparison with MIPAS observations, we calculate the stratospheric SO, burden, defined here as the sum over the
SO, mass from lower integration limits depending on latitude (16 km for 0-30°, 14 km for 30-60° and 12 km for 60-90°)* up
to 30 km altitude. We investigate the sensitivity of the model-observation agreement to the lower integration limit in Appendix
A, showing changes in absolute values at similar agreement when varying the lower integration limit, thus justifying the usage

of fixed lower integration limits for the evaluation.

3MIPAS observations are not well-suited for the short-term evaluation due to potential rejection of plume air masses and saturation of spectral lines

(Hopfner et al., 2015).
“#as the model tropopause does not necessarily coincide with the observed tropopause
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3.2.2 Multi-year simulation with historic eruption namelist

To evaluate the new historic eruption namelist (EVER vl.1, see Sect. 2.2), we performed an EMAC simulation from January
2008 to December 2011, configured as detailed in Sect. 3.2.1. This timeframe is characterized by high volcanic activity,
including three strong eruptions — Kasatochi (August 2008), Sarychev (June 2009) and Nabro (June 2011) — alongside several
smaller eruptions. Over the simulated four years, a total of 107 stratospheric injections from volcanic events are documented
by Schallock et al. (2023) and considered in the simulation.

We use 3-dimensional observations from the MIPAS instrument to evaluate the total stratospheric SO burden (Sect. 4.2.1)
with the same lower integration limit as described above. Whilst this study primarily focuses on the evaluation of simulated
SO., this being the emitted species handled by EVER, we present here also the EMAC simulated extinction and sAOD at
750 nm, evaluated with observations from the OSIRIS instrument (Bourassa et al., 2007, 2012a; Rieger et al., 2019) in the
tropics (0-25°N, lower integration limit 16 km for the calculation of sAOD) and at higher northern latitudes (45-80°N, lower
integration limit 12 km), as the tropopause altitude is fairly constant in these regions (Sect. 4.2.2). The additional evaluation of
the simulated aerosol optical properties serves as a self-consistency check for the model, for context within the climate impacts
of the resulting stratospheric aerosol, and as a comparison to the simulation done by Schallock et al. (2023), who used a similar
setup.

Aerosol microphysics are treated with the submodel GMXe (Pringle et al., 2010). In our simulations, we apply four hy-
drophilic modes (Nucleation, Aitken, Accumulation, and Coarse) and three hydrophobic modes (Aitken, Accumulation, and
Coarse). We use the same GMXe setup as detailed in Schallock et al. (2023). Inorganic aerosol thermodynamics are treated with
ISORROPIA-II (Fountoukis and Nenes, 2007), and sulfuric acid-water nucleation follows the parameterization by Vehkamiki
et al. (2002). We calculate simulated AERosol OPTical properties of the GMXe aerosol populations with the AEROPT sub-
model (Dietmiiller et al., 2016), providing extinction coefficients and aerosol optical thickness of each model layer at various

wavelengths.
3.2.3 SO; from a tropospheric degassing case — Kilauea (2018)

In addition to emissions from explosive volcanic eruptions, we evaluate the new submodel’s capability to simulate emissions of
degassing volcanoes by analysing a series of eruptive fissures at the Kilauea volcano in Hawaii, USA, in summer 2018 (Kern
etal., 2020). SO, emissions from Kilauea were studied with the EMAC model before for a different period (Beirle et al., 2014).

Simulations for the degassing case are performed at a horizontal resolution of T255 (approximately 50 x 50 km at the equator)
and 31 model levels (up to an altitude of about 30 km) to capture the tropospheric transport. For these simulations, we use a
simpler chemical mechanism (compared to the T63 simulations) in the global model covering the basic tropospheric chemistry
(as we do not focus on the stratosphere here), including O3, OH, NOx, NOy and basic sulfur chemistry (see supplement
for details), to reduce the computational cost at this increased horizontal resolution and decreased timestep of 2.5 minutes.

Oxidation of SO5 to HySOy is directly realized via reaction with OH in this simplified chemistry, without producing any
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intermediates. We do not consider DMS and OCS here (see supplement), leading to a potential underestimation of background
maritime SO5 concentrations.

The Kilauea SO5 emissions are clearly observed from TROPOMI (ESA, 2018), serving as a basis for comparison with
simulated columns. Jost (2021) derived daily SO5 emission rates for Kilauea based on TROPOMI observations (SO2 repro
v1.1) and wind fields from ECMWE, using the divergence method developed by Beirle et al. (2019). Within this study, we use
the original emission rates scaled up by a factor of 4.3 following recent updates, resulting in higher emission estimates. These

adjustments include:

(a) A factor of 3.2 due to non-linear effects caused by strong SO5 absorption in the Kilauea volcanic plume (compare Theys

et al., 2017). While Jost (2021) initially deemed this effect negligible, we included it after re-examination.
(b) A factor of 1.12 due to the change of the assumed plume height from 2000 m to 1000 m (compare Kern et al., 2020).

(c) A factor of 1.19 from the consideration of topographic effects on the divergence calculation (Sun, 2022; Beirle et al.,
2023).

To explore the potential for further emission optimization, we perform simulations with tuned SO5 emission rates (see Fig.
9), based on the results of the reference simulation with the emission rates from Jost (2021). For that purpose, we establish a
linear relationship between SO4 emissions and simulated SO2 by fitting the implemented emission rates of the three preceding
days to the resulting simulated SOy columns at each day in June 2018 (the month of most intense SO5 emissions), and
subsequently use this linear relationship to derive optimized emission rates resulting in the observed columns from TROPOMI,
applying a stochastic gradient descent algorithm (e. g. Ruder, 2016). More details on the optimization can be found in Appendix

B.

4 Evaluation & Results
4.1 SOx in explosive volcanic eruptions — Nabro (2011)
4.1.1 Short-term SO5 plume evolution

Figures 2 and 3 compare the simulated altitude of maximum SOs mixing ratios and SO2 columns from the reference and
sensitivity simulations to the corresponding IASI observations for the morning overpass on June 14 (one day after the initial
Nabro eruption) and the afternoon overpass on June 17. SO, emissions in the simulation are confined to the stratosphere (except
the approach by Mills et al. (2016)), and thus only stratospheric amounts (altitude > 14 km) are shown. Indeed, this approach
neglects the significant amount of tropospheric SO injected during the eruption. However, tropospheric SO» typically has a
much shorter lifetime compared to stratospheric SO2, which we focus on in this study. The reduced simulation is not shown
in these figures, as it is equivalent to the reference in altitude and only exhibits reduced columns.

Overall, the simulated columns appear to be underestimated when compared to observations (see Fig. 3b¥). However, this

might be attributed to the retrieval procedure of the column from the IASI observations. The column estimation assumes that

13

72



360

365

370

Figure 2. Derived plume altitude from the IASI satellite observations (left; compare Fig. 1) is compared with the altitude of maximum SO

mixing ratios for each vertical column from the sensitivity simulations, one day (top) and four days (bottom) after the initial Nabro eruption.

In the simulations SO2 was only injected into the stratosphere, except for mills_et_al.
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Figure 3. Column SO2 derived from IASI satellite observations (left; compare Fig. 1) is compared with the respective column from the
sensitivity simulations, one day (top) and four days (bottom) after the initial Nabro eruption. In the simulations SOz was only injected into

the stratosphere, except for mills_et_al.

all SO, of the plume is centred at the respective altitude depicted in Fig. 2. However, it takes into account the complete column,
also including the tropospheric part of the plume. Hence, we only conduct a qualitative comparison between the simulated and
observed column.

The reference simulation appears to reasonably capture the stratospheric evolution when considering only pixels where
the altitude exceeds 14 km, although some discrepancies are evident. While the simulated altitude distribution horizontally
broadens over time (Fig. 2 bl), the total column analysis (Fig. 3, June 17 reference) shows that the columns at the edges
of the plume are very low, falling below the detection limit of IASI. Notably, as the reference simulation assumes only one
stratospheric entrance, it fails to reproduce the observed second plume as expected (compare Fig. 3 b0 and b1).

In the optimized simulation the emissions are distributed across two space-time points, based on a detailed analysis of
the TASI observations (refer to Fig. 1). As a result, the second plume is successfully reproduced, leading to better agreement
with the observations (Fig. 3 b2). By varying the geographical location of the stratospheric entrance (volc_pos), the plume
encounters different meteorological patterns, resulting in a distinct evolution pattern. Similarly, adjusting the timing parameter
(min_2days) leads to a more advanced evolution within the anticyclone (Fig. 3 b4). These sensitivity analyses highlight the
importance of accurately representing the timing and location of stratospheric injections for capturing the short-term evolution

of volcanic plumes in atmospheric models.

14

73



375

380

385

390

395

Chapter 4 Simulating volcanic emissions — Submodel for Explosive Volcanic ERuptions
(EVER)

Obs (MIPAS)| 3D_Schall reference  optimized reduced volc_position min_2days plus_lkm point mills_et_al 1.00

Ahhbshbbng

0208
Latltude [° N]

0.10 —
&
0.05Q
0.02
0.01

Altitude [km]

Figure 4. Zonally and 5-day averaged (July 14 - July 18, 2011) profile of northern hemispheric stratospheric SO2 mixing ratios derived
from MIPAS observations (leftmost panel) is compared with the respective SOz mixing ratios simulated in the reference and sensitivity

simulations one month after the eruption of the Nabro volcano.

As previously mentioned, a vertical wind shear leads to a displacement of the stratospheric part of the plume towards higher
latitudes. Moreover, there appears to be a vertical gradient in wind speed above 16 km. When the emission altitude is increased
by 1 km (plus_1km), the evolution within the anticyclone is attenuated (Fig. 2 b5), suggesting lower wind speeds at higher
altitudes. Additionally, the point simulation, where all emissions are centred at 17 km, only reproduces the rapid branch of the
observed plume evolution. Consequently, it does not encounter the lower wind speeds experienced at higher altitudes (Fig. 2
b6). In contrast, Mills et al. (2016) implemented emissions over several days and uniformly over altitudes ranging from 2.5 to
17 km, accounting for the continuous emissions that did not reach the stratosphere. However, in the mills_et_al simulation,
stratospheric emissions are underestimated, leading to a substantial fraction of emissions being lost due to scavenging in the

free and upper troposphere (Fig. 2 b6).
4.1.2 Mid-term SO- mixing ratios

The zonal and 5-day averaged profiles of simulated and observed (MIPAS) stratospheric SO mixing ratios on July 16, 2011,
approximately one month after the eruption, are shown in Figure 4 for the Northern Hemisphere. In addition to the sensitivity
simulations discussed earlier, a simulation using 3D emission fields of SO2 mixing ratios (3D_Schall in the following) is
included for comparison (Schallock et al., 2023). These emission fields were derived from various satellite observations and
applied several days after the initial eruption, specifically on June 21 for the Nabro eruption. Details on the methodology are
described by Schallock et al. (2023). To simulate the effect of limited vertical resolution associated with MIPAS observations,
the AKM (see Sect. 3.1) was applied to all simulated SO5 mixing ratios.

The comparison between simulated and observed SO, distributions reveals some discrepancies, particularly in the verti-
cal extent of the elevated SO, mixing ratios. The SO distributions exhibit a slightly larger vertical extent compared to the
observations. This discrepancy suggests a potential overestimation of the AKM or limitations in the vertical resolution of the
simulation at the respective altitudes (approximately 500 meters). The 3D_Schall simulation, which uses 3D emissions derived
directly from satellite observations, shows the widest distribution (b). This discrepancy can be attributed to the fact that the 3D
emissions already incorporate the smoothing effects introduced during the retrieval process (i. e. the AKM). Consequently, the
simulated SO mixing ratios in the 3D_Schall simulation represent observed mixing ratios rather than actual mixing ratios.

Therefore, after applying the AKM to these simulated mixing ratios, the resulting altitude resolution appears too wide.
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Figure 5. The top panel displays the total northern hemispheric (NH) stratospheric SOz burden as observed from the MIPAS satellite (black
dots) and from the sensitivity simulations (5-day averages). In the bottom panel, we depict the spatial correlation in the latitude-altitude plane

between the simulations and MIPAS observations, i. e. the spatial correlation between the first and all other panels in Fig. 4.

The sensitivity studies exhibit consistent patterns, with the highest mixing ratios of SO» typically observed between 15 and
20 km in altitude and 20° and 60° N in latitude, and decreasing altitudes of highest SO, mixing ratios with increasing latitude.
The distribution follows the typical stratospheric circulation pattern and resembles the observed distribution. Lower mixing
ratios compared to observations are found in the reduced, point, and mills_et_al simulations. In the reduced simulation, the
reduced emissions directly lead to lower mixing ratios (e). However, in the mills_et_al simulation, a significant portion of
SO, is removed in the upper troposphere, as discussed earlier (j). In the point simulation, restricting emissions to a single grid
box omits the altitude range between 17 and 18 km, leading to a reduced stratospheric lifetime (i). Conversely, the plus_1km
simulation shows higher mixing ratios due to the increased stratospheric lifetime associated with higher injection altitudes. The
volc_pos (f) and min_2days (g) simulations exhibit slightly different spatial distributions, with the former indicating higher
and the latter lower SO5 mixing ratios at low latitudes. Hence, the varied meteorological conditions experienced in the initial
days post-eruption consistently lead to diverse mid-term evolutions of stratospheric SO.

In addition to examining the spatial distributions at specific time points, we explored the mid-term changes of northern
hemispheric (NH) stratospheric SO2 burden (Fig. 5a) and the mid-term spatial agreement between observed and simulated

SO- mixing ratios (Fig. 5b) after the Nabro eruption. MIPAS observations of NH stratospheric SO5 burden exhibit a gradual
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Figure 6. Timeline of total northern hemispheric (NH) stratospheric SO2 mass as observed from the MIPAS instrument (black dashed line)
compared with simulations using the EMAC model with the new EVER historic volcanic setup (red) and using 3D emission fields (Schallock

et al., 2023).

increase following the volcanic eruption, unlike the simulations, as discussed earlier. The 3D_Schall simulation’s onset is
delayed by a week, as the simulation is based on observations after the first plume evolution in the stratosphere. The bottom
panel of Fig. 5 illustrates the spatial correlation between the zonal profile of MIPAS observations and the sensitivity studies
within the altitude-latitude window depicted in Fig. 4.

The stratospheric SO» burden of the reference, optimized, volc_pos and min_2days simulations follow the same log-
arithmic decay, mostly coinciding with the observations after mid-July. These simulations also exhibit very similar spatial
correlations with some fluctuations, showing correlations around 0.9 approximately 3 weeks after the eruptions, which gradu-
ally decrease to values between 0.75 and 0.8 in late September. The min_2days simulation shows a weaker correlation in the
initial phase but approaches the others in the mid-term, most likely due to the different initial meteorological conditions.

The reduced, point and mills_et_al simulations exhibit consistently lower stratospheric SO mass as observed earlier,
while the decay is parallel to the aforementioned. The spatial correlation of the reduced and point simulations is similar to
the reference simulation, while the mills_et_al simulation shows a slightly smaller but comparable correlation. Emissions at
higher altitudes (plus_1km) lead to higher SO- burden, longer lifetime, and lower spatial correlation with the observations.
Initially, the simulation with three-dimensional emissions (3D_Schall) shows a comparable total stratospheric SO» burden to
the reference simulation. However, it displays a slightly shorter lifetime as the burden decays more rapidly. Additionally, a
slightly lower spatial correlation is observed, potentially attributed to the wider distribution of emissions.

The overall slightly faster decline of the stratospheric SO2 burden in the simulation compared to the observations appears
consistent across all simulations. It can either be attributed to an overestimation of the chemical removal, i. e. the oxidation
with OH, or too efficient transport from the stratosphere to the troposphere, that also depends on the injection altitude and to a

lesser extent the injection location.
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4.2 Evaluation of the historic eruption namelist setup in a multi-year simulation from 2008 to 2011
4.2.1 Stratospheric SO5 burden

Figure 6 illustrates total NH stratospheric SO burdens, analogously to the upper panel of Fig. 5 for the simulated timeframe
from January 2008 to December 2011. We compare our simulation using the new EVER setup to the simulation from Schallock
et al. (2023) using 3D emissions and observations from MIPAS.

The three primary peaks are largely reproduced similarly in both simulations, as anticipated, given that the injection mass
from the emission inventory is derived from the 3D emission fields in the work of Schallock et al. (2023). However, in general,
the observed peaks are lower than the simulated ones. This discrepancy can be attributed to the limited reliability of MIPAS
observations shortly after strong eruptions (see Sect. 3.2.1 and 4.1.2 for details), underestimating actual SOy mixing ratios.

The EVER simulation exhibits an underestimation of background SOs mixing ratios, particularly evident during the rela-
tively quiet period from the end of 2010 until the eruption of Nabro in June 2011, whereas the 3D simulation mostly reproduces
the background mixing ratios. The discrepancy in the EVER setup is likely attributable to limitations in the general model con-
figuration or the overestimation of the vertical extent of the emissions for smaller eruptions, only reaching the tropopause.
Future efforts will concentrate on enhancing the representation of background SO, and aerosol in both, the free and upper
troposphere, as well as in the stratosphere. However, it is worth noting that the simulation does reproduce smaller volcanic
events, albeit at reduced magnitudes. As previously discussed, these smaller injections are not optimized in terms of horizontal

position and timing, as they fall below the detection limit of IASI.
4.2.2 Optical properties of the resulting stratospheric aerosol

The main focus of the observational evaluation of EVER is on the spatio-temporal evolution of volcanic SO5 as the emitted
species. However, once in the atmosphere, the SO5 can convert to sulfur aerosol particles, with e-folding times varying between
2 and 40 days (Carn et al., 2016; Hopfner et al., 2015). For an additional validation and comparison to the simulation performed
by Schallock et al. (2023), we compare the optical properties of the resulting stratospheric aerosol to observations from the
OSIRIS instrument.

Figure 7 shows the sAOD for the four simulated years, categorized into two regions: the NH tropics (0° to 25°N) and the
mid- to higher latitudes in the northern hemisphere (45°N to 80°N). In both regions, the three major peaks corresponding to the
volcanic eruptions are evident. Discrepancies between the EVER simulation and observations are expected in regions where
the stratospheric injection occurred, attributable to cloud overlap and saturation effects in the observations. This discrepancy
is observed for Kasatochi (2008) and Sarychev (2009) at higher latitudes, and for Nabro at lower latitudes. Conversely, the 3D
emissions, directly derived from satellite observations and applied with a delay, reproduce these measurement biases.

In the aftermath of the Nabro eruption in June 2011, the sAOD in the EVER simulation exhibits a sharp increase followed
by notable fluctuations. The fluctuations can be attributed in part to the movement of the plume centre across the 25° latitude

band, resulting in variable alignment with the observed latitude window. The fluctuations could also be a consequence of
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Figure 7. Timeline of SAOD at 750 nm (for the vertical range of the integration see Sect.3.2.2) as observed from the OSIRIS instrument
(black dashed line) compared with simulations using the EMAC model with the new EVER historic volcanic setup (red) and with 3D
emission fields (Schallock et al., 2023). The sAOD is evaluated in the northern hemispheric tropical latitudinal band from 0° to 25°N (top)

and at higher northern latitudes from 45° to 80°N (bottom).

microphysical processes, that are outside of the scope of the manuscript. Notably, the observations show similar fluctuations in
the following.

Another interesting feature is the pronounced overestimation of SAOD in the tropical latitudes following the Kasatochi
eruption. This anomaly could be attributed to an overestimation of transport from higher latitudes to the tropical stratosphere,
or a general overestimation of the emissions. Notably, this feature is not observed after the Sarychev eruption in the EVER
simulation, although it is present in the 3D simulation. The discrepancies between the two simulations in the mid-term transport
after the Sarychev (to the tropics) and Nabro (to high latitudes) eruptions may be attributed to the different timing of the
emissions. While emission times in the EVER simulation were optimized to the first detection of stratospheric SO, from the
IASI satellite, 3D emissions were applied on the dates specified in Schallock et al. (2023). The interaction with the South
Asian monsoon anticyclone potentially causes differing transport to lower or higher latitudes, respectively, if altitude, timing
and geographical location of the emission do not coincide.

Figure 8 displays the aerosol extinction at 750 nm, as observed from the OSIRIS instrument and simulated. The effect of
the three major volcanic eruptions is mostly evident between 16 and 20 km in the tropics, and between 12 and 18 km at
higher latitudes. Similar to Fig. 7, the magnitude of extinction is differing between the observations and the two simulations. In
addition, discrepancies are noticeable in the maximum altitude of the plume and below the tropopause. While the 3D simulation
largely reproduces the observed maximum altitude, using satellite observations with, in case of MIPAS, the incorporated AKM

as input, the EVER simulation may present more realistic maximum altitudes. The differences between the observations and
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Figure 8. Timeline of aerosol extinction at 750 nm as observed from the OSIRIS instrument (left) and simulated by the EMAC model using
3D emissions (middle; Schallock et al., 2023) and using the new EVER historic volcanic setup (right), evaluated in the northern hemispheric

tropical latitudinal band from 0° to 25°N (top), and at higher northern latitudes from 45° to 80°N (bottom).

the simulation below the tropopause are strongly driven by the coincidence with clouds which hinder the retrieval of aerosol
extinction. The slight differences between the two simulations from 10 to 15 km in the tropics can most likely be attributed to
the differences between the simulation setups. In addition, the QBO signal with differing aerosol concentrations above 20 km,
depending on the QBO phase (e. g. Hommel et al., 2015), is more pronounced in the simulation, potentially subject to future
studies.

In the sensitivity simulations from Brodowsky et al. (2021), the emission database from Briihl et al. (2018) consistently
showed the lowest stratospheric aerosol amounts compared to the other emission databases in bad agreement with observations.
However, we show much better agreement with observations in our simulations and see even higher SO5 mixing ratios, when
applying the emission inventory of Schallock et al. (2023, extension of Briihl et al. (2018)) compared to the emission database
from Mills et al. (2016). This contradiction can be attributed to the vertical extent of the emission. In Brodowsky et al. (2021),
"the emitted SO4 plume is assumed to be evenly distributed [from] the given plume top downwards one third of the way to
the Earth’s surface", which would mean a vertical extent of 12 to 18 km for the Nabro volcano. While this approach seems
reasonable for the databases of Diehl et al. (2012) and Carn et al. (2017), as they consider the tropospheric and stratospheric
part of the plume, it leads to a vast underestimation of the stratospheric SO5 when applied on the stratospheric emissions by

Briihl et al. (2018). In this study, SO is emitted between 16 and 18 km for the Nabro volcano in our simulations.
4.3 SO; from degassing volcanoes — Kilauea (2018)

In the following, we investigate the degassing event at Kilauea. Figure 9 depicts a comparison between observed columns
from TROPOMI in the top row (a*) and simulated columns from the simulations with derived emission rates from Jost (2021)

(Jost2021, b*) and with optimized emission rates (optimized, c*). Generally, SO, columns are highest in proximity to the
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Figure 9. Observed (top) and simulated SO2 columns resulting from the degassing of the Kilauea volcano at selected days in June 2018 at a
model resolution of T255. a) Observations from TROPOMI, regridded to T255 resolution. b) Simulation with emission rates derived by Jost
(2021, scaled by a factor of 4.3 — see text for details). ¢) Simulation with optimized emission rates, based on a comparison between model
and observations (refer to the text for more details). d) Relative change from the simulation with derived emission rates by Jost (2021) to the

optimized simulation.

Kilauea volcano and disperse according to meteorological conditions. Qualitatively, we observe reasonable agreement in the
horizontal dispersion of the plume on most days (Fig. 9), with some exceptions, such as June 7 and June 10. However, there
is stronger variability in the observations within the transported plume compared to the simulations, where we predominantly
observe gradually decreasing SO2 columns with distance from the volcano. This effect is attributed to the diurnal variability of
the SO- emissions, which are not represented in the emission dataset.

Figure 10 provides a quantitative assessment of the horizontal extent depicted in Figure 9 (spanning from —168° to —152°
W, 15° to 25° N), showing spatially averaged SO, column within this horizontal window, SO .1 4 as observed and simulated
at each day in June 2018 d (bottom), and spatial correlation between simulated and observed logarithmic SO5 columns (top)
within this horizontal window. The Jost2021 numerical results exhibits some noticeable fluctuations in m, with periods
of underestimation in the initial days and on June 25, as well as instances of significant overestimation, such as on June 11 and
June 21. The presence of a low-bias can be primarily attributed to missing or very low emission data from Jost (2021) due to
missing orbits or cloud cover hindering reasonable SO, retrieval. As expected, the simulated m from the optimized
simulation follows the observed pattern much more closely as a result of the tuning.

On most days, a strong spatial correlation between the simulated and observed horizontal dispersion of the SOy plume is

evident, ranging from 0.6 to 0.9. However, the pronounced exceptions on June 7 and June 10 (also depicted in Fig. 9) may
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Figure 10. Derived spatially averaged SO2 column from TROPOMI observations (—168° to —152° W, 15° to 25° N; horizontal window
displayed in Fig. 9) in June 2018 compared with simulations, using emission rates from Jost (2021, scaled by a factor of 4.3 — see text for
details) and optimized emission rates, based on a comparison between model and observations. On the top, we present spatial correlations in

the same horizontal window between the observations and the respective simulations, using the same colour as for the SOz column.

be attributed to misrepresentations of the meteorological conditions or generally lower wind speeds, leading to more turbulent
flow. Barely any improvement in spatial correlation can be observed from the Jost2021 simulation to the optimized one. This
lack of difference is primarily due to the intra-day fluctuations of SO5 emissions, which contribute to the observed variations
and are also not accounted for in the optimized simulation, and potential differences in injection height, that are not considered
in the simulation. To address the former, emission rates would need to be implemented at higher temporal resolution (e. g.

hourly) and simulations performed at higher horizontal resolution.

5 Discussion

We showed that SO emissions from explosive volcanic eruptions and the subsequent plume evolution can be reasonably
reproduced in EMAC within the MESSy model system, using either 3D emissions (Schallock et al., 2023) derived from satellite
observations, or column emissions with differing vertical profiles. The different approaches exhibit strengths and weaknesses,
and reveal information on the general capabilities of the model.

The usage of 3D emissions, as investigated by Schallock et al. (2023), offers significant advantages for assessing the mid-
and long-term impact of volcanic eruptions. By directly deriving emissions from 3D satellite observations several days after the
initial eruption, this approach ensures an accurate representation of the plume’s horizontal and vertical evolution, particularly
during the crucial initial phase post-eruption, which is heavily influenced by local meteorological conditions. However, a
notable drawback of this method is the inherent limitation in the vertical sensitivity of the satellite observations, leading to an

overestimation of the vertical extent of the plume, and thus not reproducing the real distribution. Consequently, this discrepancy

22

81



535

540

545

550

555

560

565

Chapter 4 Simulating volcanic emissions — Submodel for Explosive Volcanic ERuptions
(EVER)

impacts the plume’s subsequent evolution and results in differing stratospheric lifetimes for the volcanic plume. Additionally,
due to the reliance on 3D satellite observations and the delayed injection, short-term volcanic effects cannot be adequately
examined for the simulation with 3D emissions. Another limitation of the approach outlined by Schallock et al. (2023) lies
in its technical implementation, which necessitates manual addition of retrieved tracer perturbations and subsequent model
restarts after each volcanic event or the use of large import files, posing practical challenges for operational use.

Column emissions rely on several assumptions regarding critical parameters such as plume height and location, emitted mass,
and emission profile. With sufficient observational data, these parameters can be effectively constrained, enabling accurate
predictions of SO, mixing ratios. However, the creation and updating of such inventories also needs manual work, retrieving
the relevant parameters. As demonstrated with the Nabro volcano, we used data from the volcanic SOy emission inventory
compiled by Schallock et al. (2023) in combination with observations from IASI to accurately constrain these parameters.
Consequently, our model simulations exhibited strong agreement with both, short- and mid-term observations of SO mixing
ratios and aerosol optical properties obtained from the IASI, MIPAS, and OSIRIS satellite instruments, specifically evaluated
for strong eruptions.

The sensitivity studies revealed that the importance of accurately constraining the emission parameters for adequately sim-
ulating the volcanic SO2 plume differs for each parameter. Primarily, emitting an appropriate quantity of SO at the correct
altitude appears to be the most critical factor. Variations in the SO2 amount directly influence stratospheric SO, mixing ra-
tios, with the mixing ratios approximately proportional to the mass emitted. Conversely, discrepancies in the injection altitude
substantially impact the stratospheric lifetime of the resulting SO, and sulfur aerosol, as well as the meteorological conditions
encountered by the plume.

For that reason, we opted for the emission database developed by Briihl et al. (2018) and Schallock et al. (2023) for the
historic default namelist setup, as they specifically target SO5 injections above the tropopause, while the databases from
Diehl et al. (2012) and Carn et al. (2017) do not distinguish between the tropospheric and stratospheric part of the plume,
providing no information about the SO5 amount above the tropopause. Mills et al. (2016) do provide a minimum and maximum
plume altitude, however potentially underestimate the stratospheric part when uniformly emitting over this altitude range as
can be seen in the sensitivity study on the Nabro volcano (see Sect. 4.1.2). The unclear stratospheric contribution of the
initial SO4 emission is also the main reason for the vastly differing stratospheric sulfur burden estimated by Brodowsky et al.
(2021) from the different emission databases, again highlighting the importance of the correct retrieval and application of the
stratospheric part of the plume. The emission database from Schallock et al. (2023) additionally explicitly includes smaller
eruptions reaching the stratosphere.

However, column or point emissions come with inherent limitations as well. First, emissions are constrained to a single
grid box or columns of grid boxes in this study. In detailed studies of strong eruptions, we additionally recommend exploring
the effects of emissions over multiple columns and an extended time period to avoid non-linearities due to very high local
concentrations (see also Sect. 2.1.2). Second, volcanic activity typically extends beyond a single day, with SO emissions
occurring over prolonged periods, occasionally reaching the stratosphere (see Sect. 4.1 for the Nabro eruption). While related

discrepancies dissipated in the mid-term for the Nabro volcano, this may not be necessarily the case for other volcanic eruptions.
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Third, the exact timing and geographical location of the stratospheric entry point cannot always be accurately estimated. Our
sensitivity analyses uncovered short- and mid-term disparities when such information is lacking.

Based on the insights from the sensitivity studies, we developed a historical namelist configuration for the new EVER
submodel spanning the past three decades. Despite the aforementioned limitations, our evaluation simulation demonstrates
a satisfactory alignment with observations of both, SO2 mixing ratios and aerosol optical properties. Notably, the historic
namelist setup accurately reproduces significant eruptions, thereby representing the primary contribution of volcanic events
to the stratospheric SO2 and aerosol loading. This aligns with our conclusion that altitude and mass are the most crucial
emission parameters, which were directly determined from the emission inventory and do not depend on the availability of
IASI observations. However, we showed that the timing and geographical location of the stratospheric entry point can lead to
additional uncertainties, that remain when no IASI observations are available.

Consequently, we recommend the adoption of the submodel EVER with the proposed historical namelist setup (see Sect. 2.2
and supplement) in all numerical simulations using the MESSy framework at global or regional scale, particularly those encom-
passing the stratospheric and upper tropospheric domains. This is the first study to systematically incorporate volcanic eruptions
into atmospheric simulations within MESSy using the EMAC model, presenting a more flexible and easy-to-implement alterna-
tive to the 3D emission approach. Furthermore, in cases where disparities with observations arise, owing to the aforementioned
uncertainties, or when focusing on specific volcanic events, the namelist setup can be adjusted accordingly, especially regarding
the horizontal and vertical extent of the plume. Moreover, comparisons with simulations using 3D emission fields may offer
additional insights into the evolution of individual volcanic plumes.

In section 4.3, we demonstrated the additional capability of EVER to simulate SO from degassing volcanoes. However, it is
essential to apply a model with a sufficiently fine resolved horizontal grid (for a global model) to accurately capture the observed
phenomena and the small-scale wind fluctuations. Simulations with equal emissions performed at more standard horizontal
resolutions, such as T63 and T106, failed to reproduce the observations adequately (not shown), whereas these resolutions are
mostly sufficient for stratospheric simulations. Furthermore, we applied a model-driven tuning for the corresponding emission
rates, reproducing observed SO5 column amounts.

This optimization has the potential to be extended to historic degassing volcanoes, facilitating the development of a default
setup akin to the stratospheric default setup for explosive volcanoes. This process would include integrating TROPOMI obser-
vations with an initial simulation using rough estimates of degassing emissions, which could subsequently be refined through
stochastic gradient descent (SGD) optimization as described in Appendix B, potentially extending or replacing the outdated
climatology by Diehl et al. (2012) used in many EMAC simulations. However, implementing this approach may encounter
challenges related to the required high horizontal resolution, the estimation of the injection altitude, and the identification and
initial approximate estimation of all significant degassing volcano emissions.

Up to this point, our focus has been primarily on volcanic SO,. However, it is worth mentioning the versatility of the sub-
model for a wide range of use cases where gaseous or aerosol tracers are injected into the atmosphere in vertical distributions,

with limited horizontal extent. This includes the following use cases:
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— Volcanic ash: Apart from emitting trace gases, volcanic eruptions also release primary aerosols, such as volcanic ash.
The EVER submodel is explicitly designed to simulate the evolution of aerosol species, including volcanic ash, after

volcanic eruptions.

— Water vapour: Eruptions of submarine volcanoes, such as the notable event at Hunga Tonga-Hunga Ha’apai in January
2022 (e. g., Vomel et al., 2022; Sellitto et al., 2022; Schoeberl et al., 2022; Xu et al., 2022), release substantial quantities
of water vapor into the atmosphere. The EVER module can be used to investigate the effects of enhanced water vapor
concentrations in the stratosphere due to volcanic activity. For the Hunga Tonga eruption we recommend the simulta-
neous injection of water vapor in multiple columns to avoid quick removal by ice formation and to be consistent with

observations.

— Wildfires: Strong wildfires can inject significant amounts of carbonaceous aerosols and various trace gases directly into

the stratosphere via pyro-cumulonimbi. EVER can be used to model these emissions from wildfires.

— Solar radiation modification: Studies on solar radiation modification, particularly artificial injections of SO or other
trace gases into the stratosphere to form aerosols that reflect sunlight back into space, can benefit from the capabilities

of EVER. These scenarios involve large uncertainties, which can be addressed with studies using EVER.

— Transport processes: Transport processes play a crucial role throughout the atmosphere. EVER allows for the emission
of active and passive aerosols and trace gases throughout the atmosphere, enabling the study of processes such as the

exchange between the troposphere and stratosphere.

— Sensitivity studies: Atmospheric properties can be highly sensitive to perturbations in trace gas or aerosol mixing ratios.
By injecting the respective atmospheric constituents with EVER, it is possible to estimate the sensitivity of climate,

atmospheric dynamics, and the ozone column to these perturbations.

6 Conclusions

We presented the new submodel for tracer emissions from Explosive Volcanic ERuptions (EVER v1.1), developed within the
Modular Earth Submodel System (MESSy, version 2.55.1), and performed numerical experiments with the ECHAMS5/MESSy
Atmospheric Model (EMAC) and the new submodel.

EVER is designed for the addition of gaseous and aerosol tracer tendencies following volcanic eruptions in columns with
user-specified vertical profiles at point or area sources. We evaluated the EVER submodel with the simulation of volcanic
SO emissions in the EMAC model for the explosive eruption of Nabro in June 2011 and a degassing event from Kilauea in
July 2018, employing satellite observations from IASI, MIPAS, OMI, TROPOMI, and OSIRIS. The evaluation showed that
volcanic emission plumes can be reasonably simulated with EVER. The new submodel is available from MESSy version 2.55.1

and will be continuously developed further.
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We investigated the sensitivity of the volcanic SO, plume evolution after the Nabro eruption to variations in the emission
parameters. The results emphasized the importance of the emission of a reasonable amount of SO4 above the tropopause with an
appropriate altitude distribution. In previous studies with various emission databases, the SO2 mass emitted in the stratosphere
was unclear, resulting in large differences. We showed that the application of a dedicated stratospheric SO5 emission inventory
can reproduce observed SO4 burdens and aerosol optical properties. Horizontal position and emission timing were found to
have a minor impact on the mid-term SO» burden in the stratosphere. Nevertheless, these parameters play a crucial role in
detailed process studies during the initial weeks after an eruption.

Furthermore, we conclude that simulations of volcanic eruptions can be effectively performed with the help of 3D- and
column emissions, if the emitted stratospheric SO, mass is well constrained. However, both approaches have shortcomings. The
optimal approach depends on the specific use case, with column emissions excelling in the short-term, and similar performance
in the mid- to long-term.

Finally, we developed a historic submodel setup for EVER, incorporating stratospheric significant volcanic eruptions span-
ning from 1990 to 2023. It is based on the volcanic SO, emission inventory by Schallock et al. (2023). We additionally
optimized the timing and geographical location of the volcanic plume entering the stratosphere, using the findings of the sen-
sitivity study and SO, observations from the IASI satellite. However, this information was only available from 2007 on, and
for strong volcanic eruptions only. The historic namelist setup was successfully evaluated with regard to resulting SO5 mixing
ratios and aerosol optical properties. It is provided as a supplement, and we advocate its inclusion in simulations using the
MESSy framework focusing on the upper troposphere and the stratosphere. For very strong eruptions, it may be beneficial to
distribute the emissions over multiple columns horizontally and an extended time period, or adjust the vertical plume extent, if
discrepancies with observations occur.

In addition to the extensively discussed application to explosive volcanic eruptions, the EVER submodel’s versatility opens
up a range of additional research opportunities. These may include investigations into the interplay between SO2 and volcanic
ash post-eruption, exploration of solar radiation modification scenarios, modelling of wildfires, and analyses of atmospheric
transport processes. Future work could involve the development of a climatology of SO2 emissions from degassing volcanoes

employing the new submodel.

Appendix A: Sensitivity of the evaluation results to the lower integration limit for the calculation of stratospheric

properties

As the tropopause does not necessarily coincide in the simulation and the observations, we applied latitude-dependent fixed
altitude lower integration limits for the calculation of stratospheric SO burden and sAOD. Here, we study the sensitivity of
the evaluation results to the chosen lower integration limit.

The stratospheric SO burden is defined in this work as the SO5 mass above 16 km from 0-30°, above 14 km from 30-60°,
and above 12 km from 60-90°. We compare these stratospheric SO» burdens to burdens with perturbed lower integration limits

(+1 km: 17,15,13 km; -1 km: 15,13,11 km). The results are depicted in Fig. Al. While the total burden varies in the three
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Figure A1l. Sensitivity of the evaluation results to the lower integration limit (applied to observations and simulations) for the derivation of
the stratospheric SOz burden. a) Lower integration limit as applied in the manuscript (16 km from 0-30°N, 14 km from 30-60°N and 12 km
from 60-90°N). Variations of plus 1 km (b) and minus 1 km (c) show similar agreement at different absolute values. Slight differences can

be seen at background levels with increased agreement in 2010 for the increased lower integration limit (b).

scenarios as expected, the agreement between the simulations and the observations is very similar, especially considering the
three major volcanic peaks. However, in the quiet period in 2010 and 2011, the agreement improves, when the lower integration
limit increases (b). This can be either attributed to an incorrect altitude distribution of the background SO5 or to the emission
of the smaller eruptions.

The sAOD is defined here as the integral over the aerosol extinction above 16 km from 0-25°, and above 12 km from 45-80°.
As before, we vary this lower integration limit by +1 km (see Fig. A2). Again, we see similar agreement at differing absolute
values. The strongest difference can be seen in the Sarychev peak at higher latitudes (e), that seems to be underestimated when
increasing the lower integration limit. This might either be connected to the missing AKM, or the plume top is underestimated.

Overall, we conclude, that our evaluation result are not very sensitive to the chosen lower integration limit for the calculation
of the stratospheric SOz burden and the sSAOD. Thus, the evaluation results are mostly independent on the chosen "tropopause

definition".

Appendix B: Optimization of the emission rates from the Kilauea degassing event

In Sect. 4.3, we optimized the emission rates of the Kilauea volcano, such that the model reproduces the observed average SO4
column SO2(co1,4,00) for each day d over the chosen area. Here, the optimization is described in more detail.

In the first step, we investigated the relation between the implemented emission rates and resulting simulated SOz (o1 4,5 ir)-
Therefore, we considered the emission rates from the three preceding days of each sampled day in June 2018, denoted as
emisgo,;q—i(? = 0,1,2), and constructed a linear predictor of m;

3

SO2(cor d,sim = SO2(co1, 56) + P _ Gdi *EMiSs0,:d—i (B1)
i=0
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Figure A2. Sensitivity of the evaluation result to the lower integration limit (applied to observations and simulations) for the derivation of
SAOD. a,d) Lower integration limit as applied in the manuscript (16 km from 0-25°N and 12 km from 45-80°N). Variations of plus 1 km (b,e)

and minus 1 km (c,f) show similar agreement at different absolute values. The most significant differences are observed for the Sarychev

volcano, that shows strongly decreased simulated SAOD at increased lower integration limit at higher latitudes (e).

The coefficients a4 ;, representing the importance of the emissions of each of the three preceding days, respectively, and the
background SO column amount, SOz (.1, 5g)» are the free parameters in the linear predictor and were determined through a
least squares fit. Subsequently, the linear predictor with these coefficients was utilized to compute optimized emission rates for

each day using a stochastic gradient descent (SGD) algorithm, iteratively optimizing the emission rates, by reducing the loss

function (e. g. Ruder, 2016). The optimization scheme is given in pseudocode in Algorithm B1.
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Algorithm B1 SGD optimizer for daily SO, emission rates

Require: niter, lrate
1: while j<niter do
2:  for d=0,d<30,k++ do
3: for k=0, k<3, k++ do
4: gradient=2+*aqg-x* (502(co1,dobs)
_Zio ag-1*€misgo,;q-1 —S02(co1, B3))
5: emisge,;q-kt=lratexgradient
6: end for
7. end for
8: Jt++

9: end while

Code availability. The Modular Earth Submodel System (MESSy, https://zenodo.org/doi/10.5281/zenodo.8360186) is continuously further
developed and applied by a consortium of institutions. The usage of MESSy and access to the source code is licenced to all affiliates of
institutions which are members of the MESSy Consortium. Institutions can become a member of the MESSy Consortium by signing the
MESSy Memorandum of Understanding. More information can be found on the MESSy Consortium Website (http://www.messy-interface.
org). The code presented here is available in MESSy version 2.55.1 (https://zenodo.org/records/8367075). The respective namelists, chemical
mechanisms and run scripts used are made available via supplement (see Sect. 3.2).

Scientific colour maps (https://doi.org/10.5281/zenod0.5501399, Crameri, 2021) are used in this study to prevent visual distortion of the
data and exclusion of readers with colour vision deficiencies (Crameri et al., 2020).

The historic default namelist setup for the new submodel EVER is available as supplement (ever_historic_stratVolcanoes.nml).

Data availability. Level 2 and Level 3 (5-day averages) retrieved (VSR_SO2_220 & V5R_S02_221) SO, data from MIPAS observations
used in this study is available after registration at http://www.imk-asf kit.edu/english/308.php (Hopfner et al., 2013, 2015). Level 2 OMI
SOz observations (v003) are taken from https://disc.gsfc.nasa.gov/datasets/fOMSO2_003/summary (Li et al., 2020). IASI SO2 products
(linear product version 2) are available at https://doi.org/10.25326/41 (Clarisse, 2023). We obtained the OSIRIS aerosol product version 7.2
from https://research- groupstest.usask.ca/osiris/data-products.php (Rieger et al., 2019). The TROPOMI Level 2 SO product (repro, v1.1)
is publicly available at https://doi.org/10.5270/S5P-yr8kdpp (ESA, 2018). Model output and setups are archived at the DKRZ in Hamburg,
and are available on request. The historic SO2 emission inventory of explosive volcanic eruptions is available at https://doi.org/10.26050/

WDCC/SSIRC_3 (Briihl et al., 2021; Schallock et al., 2023).

29

88



705

710

715

Author contributions. MK and AP planned the research. MK developed the EVER submodel with the help of AP and PJ. JS and CB
provided the emission inventory, performed the simulation with 3D emissions, and assisted in the provision of satellite data and information
on volcanoes. AJ and SB provided the daily SO2 emission rates for the Kilauea volcano. MH provided the MIPAS observations with the
respective averaging kernel matrix. MK evaluated the simulations, analysed the model results, developed the historic namelist setup, and
wrote the manuscript. AP and HT supervised the project. All authors discussed the results and contributed to the review and editing of the

manuscript.

Competing interests. Two co-authors are member of the editorial board of Geoscientific Model Developments.

Acknowledgements. MK acknowledges the financial support of the Max Planck Graduate Center with the Johannes Gutenberg University
(Mainz). The model simulations have been performed at the German Climate Computing Centre (DKRZ) through support from the Max
Planck Society. We acknowledge the effort of Michael Kiefer to supply the Averaging Kernel Matrices for the SO2 product from MIPAS. HT
acknowledges funding support from the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) — TRR 301 — Project-ID
428312742.

30

89



720

725

730

735

740

745

750

Chapter 4 Simulating volcanic emissions — Submodel for Explosive Volcanic ERuptions
(EVER)

References

Beirle, S., Hormann, C., Penning de Vries, M., Dorner, S., Kern, C., and Wagner, T.: Estimating the volcanic emission rate and atmo-
spheric lifetime of SOz from space: a case study for Kilauea volcano, Hawai‘i, Atmospheric Chemistry and Physics, 14, 8309-8322,
https://doi.org/10.5194/acp-14-8309-2014, 2014.

Beirle, S., Borger, C., Dorner, S., Li, A., Hu, Z., Liu, F., Wang, Y., and Wagner, T.: Pinpointing nitrogen oxide emissions from space, Science
Advances, 5, https://doi.org/10.1126/sciadv.aax9800, 2019.

Beirle, S., Borger, C., Jost, A., and Wagner, T.: Improved catalog of NO,, point source emissions (version 2), Earth System Science Data, 15,
3051-3073, https://doi.org/10.5194/essd-15-3051-2023, 2023.

Bourassa, A. E., Degenstein, D. A., Gattinger, R. L., and Llewellyn, E. J.: Stratospheric aerosol retrieval with optical spec-
trograph and infrared imaging system limb scatter measurements, Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/https://doi.org/10.1029/2006JD008079, 2007.

Bourassa, A. E., Rieger, L. A., Lloyd, N. D., and Degenstein, D. A.: Odin-OSIRIS stratospheric aerosol data product and SAGE III inter-
comparison, Atmospheric Chemistry and Physics, 12, 605-614, https://doi.org/10.5194/acp-12-605-2012, 2012a.

Bourassa, A. E., Robock, A., Randel, W. J., Deshler, T., Rieger, L. A., Lloyd, N. D., Llewellyn, E. J. T., and Degenstein, D. A.: Large Volcanic
Aerosol Load in the Stratosphere Linked to Asian Monsoon Transport, Science, 337, 78-81, https://doi.org/10.1126/science.1219371,
2012b.

Bourassa, A. E., Robock, A., Randel, W. J., Deshler, T., Rieger, L. A., Lloyd, N. D., Llewellyn, E. J., and Degenstein, D. A.: Response
to Comments on "Large Volcanic Aerosol Load in the Stratosphere Linked to Asian Monsoon Transport", Science, 339, 647-647,
https://doi.org/10.1126/science.1227961, 2013.

Brodowsky, C., Sukhodolov, T., Feinberg, A., Hopfner, M., Peter, T., Stenke, A., and Rozanov, E.: Modeling the Sulfate Aerosol Evo-
lution After Recent Moderate Volcanic Activity, 2008-2012, Journal of Geophysical Research: Atmospheres, 126, €2021JD035472,
https://doi.org/https://doi.org/10.1029/2021JD035472, 2021.

Briihl, C., Schallock, J., Klingmiiller, K., Robert, C., Bingen, C., Clarisse, L., Heckel, A., North, P., and Rieger, L.: Stratospheric aerosol
radiative forcing simulated by the chemistry climate model EMAC using Aerosol CCI satellite data, Atmospheric Chemistry and Physics,
18, 12 845-12 857, https://doi.org/10.5194/acp-18-12845-2018, 2018.

Briihl, C., Schallock, J., and Diehl, T.: Volcanic SO2 data derived from limb viewing satellites for the lower stratosphere from 1990 to 2019,
and from nadir viewing satellites for the troposphere, including the corresponding radiative forcing computed by the CCM EMAC, World
Data Center for Climate (WDCC) at DKRZ [data set], https://doi.org/10.26050/WDCC/SSIRC_3, 2021.

Carn, S., Clarisse, L., and Prata, A.: Multi-decadal satellite measurements of global volcanic degassing, Journal of Volcanology and Geother-
mal Research, 311, 99-134, https://doi.org/10.1016/j.jvolgeores.2016.01.002, 2016.

Carn, S., Fioletov, V., McLinden, C., Li, C., and Krotkov, N.: A decade of global volcanic SO2 emissions measured from space, Scientific
reports, 7, 44 095, https://doi.org/10.1038/srep44095, 2017.

Clarisse, L.: Daily IASI/Metop-A ULB-LATMOS sulphur dioxide (SO2) L2 product (columns and altitude, Aeris) [data set],
https://doi.org/10.25326/41, 2023.

Clarisse, L., Hurtmans, D., Clerbaux, C., Hadji-Lazaro, J., Ngadi, Y., and Coheur, P.-F.: Retrieval of sulphur dioxide from the infrared at-
mospheric sounding interferometer (IASI), Atmospheric Measurement Techniques, 5, 581-594, https://doi.org/10.5194/amt-5-581-2012,
2012.

31

90



755

760

765

770

775

780

785

790

Clarisse, L., Coheur, P.-F., Theys, N., Hurtmans, D., and Clerbaux, C.: The 2011 Nabro eruption, a SOz plume height analysis using IAST
measurements, Atmospheric Chemistry and Physics, 14, 3095-3111, https://doi.org/10.5194/acp-14-3095-2014, 2014.

Crameri, F.: Scientific colour maps, Zenodo [code], https://doi.org/10.5281/zenodo.5501399, 2021.

Crameri, F., Shephard, G. E., and Heron, P. J.: The misuse of colour in science communication, Nature communications, 11, 1-10,
https://doi.org/10.1038/541467-020-19160-7, 2020.

Diehl, T., Heil, A., Chin, M., Pan, X., Streets, D., Schultz, M., and Kinne, S.: Anthropogenic, biomass burning, and volcanic emissions
of black carbon, organic carbon, and SO> from 1980 to 2010 for hindcast model experiments, Atmospheric Chemistry and Physics
Discussions, 12, 24 895-24 954, https://doi.org/10.5194/acpd-12-24895-2012, 2012.

Dietmiiller, S., Jockel, P., Tost, H., Kunze, M., Gellhorn, C., Brinkop, S., Fromming, C., Ponater, M., Steil, B., Lauer, A., and Hendricks, J.: A
new radiation infrastructure for the Modular Earth Submodel System (MESSy, based on version 2.51), Geoscientific Model Development,
9, 2209-2222, https://doi.org/10.5194/gmd-9-2209-2016, 2016.

Durand, M. and Grattan, J.: Effects of volcanic air pollution on health, The Lancet, 357, 164, https://doi.org/10.1016/S0140-6736(00)03586-
8,2001.

European Space Agency (ESA): Copernicus Sentinel-SP (processed by ESA), TROPOMI Level 2 Sulphur Dioxide Total Column. Version
01., https://doi.org/10.5270/S5P-yr8kdpp, 2018.

Fountoukis, C. and Nenes, A.: ISORROPIA II: a computationally efficient thermodynamic equilibrium model for K*—Ca**-Mg?T-NH, -
Nat-S0,~-NO3; "—CI~-H>O aerosols, Atmospheric Chemistry and Physics, 7, 4639-4659, https://doi.org/10.5194/acp-7-4639-2007,
2007.

Fromm, M., Nedoluha, G., and Charvit, Z.: Comment on "Large Volcanic Aerosol Load in the Stratosphere Linked to Asian Monsoon
Transport", Science, 339, 647-647, https://doi.org/10.1126/science.1228605, 2013.

Giorgetta, M. A., Manzini, E., and Roeckner, E.: Forcing of the quasi-biennial oscillation from a broad spectrum of atmospheric waves,
Geophysical Research Letters, 29, 86—1-86—4, https://doi.org/https://doi.org/10.1029/2002GL014756, 2002.

Global Volcanism Program: Report on Nabro (Eritrea) (Wunderman, R., ed.), Bulletin of the Global Volcanism Network, 36:9,
https://doi.org/10.5479/si. GVP.BGVN201109-221101, 2011.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A., Muifioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers, D., Sim-
mons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo, G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara, G., Dahlgren,
P, Dee, D., Diamantakis, M., Dragani, R., Flemming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L., Healy, S., Hogan, R. J.,
Holm, E., Janiskovd, M., Keeley, S., Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P., Rozum, I., Vamborg, F., Vil-
laume, S., and Thépaut, J.-N.: The ERAS global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999-2049,
https://doi.org/https://doi.org/10.1002/qj.3803, 2020.

Hommel, R., Timmreck, C., Giorgetta, M. A., and Graf, H. F.: Quasi-biennial oscillation of the tropical stratospheric aerosol layer, Atmo-
spheric Chemistry and Physics, 15, 5557-5584, https://doi.org/10.5194/acp-15-5557-2015, 2015.

Hopfner, M., Glatthor, N., Grabowski, U., Kellmann, S., Kiefer, M., Linden, A., Orphal, J., Stiller, G., von Clarmann, T., Funke, B., and
Boone, C. D.: Sulfur dioxide (SO2) as observed by MIPAS/Envisat: temporal development and spatial distribution at 15-45 km altitude,
Atmospheric Chemistry and Physics, 13, 1040510423, https://doi.org/10.5194/acp-13-10405-2013, 2013.

Hopfner, M., Boone, C. D., Funke, B., Glatthor, N., Grabowski, U., Glinther, A., Kellmann, S., Kiefer, M., Linden, A., Lossow, S., Pumphrey,
H. C., Read, W. G., Roiger, A., Stiller, G., Schlager, H., von Clarmann, T., and Wissmiiller, K.: Sulfur dioxide (SO2) from MIPAS in the

32

91



795

800

805

810

815

820

825

Chapter 4 Simulating volcanic emissions — Submodel for Explosive Volcanic ERuptions
(EVER)

upper troposphere and lower stratosphere 2002-2012, Atmospheric Chemistry and Physics, 15, 7017-7037, https://doi.org/10.5194/acp-
15-7017-2015, 2015.

Intergovernmental Panel on Climate Change (IPCC): Climate Change 2021 — The Physical Science Basis: Working Group I Con-
tribution to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Cambridge University Press,
https://doi.org/10.1017/9781009157896, 2023.

Jeuken, A. B. M., Siegmund, P. C., Heijboer, L. C., Feichter, J., and Bengtsson, L.: On the potential of assimilating meteorological analyses
in a global climate model for the purpose of model validation, Journal of Geophysical Research: Atmospheres, 101, 16 939-16 950,
https://doi.org/10.1029/96JD01218, 1996.

Jockel, P., Tost, H., Pozzer, A., Briihl, C., Buchholz, J., Ganzeveld, L., Hoor, P., Kerkweg, A., Lawrence, M. G., Sander, R., Steil, B.,
Stiller, G., Tanarhte, M., Taraborrelli, D., van Aardenne, J., and Lelieveld, J.: The atmospheric chemistry general circulation model
ECHAMS5/MESSy1: consistent simulation of ozone from the surface to the mesosphere, Atmospheric Chemistry and Physics, 6, 5067—
5104, https://doi.org/10.5194/acp-6-5067-2006, 2006.

Jockel, P., Kerkweg, A., Buchholz-Dietsch, J., Tost, H., Sander, R., and Pozzer, A.: Technical Note: Coupling of chemical pro-
cesses with the Modular Earth Submodel System (MESSy) submodel TRACER, Atmospheric Chemistry and Physics, 8, 1677-1687,
https://doi.org/10.5194/acp-8-1677-2008, 2008.

Jockel, P., Kerkweg, A., Pozzer, A., Sander, R., Tost, H., Riede, H., Baumgaertner, A., Gromov, S., and Kern, B.: Development cycle 2 of the
Modular Earth Submodel System (MESSy2), Geoscientific Model Development, 3, 717-752, https://doi.org/10.5194/gmd-3-717-2010,
2010.

Jockel, P., Tost, H., Pozzer, A., Kunze, M., Kirner, O., Brenninkmeijer, C. A. M., Brinkop, S., Cai, D. S., Dyroff, C., Eckstein, J., Frank, F.,
Garny, H., Gottschaldt, K.-D., Graf, P., Grewe, V., Kerkweg, A., Kern, B., Matthes, S., Mertens, M., Meul, S., Neumaier, M., Niitzel,
M., Oberldnder-Hayn, S., Ruhnke, R., Runde, T., Sander, R., Scharffe, D., and Zahn, A.: Earth System Chemistry integrated Mod-
elling (ESCiMo) with the Modular Earth Submodel System (MESSy) version 2.51, Geoscientific Model Development, 9, 1153-1200,
https://doi.org/10.5194/gmd-9-1153-2016, 2016.

Jost, A.: Determining the SO2 emission rates of the Kilauea volcano in Hawaii using SSP-TROPOMI satellite measurements, Bachelor’s
thesis, Johannes Gutenberg Universitit Mainz, 2021.

Kaiser, J. C., Hendricks, J., Righi, M., Riemer, N., Zaveri, R. A., Metzger, S., and Aquila, V.: The MESSy aerosol submodel MADE3 (v2.0b):
description and a box model test, Geoscientific Model Development, 7, 1137-1157, https://doi.org/10.5194/gmd-7-1137-2014, 2014.

Kaiser, J. C., Hendricks, J., Righi, M., Jockel, P., Tost, H., Kandler, K., Weinzierl, B., Sauer, D., Heimerl, K., Schwarz, J. P, Perring, A. E.,
and Popp, T.: Global aerosol modeling with MADES3 (v3.0) in EMAC (based on v2.53): model description and evaluation, Geoscientific
Model Development, 12, 541-579, https://doi.org/10.5194/gmd-12-541-2019, 2019.

Kerkweg, A., Sander, R., Tost, H., and Jockel, P.: Technical note: Implementation of prescribed (OFFLEM), calculated (ONLEM), and
pseudo-emissions (TNUDGE) of chemical species in the Modular Earth Submodel System (MESSy), Atmospheric Chemistry and Physics,
6, 3603-3609, https://doi.org/10.5194/acp-6-3603-2006, 2006.

Kern, C., Lerner, A. H., Elias, T., Nadeau, P. A., Holland, L., Kelly, P. J., Werner, C. A., Clor, L. E., and Cappos, M.: Quantifying gas
emissions associated with the 2018 rift eruption of Kilauea Volcano using ground-based DOAS measurements, Bulletin of Volcanology,
82, 55, https://doi.org/10.1007/s00445-020-01390-8, 2020.

Klobas, J. E., Wilmouth, D. M., Weisenstein, D. K., Anderson, J. G., and Salawitch, R. J.: Ozone depletion following future volcanic
eruptions, Geophysical Research Letters, 44, 7490-7499, https://doi.org/10.1002/2017GL073972, 2017.

33

92



830

835

840

845

850

855

860

865

Kohl, M., Lelieveld, J., Chowdhury, S., Ehrhart, S., Sharma, D., Cheng, Y., Tripathi, S. N., Sebastian, M., Pandithurai, G., Wang, H., and
Pozzer, A.: Numerical simulation and evaluation of global ultrafine particle concentrations at the Earth’s surface, Atmospheric Chemistry
and Physics, 23, 13 191-13 215, https://doi.org/10.5194/acp-23-13191-2023, 2023.

Kremser, S., Thomason, L. W., von Hobe, M., Hermann, M., Deshler, T., Timmreck, C., Toohey, M., Stenke, A., Schwarz, J. P., Weigel, R.,
Fueglistaler, S., Prata, F. J., Vernier, J.-P., Schlager, H., Barnes, J. E., Antuila-Marrero, J.-C., Fairlie, D., Palm, M., Mahieu, E., Notholt,
J., Rex, M., Bingen, C., Vanhellemont, F., Bourassa, A., Plane, J. M. C., Klocke, D., Carn, S. A., Clarisse, L., Trickl, T., Neely, R., James,
A. D., Rieger, L., Wilson, J. C., and Meland, B.: Stratospheric aerosol—Observations, processes, and impact on climate, Reviews of
Geophysics, 54, 278-335, https://doi.org/10.1002/2015RG000511, 2016.

Lana, A., Bell, T. G., Simé, R., Vallina, S. M., Ballabrera-Poy, J., Kettle, A. J., Dachs, J., Bopp, L., Saltzman, E. S., Stefels, J., Johnson,
J. E., and Liss, P. S.: An updated climatology of surface dimethlysulfide concentrations and emission fluxes in the global ocean, Global
Biogeochemical Cycles, 25, https://doi.org/https://doi.org/10.1029/2010GB003850, 2011.

Li, C., Krotkov, N. A., Leonard, P., and Joiner, J.: OMI/Aura Sulphur Dioxide (SO2) Total Column 1-orbit L2 Swath 13x24 km V003,
Goddard Earth Sciences Data and Information Services Center (GES DISC) [data set], https://doi.org/10.5067/Aura/OMI/DATA2022,
2020.

Malavelle, F. F., Haywood, J. M., Jones, A., Gettelman, A., Clarisse, L., Bauduin, S., Allan, R. P, Karset, . H. H., Kristjansson, J. E.,
Oreopoulos, L., Cho, N., Lee, D., Bellouin, N., Boucher, O., Grosvenor, D. P., Carslaw, K. S., Dhomse, S., Mann, G. W., Schmidt, A.,
Coe, H., Hartley, M. E., Dalvi, M., Hill, A. A., Johnson, B. T., Johnson, C. E., Knight, J. R., O’Connor, F. M., Partridge, D. G., Stier,
P, Myhre, G., Platnick, S., Stephens, G. L., Takahashi, H., and Thordarson, T.: Strong constraints on aerosol—cloud interactions from
volcanic eruptions, Nature, 546, 485-491, https://doi.org/10.1038/nature22974, 2017.

Mills, M. J., Schmidt, A., Easter, R., Solomon, S., Kinnison, D. E., Ghan, S. J., Neely IIL, R. R., Marsh, D. R., Conley, A., Bardeen, C. G., and
Gettelman, A.: Global volcanic aerosol properties derived from emissions, 1990-2014, using CESM1(WACCM), Journal of Geophysical
Research: Atmospheres, 121, 2332-2348, https://doi.org/10.1002/2015JD024290, 2016.

Montzka, S. A., Calvert, P, Hall, B. D., Elkins, J. W., Conway, T. J., Tans, P. P., and Sweeney, C.: On the global distribution, seasonality,
and budget of atmospheric carbonyl sulfide (COS) and some similarities to CO2, Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/10.1029/2006JD007665, 2007.

Neely III, R. and Schmidt, A.: VolcanEESM: Global volcanic sulphur dioxide (SO2) emissions database from 1850 to present - Version 1.0
[Data set], https://doi.org/10.5285/76ebdcOb-0Oeed-4f70-b89%e-55¢606bcd568, 2016.

Poschl, U., von Kuhlmann, R., Poisson, N., and Crutzen, P. J.: Development and intercomparison of condensed isoprene oxidation mecha-
nisms for global atmospheric modeling, Journal of Atmospheric Chemistry, 37, 29-52, https://doi.org/10.1023/A:1006391009798, 2000.

Pozzer, A., Jockel, P., Sander, R., Williams, J., Ganzeveld, L., and Lelieveld, J.: Technical Note: The MESSy-submodel AIRSEA calculating
the air-sea exchange of chemical species, Atmospheric Chemistry and Physics, 6, 5435-5444, https://doi.org/10.5194/acp-6-5435-2006,
2006.

Pringle, K. J., Tost, H., Message, S., Steil, B., Giannadaki, D., Nenes, A., Fountoukis, C., Stier, P., Vignati, E., and Lelieveld, J.: De-
scription and evaluation of GMXe: a new aerosol submodel for global simulations (v1), Geoscientific Model Development, 3, 391412,
https://doi.org/10.5194/gmd-3-391-2010, 2010.

Quaglia, 1., Timmreck, C., Niemeier, U., Visioni, D., Pitari, G., Brodowsky, C., Briihl, C., Dhomse, S. S., Franke, H., Laakso, A., Mann,

G. W.,, Rozanov, E., and Sukhodolov, T.: Interactive stratospheric aerosol models’ response to different amounts and altitudes of SOz

34

93



870

875

880

885

890

895

900

Chapter 4 Simulating volcanic emissions — Submodel for Explosive Volcanic ERuptions
(EVER)

injection during the 1991 Pinatubo eruption, Atmospheric Chemistry and Physics, 23, 921-948, https://doi.org/10.5194/acp-23-921-2023,
2023.

Raspollini, P., Belotti, C., Burgess, A., Carli, B., Carlotti, M., Ceccherini, S., Dinelli, B. M., Dudhia, A., Flaud, J.-M., Funke, B., Hopfner, M.,
Lépez-Puertas, M., Payne, V., Piccolo, C., Remedios, J. J., Ridolfi, M., and Spang, R.: MIPAS level 2 operational analysis, Atmospheric
Chemistry and Physics, 6, 5605-5630, https://doi.org/10.5194/acp-6-5605-2006, 2006.

Reifenberg, S. F., Martin, A., Kohl, M., Bacer, S., Hamryszczak, Z., Tadic, 1., Roder, L., Crowley, D. J., Fischer, H., Kaiser, K., Schneider, J.,
Dorich, R., Crowley, J. N., Tomsche, L., Marsing, A., Voigt, C., Zahn, A., Pohlker, C., Holanda, B. A., Kriiger, O., Poschl, U., Pohlker, M.,
Jockel, P., Dorf, M., Schumann, U., Williams, J., Bohn, B., Curtius, J., Harder, H., Schlager, H., Lelieveld, J., and Pozzer, A.: Numerical
simulation of the impact of COVID-19 lockdown on tropospheric composition and aerosol radiative forcing in Europe, Atmospheric
Chemistry and Physics, 22, 10901-10917, https://doi.org/10.5194/acp-22-10901-2022, 2022.

Rieger, L. A., Zawada, D. J., Bourassa, A. E., and Degenstein, D. A.: A Multiwavelength Retrieval Approach for Improved OSIRIS Aerosol
Extinction Retrievals, Journal of Geophysical Research: Atmospheres, 124, 72867307, https://doi.org/10.1029/2018JD029897, 2019.
Rodgers, C. D.: Characterization and error analysis of profiles retrieved from remote sounding measurements, Journal of Geophysical Re-

search: Atmospheres, 95, 5587-5595, https://doi.org/10.1029/JD0951D05p05587, 1990.

Rodgers, C. D. and Connor, B. J.: Intercomparison of remote sounding instruments, Journal of Geophysical Research: Atmospheres, 108,
https://doi.org/10.1029/2002JD002299, 2003.

Roeckner, E., Bauml, G., Bonaventura, L., Brokopf, R., Esch, M., Giorgetta, M., Hagemann, S., Kirchner, 1., Kornblueh, L., Manzini, E.,
Schlese, U., and Schulzweida, U.: The atmospheric general circulation model ECHAM 5. PART I: Model description, Tech. rep., Max-
Planck-Institut fiir Meteorologie, https://doi.org/10.17617/2.995269, 2003.

Ruder, S.: An overview of gradient descent optimization algorithms, arXiv preprint arXiv:1609.04747, 2016.

Sander, R., Baumgaertner, A., Cabrera-Perez, D., Frank, F., Gromov, S., GrooB, J.-U., Harder, H., Huijnen, V., Jockel, P., Karydis, V. A.,
Niemeyer, K. E., Pozzer, A., Riede, H., Schultz, M. G., Taraborrelli, D., and Tauer, S.: The community atmospheric chemistry box model
CAABA/MECCA-4.0, Geoscientific Model Development, 12, 1365-1385, https://doi.org/10.5194/gmd-12-1365-2019, 2019.

Schallock, J., Briihl, C., Bingen, C., Hopfner, M., Rieger, L., and Lelieveld, J.: Reconstructing volcanic radiative forcing since 1990, using a
comprehensive emission inventory and spatially resolved sulfur injections from satellite data in a chemistry-climate model, Atmospheric
Chemistry and Physics, 23, 1169-1207, https://doi.org/10.5194/acp-23-1169-2023, 2023.

Schmidt, A., Mills, M. J., Ghan, S., Gregory, J. M., Allan, R. P., Andrews, T., Bardeen, C. G., Conley, A., Forster, P. M., Gettelman, A.,
Portmann, R. W., Solomon, S., and Toon, O. B.: Volcanic Radiative Forcing From 1979 to 2015, Journal of Geophysical Research:
Atmospheres, 123, 12491-12 508, https://doi.org/10.1029/2018JD028776, 2018.

Schoeberl, M. R., Wang, Y., Ueyama, R., Taha, G., Jensen, E., and Yu, W.: Analysis and Impact of the Hunga Tonga-Hunga Ha’apai
Stratospheric Water Vapor Plume, Geophysical Research Letters, 49, €2022GL100 248, https://doi.org/10.1029/2022GL100248, 2022.
Sellitto, P., Podglajen, A., Belhadji, R., Boichu, M., Carboni, E., Cuesta, J., Duchamp, C., Kloss, C., Siddans, R., Begue, N., Blare, L.,
Jegou, F., Khaykin, S., Renard, J.-B., and Legras, B.: The unexpected radiative impact of the Hunga Tonga eruption of 15th January 2022,

Communications Earth & Environment, 3, 288, https://doi.org/10.1038/s43247-022-00618-z, 2022.

Stewart, C., Damby, D. E., Horwell, C. J., Elias, T., Ilyinskaya, E., Tomasek, I., Longo, B. M., Schmidt, A., Carlsen, H. K., Mason, E., Baxter,

P. J., Cronin, S., and Witham, C.: Volcanic air pollution and human health: recent advances and future directions, Bulletin of Volcanology,

84, 11, https://doi.org/10.1007/s00445-021-01513-9, 2022.

35

94



905

910

915

920

925

930

935

Sun, K.: Derivation of Emissions From Satellite-Observed Column Amounts and Its Application to TROPOMI NO2 and CO Observations,
Geophysical Research Letters, 49, €2022GL101 102, https://doi.org/https://doi.org/10.1029/2022GL101102, 2022.

Textor, C., Graf, H.-F., Timmreck, C., and Robock, A.: Emissions from volcanoes, in: Emissions of Atmospheric Trace Compounds, edited by
Granier, C., Artaxo, P., and Reeves, C. E., pp. 269-303, Springer Netherlands, Dordrecht, https://doi.org/10.1007/978-1-4020-2167-1_7,
2004.

Theys, N., De Smedt, 1., Yu, H., Danckaert, T., van Gent, J., Hérmann, C., Wagner, T., Hedelt, P., Bauer, H., Romahn, F., Pedergnana, M.,
Loyola, D., and Van Roozendael, M.: Sulfur dioxide retrievals from TROPOMI onboard Sentinel-5 Precursor: algorithm theoretical basis,
Atmospheric Measurement Techniques, 10, 119-153, https://doi.org/10.5194/amt-10-119-2017, 2017.

Tie, X. and Brasseur, G.: The response of stratospheric ozone to volcanic eruptions: Sensitivity to atmospheric chlorine loading, Geophysical
Research Letters, 22, 3035-3038, https://doi.org/10.1029/95GL03057, 1995.

Tilmes, S., Mills, M. J., Zhu, Y., Bardeen, C. G., Vitt, F., Yu, P, Fillmore, D., Liu, X., Toon, B., and Deshler, T.: Description and performance
of a sectional aerosol microphysical model in the Community Earth System Model (CESM2), Geoscientific Model Development, 16,
6087-6125, https://doi.org/10.5194/gmd-16-6087-2023, 2023.

Timmreck, C., Mann, G. W., Aquila, V., Hommel, R., Lee, L. A., Schmidt, A., Briihl, C., Carn, S., Chin, M., Dhomse, S. S., Diehl, T., English,
J. M., Mills, M. J., Neely, R., Sheng, J., Toohey, M., and Weisenstein, D.: The Interactive Stratospheric Aerosol Model Intercomparison
Project (ISA-MIP): motivation and experimental design, Geoscientific Model Development, 11, 2581-2608, https://doi.org/10.5194/gmd-
11-2581-2018, 2018.

Tost, H., Jockel, P., Kerkweg, A., Sander, R., and Lelieveld, J.: Technical note: A new comprehensive SCAVenging submodel for global
atmospheric chemistry modelling, Atmospheric Chemistry and Physics, 6, 565-574, https://doi.org/10.5194/acp-6-565-2006, 2006.

Vattioni, S., Stenke, A., Luo, B., Chiodo, G., Sukhodolov, T., Wunderlin, E., and Peter, T.: Importance of microphysical settings for
climate forcing by stratospheric SOz injections as modeled by SOCOL-AERvV2, Geoscientific Model Development, 17, 4181-4197,
https://doi.org/10.5194/gmd-17-4181-2024, 2024.

Vehkamiki, H., Kulmala, M., Napari, 1., Lehtinen, K. E. J., Timmreck, C., Noppel, M., and Laaksonen, A.: An improved parameterization for
sulfuric acid—water nucleation rates for tropospheric and stratospheric conditions, Journal of Geophysical Research: Atmospheres, 107,
AAC 3-1-AAC 3-10, https://doi.org/https://doi.org/10.1029/20021D002184, 2002.

Vernier, J.-P., Thomason, L. W., Fairlie, T. D., Minnis, P., Palikonda, R., and Bedka, K. M.: Comment on "Large Volcanic Aerosol Load in
the Stratosphere Linked to Asian Monsoon Transport", Science, 339, 647-647, https://doi.org/10.1126/science.1227817, 2013.

Vernier, J.-P., Fairlie, T. D., Deshler, T., Natarajan, M., Knepp, T., Foster, K., Wienhold, F. G., Bedka, K. M., Thomason, L., and Trepte, C.:
In situ and space-based observations of the Kelud volcanic plume: The persistence of ash in the lower stratosphere, Journal of Geophysical
Research: Atmospheres, 121, 11,104-11,118, https://doi.org/10.1002/2016JD025344, 2016.

Voémel, H., Evan, S., and Tully, M.: Water vapor injection into the stratosphere by Hunga Tonga-Hunga Ha’apai, Science, 377, 1444-1447,
https://doi.org/10.1126/science.abq2299, 2022.

Xu, J., Li, D., Bai, Z., Tao, M., and Bian, J.: Large Amounts of Water Vapor Were Injected into the Stratosphere by the Hunga Tonga-Hunga
Ha’apai Volcano Eruption, Atmosphere, 13, https://doi.org/10.3390/atmos 13060912, 2022.

Zhu, Y., Toon, O. B., Jensen, E. J., Bardeen, C. G., Mills, M. J., Tolbert, M. A., Yu, P., and Woods, S.: Persisting volcanic ash particles impact
stratospheric SO 2 lifetime and aerosol optical properties, Nature communications, 11, 1-11, https://doi.org/10.1038/s41467-020-18352-5,
2020.

36

95






5 CHAPTER

Simulating atmospheric aerosols from the
surface to the stratosphere

This chapter presents a manuscript draft, to be submitted to Atmospheric Chemistry &
Physics, pending minor changes. I am the first author of and the main contributor to this
manuscript. I developed the new model setup, performed and evaluated the simulations,
analysed the results, and wrote the manuscript. More detailed information on the Author
contributions are provided at the end of the manuscript.

97



Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

Global atmospheric aerosol distributions and composition from the
surface to the stratosphere

Matthias Kohl', Christoph Briihl!, Holger Tost?, Christos Xenofontos?, Theodoros Christoudias®,
Sergey Gromov', Oliver Appel**, Oliver Eppers®, Patrick Jockel®, Philipp Joppe**, Katharina Kaiser®,
Klaus Klingmiiller', Franziska Kollner>*, Anna Martin', Samuel Ruhl', Johannes Schneider?,
Christiane Schulz*?, Alexandra P. Tsimpidi®, Ryan Vella'>?, Jos Lelieveld'-}, and Andrea Pozzer'?

! Atmospheric Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany

’Institute for Physics of the Atmosphere, Johannes Gutenberg University, Mainz, Germany

3Climate and Atmosphere Research Center, The Cyprus Institute, Nicosia, Cyprus

4 Aerosol Chemistry Department, Max Planck Institute for Chemistry, Mainz, Germany

SInstitut fiir Physik der Atmosphire, Deutsches Zentrum fiir Luft- und Raumfahrt (DLR), Oberpfaffenhofen, Germany
SInstitute of Climate and Energy Systems: Troposphere (ICE-3), Forschungszentrum Jiilich GmbH, Jiilich, Germany
“now at Leibniz-Zentrum fiir Agrarlandschaftsforschung (ZALF) e. V., Miincheberg, Germany

Yhow at Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

Correspondence: Matthias Kohl (m.kohl@mpic.de) and Andrea Pozzer (andrea.pozzer@mpic.de)

Abstract. Atmospheric aerosols play a crucial role in Earth’s climate system, yet their global spatio-temporal distribution
remains poorly constrained, particularly in the free (FT) and upper troposphere (UT), due to limited observational coverage.
This lack of understanding of vertical aerosol profiles is a major contributor to the large uncertainties associated with both
direct and, in particular, indirect aerosol radiative forcing. To address this knowledge gap, we develop and evaluate a new
setup for the ECHAM/MESSy Atmospheric Chemistry (EMAC) model. The evaluation is based on a comprehensive set of
stationary, remote-sensing and aircraft observations of aerosol mass, number concentrations, and optical properties, with a
focus on the FT, UT, and the lower stratosphere. The evaluation shows good agreement between observed and simulated
aerosol properties across all layers and most regions of the lower atmosphere. The improved setup is used to simulate global
distributions of key aerosol species, their composition, and number concentrations from the surface to the stratosphere. Aerosol
mass concentrations exhibit a consistent global minimum between 400 and 200 hPa, marking the transition from the FT to
the upper troposphere/lowermost stratosphere (UTLS) region, separating the boundary layer (BL) and stratosphere-influenced
atmospheric layers, with consequent frequent new particle formation. Furthermore, we find that primary particles emitted in
the BL are rarely transported into the UT and stratosphere, contrary to previous modelling studies but in closer agreement with
recent observations. Stratospheric aerosol mass is dominated by sulfate, with a notable contribution from secondary organic
aerosol (SOA) in the lower stratosphere, due to convective transport. This leads to a global tropical band of elevated SOA
concentrations in the lower stratosphere that is transported to higher latitudes via the Brewer-Dobson circulation. This work
is the basis for future studies on anthropogenic influence on aerosol distributions across all layers of the lower atmosphere,

detailed aerosol process studies, and online aerosol-cloud-radiation-interaction. Ultimately, it shall contribute to the reduction

98



20

25

30

35

40

45

50

of uncertainties in radiative forcing estimates and to our understanding of aerosol-climate-health effects across all layers of the

lower and middle atmosphere.

1 Introduction

Atmospheric aerosols, composed of a mixture of condensed phase particles of varying size and composition, play a key role
in Earth’s climate system (Szopa et al., 2021). They originate from both natural (e.g., dust, sea salt, volcanic ash) and an-
thropogenic (e.g., black and organic carbon) sources, either emitted directly or formed through gas-to-particle conversion of
oxidized precursors such as sulfur, nitrogen, or organic compounds (e.g., Poschl, 2005; Boucher, 2015). Once airborne, they
undergo complex mixing, growth, transport, and removal processes, influencing Earth’s radiative balance, the hydrological
cycle, atmospheric chemistry, and human health (e.g., Szopa et al., 2021; Lohmann and Feichter, 2005; Murray et al., 2020;
Lelieveld et al., 2015; Klobas et al., 2017).

Uncertainties in our knowledge about aerosol direct and indirect radiative forcing remain the dominant contributor to the
total anthropogenic forcing uncertainty in the latest IPCC report (Szopa et al., 2021), largely due to substantial discrepan-
cies between simulated and observed aerosol distributions, insufficient knowledge about vertical aerosol profiles, and limited
model—-data intercomparisons. While some CMIP6 models rely on prescribed aerosol climatologies and others implement sim-
plified chemistry schemes, very few represent a comprehensive set of aerosol species that reflect the chemical diversity of the
atmosphere (Szopa et al., 2021). Accurately capturing vertical profiles of aerosol mass, composition, and number concentra-
tions from the surface to the stratosphere by numerical models is essential to reduce these uncertainties (Watson-Parris et al.,
2019; Reddington et al., 2017).

Aerosols in the boundary layer (BL) have been extensively studied through a combination of ground-based measurements,
satellite observations and numerical simulations (e.g., van Donkelaar et al., 2016; Lelieveld et al., 2015; Kohl et al., 2023;
Pozzer et al., 2012; Zhang et al., 2007; Gordon et al., 2017), with the aerosol composition and abundance strongly depending
on local sources due to the short lifetime of aerosols close to the surface. Stratospheric aerosol is dominated by sulfur species
originating from precursor gases emitted by natural sources (mostly OCS; e.g., Crutzen, 1976; Briihl et al., 2012) and occasional
volcanic injections (e.g., Schmidt et al., 2018; Schallock et al., 2023), forming the Junge layer (Junge et al., 1961), which
spans altitudes between 12 and 28 km. Stratospheric aerosol has been observed through in-situ balloon measurements (e.g.,
Deshler et al., 2003; Hertzog and Plougonven, 2021) and satellite observations (e.g., Vernier et al., 2009; Bourassa et al., 2012;
Kovilakam et al., 2023), which provide information about aerosol optical properties, however only offering limited insight into
particle composition and size. The contribution of non-sulfur species to the stratospheric aerosol burden remains particularly
uncertain (e.g., Kremser et al., 2016). For example, while model studies have suggested a dominant role of dust in the upper
troposphere (UT) and lowermost stratosphere (UTLS; e.g., Bossolasco et al., 2021; Ma et al., 2019; Briihl et al., 2018), recent
observations report a very low abundance of primary particles, particularly with mineral dust composition (Ebert et al., 2024;

Appel et al., 2022). A more comprehensive review on stratospheric aerosol particles is provided by Kremser et al. (2016).
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Aerosol particles and their properties in the free troposphere (FT) and UTLS can only be studied through aircraft- and
balloon-based measurements, both of which are spatially and temporally limited, or via satellite observations that provide
vertical profiles of aerosol extinction (e.g., Maheshwarkar et al., 2024; Winker et al., 2013). As a result, no global long-term
observations of aerosol composition and size distributions exist for these atmospheric regions. Nevertheless, an increasing
number of aircraft campaigns have studied atmospheric aerosol populations in the FT and UTLS, focusing either on back-
ground conditions (e.g., NASA Atmospheric Tomography (ATom) Mission; Thompson et al., 2022) or on specific atmospheric
processes. These studies have exemplarily revealed high concentrations of freshly formed particles in the tropical and subtrop-
ical UT (Williamson et al., 2019; Weigel et al., 2021; Curtius et al., 2024), the formation of the Asian Tropopause Aerosol
Layer (ATAL) (Vernier et al., 2011; Hopfner et al., 2019; Appel et al., 2022), and widespread presence of biomass burning and
dust particles in the troposphere (Schill et al., 2020; Froyd et al., 2022).

Given the spatial and temporal limitations of observations in the FT and UTLS, numerical models are essential to extrap-
olate these localized findings to global and seasonal scales and assess their broader implications. The vertical distribution of
aerosols is particularly important, as their indirect radiative effect strongly depends on their profile relative to cloud-forming
altitudes (Watson-Parris et al., 2019; Mishra et al., 2015; Zhu et al., 2024; Choi and Chung, 2014). However, to date, no de-
tailed evaluation of key aerosol species in simultaneous simulations across all layers of the lowermost 20 to 30 km has been
conducted.

We present the results of a global simulation of atmospheric aerosol distributions, composition, and number concentrations
from the surface to the stratosphere using the ECHAM/MESSy Atmospheric Chemistry (EMAC) model, based on a newly
developed model setup. EMAC has previously been applied to study BL and tropospheric aerosols (e.g., Pringle et al., 2010;
Kohl et al., 2023; Pozzer et al., 2012; Lelieveld et al., 2015; Tsimpidi et al., 2024), mostly focusing on air pollution and
associated health impacts, as well as for stratospheric aerosols (e.g., Schallock et al., 2023; Briihl et al., 2018; Kohl et al.,
2024), with a focus on the formation of the Junge layer and the impacts of stratospheric volcanic eruptions. In this study, we
combine and extend the tropospheric and stratospheric setups to represent aerosols across the entire lower atmosphere, from
the surface to the stratosphere.

Accurate representation of aerosols in chemistry-climate models requires thorough evaluation against observations to ensure
that aerosol properties and key processes are realistically captured. We comprehensively evaluate our simulations with a com-
bination of ground-based observations, satellite remote sensing data, and data from a number of aircraft missions, especially
focusing on the FT and UTLS, justifying its usage for the derivation of global aerosol distributions and composition.

Section 2 outlines the methods and experimental setup, including the observational datasets, the EMAC model, and the
newly developed setup. The model evaluation is presented in Sect. 3, followed by the resulting global aerosol distributions and

composition in Sect. 4. Section 5 discusses the findings and limitations of the simulations.
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2 Methods & Model Setup

While the aerosol distributions presented in Sect. 4 are derived from numerical simulations, observational data are essential for
a comprehensive model evaluation. Section 2.1 introduces the observational datasets used in this study, followed by a detailed

description of the EMAC model and the newly developed setup in Sect. 2.2.
2.1 Observations
2.1.1 In-situ surface observations

The Globally Harmonised Observations in Space and Time (GHOST; Bowdalo et al., 2024) dataset compiles extensive in-situ
surface observations of atmospheric composition from multiple networks, harmonized into a standardized format. We evaluate
simulated surface aerosol mass concentrations using data from the following networks: EPA Air Quality (USA), EEA Air
Quality and EMEP (Europe), Canada NAPS (Canada), UK Air (UK), Chile SINCA (Chile), MEXICO CDMX (Mexico), and
MITECO (Spain). Further details on these networks and the data harmonization are provided by Bowdalo et al. (2024).

Although the Acid Deposition Monitoring Network in East Asia (EANET) is part of the GHOST project, its data is not
included in the published GHOST dataset used in this study (Bowdalo, 2024) due to data rights limitations. Therefore, supple-
mentary observations were obtained directly from EANET (2025).

2.1.2 Aircraft in-situ observations

We combine observational datasets from aircraft missions targeting both background conditions and specific regions or pro-
cesses. Figure 1 provides a global overview of the flight paths from the aircraft campaigns used for this evaluation. Further

details on the individual campaigns are provided below.
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Figure 1. Flight paths of the aircraft missions used for the evaluation of the EMAC model. Asian Monsoon Anticyclone (AMA) related

aircraft campaigns are StratoClim and ACCLIP. The altitude profiles are provided by the shading of the colour.
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

— NASA ATom mission: The NASA ATom mission (Thompson et al., 2022) sampled background atmospheric conditions

over continental North America, the Pacific, Atlantic and Southern Ocean, in four two-months-campaigns (6 flights each)
between July 2016 and May 2018. Numerous profiles between 200 m and 12 km altitude were recorded, providing the
basis for the evaluation of the model’s capability to represent atmospheric background aerosol distributions in the FT and
UTLS. Aerosol mass concentrations were measured with the High-Resolution Aerosol Mass Spectrometer (HR-AMS
Jimenez et al., 2019; Canagaratna et al., 2007; DeCarlo et al., 2006), and the Single Particle Soot Photometer (NOAA
SP2; Schwarz and Katich, 2019; Katich et al., 2018; Schwarz et al., 2010; Gao et al., 2007) for BC. Particle number
concentrations and size distributions were taken from the Aerosol Microphysical Properties (AMP) instrument (Brock
etal., 2019a, b; Williamson et al., 2019; Kupc et al., 2018). Gas phase mixing ratios are provided by the NOAA Nitrogen
Oxides and Ozone (NOyO3) 4-channel chemiluminescence (CL) instrument (NO; Ryerson et al., 2019), the Picarro
G2401 spectrometer (CO; McKain and Sweeney, 2021), the Airborne Tropospheric Hydrogen Oxides Sensor (ATHOS;
OH; Brune et al., 2021), the California Institute of Technology Chemical Ionization Mass Spectrometer (CIT-CIMS;
SO2 & HNOg; Allen et al., 2021), and the Unmanned Aircraft Systems (UAS) Chromatograph for Atmospheric Trace
Species (UCATS; Os; Elkins et al., 2020).

HALO campaigns (CAFE and EMeRGe) The High Altitude and Long Range Research Aircraft (HALO) is regularly
equipped for atmospheric studies. We use aerosol mass concentration measurements collected with the Compact Time-
of-Flight Aerosol Mass Spectrometer (C-ToF-AMS; Drewnick et al., 2005; Schulz et al., 2018), covering the size range
from 40-800 nm, onboard HALO during three CAFE (Chemistry of the Atmosphere: Field Experiments; altitudes from
0 to 15 km) and two EMeRGe (Effect of megacities on the transport and transformation of pollutants on the regional
and global scale; altitudes from O to 14 km) missions. CAFE-Africa (2018; from Cape Verde) studied the influence
of biomass burning from Africa on the tropical and subtropical Atlantic Ocean. CAFE-Brazil (Dec. 2022/ Jan. 2023;
from Manaus) investigated the chemical processes in the remote atmosphere over the Amazon rainforest. CAFE-EU
(May/June 2020; from Oberpfaffenhofen; Voigt et al., 2022) studied the impact of the emission reduction due to the
COVID-related lockdown on the atmosphere over Europe. The EMeRGe missions aimed for polluted regions above
megacities, and focused on lower altitudes in Europe (EMeRGe-EU; May to August 2017) and Asia (EMeRGe-Asia;
February to April 2018).

Additional aircraft campaigns: The Asian Monsoon Anticyclone (AMA) has been identified as a key source of UTLS
aerosol, by transporting aerosol precursors and primary material in convective systems, building the ATAL (e.g., Vernier
etal., 2011; Appel et al., 2022). We include data from two aircraft missions in our evaluation, studying this phenomenon
in recent years. The StratoClim mission (July/August 2017; from Kathmandu, Nepal), directly probed ATAL air and the
convective outflow, using the high-altitude research aircraft M-55 Geophysica, reaching up to 20 km, mostly sampling
UTLS air. The ACCLIP mission (Sept. 2022; from South Korea) combined two research aircrafts, NASA WB-57 and
the NCAR G-V, and studied transport pathways of ATAL aerosol over the Western Pacific. Aerosol mass concentration

measurements have been performed with the ERC Instrument for the Chemical composition of Aerosols (ERICA-AMS;
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Hiinig et al., 2022; Dragoneas et al., 2022) in both missions. Additionally, BC measurements during the ACCLIP mission
are taken from the NOAA SP2 instrument (see NASA ATom mission).

2.1.3 Remote sensing

As the available aircraft-based observations only extend into the lowermost stratosphere, we complement the evaluation of
simulated stratospheric aerosol with the Global Space-based Stratospheric Aerosol Climatology (GloSSAC V2.21; Kovilakam
et al., 2023, 2020; Thomason et al., 2018). GloSSAC merges remote sensing data from multiple satellite instruments and
provides monthly mean aerosol extinction coefficients in the stratosphere, interpolated to four wavelengths (386, 452, 525, and

1020 nm). GloSSAC observations from 2016-2018, used for the evaluation, rely on the following satellite instruments:

— The Optical Spectrograph and InfraRed Imaging System (OSIRIS), onboard the ODIN satellite, uses limb scattered
sunlight for the retrieval of aerosol extinction at 750 nm (Bourassa et al., 2012). Here, the aerosol retrieval version 7.0
(Rieger et al., 2019) is applied. In GloSSAC, the aerosol extinction is converted to 525 nm using the Angstrom coefficient
and bias-corrected (Kovilakam et al., 2020).

— The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument, onboard the CALIPSO satellite ob-
serves back-scattered laser signals at near-nadir geometry, providing aerosol extinction at 532 and 1064 nm (Winker

et al., 2009), extrapolated to 525 nm and 1020 nm for GloSSAC, respectively.

— The Stratospheric Aerosol and Gas Experiment III (SAGE-III), externally mounted on the ISS is a solar occul-
tation instrument, retrieving aerosol extinction at 9 different wavelengths, extrapolated to all 4 GIoSSAC wavelength
(Kovilakam et al., 2023).

Additionally, simulated column aerosol optical depth (AOD) at 550 nm is evaluated against observations from the MODerate
Resolution Imaging Spectroradiometer (MODIS), onboard the Terra satellite. We use the MODIS Level 3 product (Platnick,
2015), applying the Deep Blue retrieval algorithm (Hsu et al., 2004).

2.2 Model setup

Model simulations are performed using the ECHAM/MESSy Atmospheric Chemistry (EMAC) model (Jockel et al., 2006),
which combines the general circulation model ECHAM (version 5.3.02, Roeckner et al., 2003) with submodels from the
Modular Earth Submodel System (MESSy version v2.55.1, Jockel et al., 2010). The model is operated at a spectral resolution
of T63 (1.875° x 1.875°) with 90 vertical levels extending up to 0.01 hPa (approximately 80 km), including additional layers in
the middle atmosphere, with 7.5 minute timestep length. Temperature, surface pressure (logarithm), divergence and vorticity are
“nudged” by Newtonian relaxation (more details by Jockel et al., 2006; Jeuken et al., 1996) towards meteorological reanalysis
data (ERAS, Hersbach et al., 2020) from the European Centre for Medium-Range weather forecasts (ECMWF) below 100 hPa,
with prescribed transient sea surface temperatures and sea ice coverage. Zonal winds are weakly “nudged” to observations

(Giorgetta et al., 2006) between 10 and 90 hPa to avoid a phase drift of the quasi-biennial oscillation (QBO).
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

The main simulations cover the years 2016 to 2018, following a half-year spin-up period. In addition, shorter simulations
were conducted for the periods July 2019 to June 2020 (for comparison with the CAFE-EU campaign) and January 2022
to January 2023 (for comparison with the ACCLIP and CAFE-Brazil campaigns). Tracer initialization is based on ten-year
simulations to ensure the establishment of a stratospheric equilibrium.

Aerosol microphysics are handled by the MESSy submodel GMXe (Pringle et al., 2010), which uses hydrophilic and hy-
drophobic lognormal modes to describe the particle size distribution (PSD). Detailed information about these modes in the
context of this study, and the respective microphysics is provided in Sect. 2.2.1. In GMXe, inorganic aerosol thermodynamics
are computed using ISORROPIA-II (Fountoukis and Nenes, 2007), whereas the phase partitioning of organic aerosols (OA) is
processed by the ORACLE submodel (Tsimpidi et al., 2014, 2017), based on source and volatility. While organic and inorganic
species are treated separately thermodynamically, they are internally mixed within each aerosol size mode. Aerosols can trans-
fer between modes due to changes in size or solubility after each timestep. Sulfate evaporation in the UTLS at low humidity
and in the absence of ammonia is computed based on molality following Tabazadeh et al. (1997), relying on the tabulation of
Giauque et al. (1960).

The EMAC simulation results presented here capture key aerosol species across the lower atmosphere. Speciated aerosols
include sulfur aerosol (SOZ*; hereafter referred to as sulfate), ammonium (NHI), nitrate (NO3), sodium (Na'), chloride
(C17), potassium (K1), calcium (Ca?*), and magnesium (Mg?*). OA is categorized based on source, volatility, and primary
(POA) or secondary (SOA) origin, amounting to 36 different organic species (more details by Tsimpidi et al., 2014, 2017). In
addition, the model includes bulk aerosol species: black carbon (BC), desert dust (DU), and sea salt (SS). Desert dust emissions
are primarily represented by the DU bulk species, which accounts for ~ 90% of total dust mass, with smaller contributions
from speciated cationic components (Klingmiiller et al., 2018). Sea salt aerosol is predominantly emitted as sodium chloride
(86%), with additional emissions of sulfate (8%), bulk SS (0.8%), and other minor salt constituents.

Stratospheric heterogeneous reactions and the formation of Polar Stratospheric Clouds (PSCs) are simulated by the MESSy
submodel MSBM (Jockel et al., 2010), using a climatology for background liquid sulfur aerosol in the stratosphere (not
considering volcanic eruptions) as a basis for heterogeneous reactions here. Neutral and ion-induced particle formation is
simulated with the NAN submodel (Ehrhart et al., 2018) with ion concentrations provided by the IONS submodel (Ehrhart
et al., 2018). We use new particle formation (NPF) parameterisations from the CLOUD experiment, including binary (H3SO4-
H50) and ternary (HoSO4-NH3-H50) nucleation (Dunne et al., 2016), enhanced with HNO3 (H2SO4-NH3-HNOg3; Wang
et al., 2022), and pure organic nucleation (Kirkby et al., 2016) of highly oxygenated organic molecules (HOMs).

Global anthropogenic emissions of reactive gases and aerosols at the surface are sourced from the Community Emission Data
System (CEDS; McDuffie et al., 2020), while aircraft emissions are taken from CAMS Global Aviation Emissions (CAMS-
GLOB-AIR; Granier et al., 2019) up to 2019. For subsequent years, emissions are repeated due to the unavailability of updated
datasets. Biomass burning and agricultural waste burning emissions are calculated based on observed dry matter burned and
fire type, following Andreae (2019), using the BIOBURN submodel. Natural emissions of biogenic VOCs are computed using
the MEGAN model (Guenther et al., 2012) implemented as MESSy submodel. Sea salt emissions (Guelle et al., 2001) and dust
emissions (Klingmiiller et al., 2018) are computed online with the ONEMIS submodel (Kerkweg et al., 2006), and are emitted
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as a combination of bulk dust and sea salt, along with specific compounds. Size distributions for primary particle emissions are
applied per sector based on available literature as described in Kohl et al. (2023).

Emissions from volcanic eruptions that reach the stratosphere are handled by the EVER submodel (Kohl et al., 2024),
including volcanic eruptions from 1990 to 2023 based on the emission inventory from Schallock et al. (2023). Degassing
tropospheric volcanoes are applied based on a volcanic climatology from AEROCOM (Dentener et al., 2006).

Gas-phase chemistry is simulated using the MECCA submodel (Sander et al., 2019), utilizing the Mainz Isoprene Mecha-
nism (MIM1; Poschl et al., 2000; Jockel et al., 2006), which includes over 100 gas-phase species and more than 250 chemical
reactions. Removal of gas and aerosol species via sedimentation, dry deposition, and wet deposition is handled by the SEDI,
DDEP (both Kerkweg et al., 2006), and SCAV submodels (Tost et al., 2006), respectively.

Aerosol optical properties are diagnosed using the newly developed MESSy submodel AOP (Tost et al., manuscript in
preparation), which is comparable in concepts to the AEROPT scheme, described by Dietmiiller et al. (2016). AOP computes
mode-averaged refractive indices based on the chemical composition, and derives optical properties like extinction, single
scattering albedo and asymmetry factor, using pre-calculated Mie parameters. The total optical effects per model grid cell are
then obtained by weighting the contributions of the individual modes according to their number distributions and interpolating
or calculating their optical properties at the target wavelengths.

Noteworthy, we did not implement any aerosol feedbacks here, as this study focuses on the establishment of aerosol dis-
tributions from the surface to the stratosphere without considering any direct implications for climate or the ozone layer.
Heterogeneous reactions are calculated based on a stratospheric aerosol climatology (Luo, 2013), radiation calculations are
based on a merged aerosol climatology for the troposphere (Tanré et al., 1984) and the stratosphere (Luo, 2013), while online
aerosol optical properties based on simulated aerosol distributions are used diagnostically for comparison with observations
(see above), and cloud properties are decoupled from the diagnostic cloud condensation nuclei (CCN) number simulated by

GMXe.
2.2.1 Aerosol size distribution

An important aspect in the development of the new setup is the representation of aerosol size distributions. Due to differences
in aerosol lifetime, ambient pressure, and pollution levels across the BL, FT, UTLS, and the stratospheric overworld, size
distributions vary significantly. GMXe provides an adjustable modal size distribution, allowing the aerosol median diameter
to evolve freely within user-defined mode boundaries, with particles transferred to neighboring modes when they grow too
large or too small. Within each mode, particles are internally mixed, while the modes themselves remain externally mixed
with respect to each other. The boundaries and standard deviation of the logarithmic modes are constant globally, resulting in
varying microphysical behavior across different regions of the lower atmosphere.

Past studies on tropospheric aerosol (e.g., Kohl et al., 2023; Pozzer et al., 2012; Lelieveld et al., 2015; Tsimpidi et al., 2024)
typically considered 4 soluble log-normal modes (see Table 1; here referred to as TROPQ): a nucleation mode for freshly
formed particles up to 12 nm, the Aitken mode for fine anthropogenic primary emissions and grown nucleation mode particles

(12-120 nm), the accumulation mode for further grown particles and larger primary particles (120-1400 nm), and a coarse
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

Table 1. Modal size distribution in the new setup for the entire lower atmosphere (LA; used in this study) in contrast to size distributions
used in former studies, which focussed only on the troposphere (TROPO) or stratosphere (STRATO). The "small coarse" mode was added
between the accumulation and the coarse mode in the LA setup. The median diameter can adjust within the given diameter boundaries.

Additionally, the globally constant sigma of the log-normal distribution is given for each mode.

Setup Nucleation Aitken Accumulation Small Coarse Coarse
Diameter [nm] 1-12 12-120 120 - 1400 - > 1400
TROPO
Sigma 1.59 1.59 1.59 - 2.0
Diameter [nm] 1-12 12 - 140 140 - 3200 - > 3200
STRATO
Sigma 1.59 1.59 1.49 - 1.7
LA Diameter [nm] 1-12 12-120 120 - 800 800 — 3200 > 3200
Sigma 1.59 1.59 14 1.25 1.7

mode for particles larger than 1400 nm, primarily consisting of dust and sea salt particles. Additionally, three insoluble log-
normal modes are used (Aitken, accumulation and coarse) with the same mode boundaries as the respective soluble modes.
Insoluble particles can transfer to the soluble mode through coagulation with soluble particles or coating with soluble species
(more details in Pringle et al., 2010).

Stratospheric studies (e.g., Schallock et al., 2023; Briihl et al., 2018; Kohl et al., 2024) used the same number of modes,
but with modified mode boundaries and widths (Table 1; here referred to as STRATO). While the nucleation mode remains
identically defined, the Aitken mode is extended to slightly larger diameters (140 nm). The accumulation mode is expanded to
include particles up to 3200 nm, with a narrower modal width (sigma = 1.49). This adjustment suppresses the rapid transfer
of particles to the coarse mode, thus reducing sedimentation and prolonging aerosol lifetimes in the stratosphere. However, for
the same reason this setup fails to reproduce BL aerosol distributions, where the inhibited transfer to the coarse mode leads
to overestimated particle lifetimes. More details on the performance of the setups are provided in the evaluation (Sect. 3) and
discussed in more detail in Sect. 5.

In this study, we present a new modal configuration for GMXe, combining elements of the TROPO and STRATO setups to
represent the entire Lower Atmosphere (Table 1; here referred to as LA). This setup introduces an additional mode, termed
the small coarse mode, positioned between the accumulation and the coarse modes, and spanning the size range from 800
to 3200 nm. This mode serves three main purposes. First, it prevents particles in the stratosphere from growing too large
and sedimenting in the coarse mode, and thus reproducing stratospheric aerosol distributions similar to the STRATO setup.
Second, in the BL, accumulation mode particles grow into the small coarse mode, reducing BL aerosol lifetimes compared to
the STRATO setup. Third, it better represents sea salt and dust emissions, which typically peak between 800 and 1000 nm and
are now emitted directly into the small coarse mode. In the STRATO and TROPO setups, these particles were instead emitted

into the accumulation mode, internally mixing with particles freshly grown from the Aitken mode with median diameters
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around 300 nm, thus underestimating the actual emission size. The three setups are comprehensively evaluated, compared and

discussed in Sect. 3 and Sect. 5, further motivating the development and choice of the LA setup.
2.3 Spatial and temporal sampling

To ensure comparability between model data and observations, all datasets are homogenized through consistent spatial and
temporal sampling. The specific sampling approach depends on the type of comparison.

For in-situ ground-based observations, annual averages are calculated and compared to the corresponding annual mean of
the lowermost model grid box that contains the measurement site. In the case of AOD, MODIS observations are first regridded
to the model resolution before comparing annual averages to simulated values.

Aircraft observations are typically available at sub-minute resolution, whereas the model output is provided every 7.5 min-
utes. During a single model timestep, the aircraft may cover a considerable vertical range. Therefore, the complete vertical
column of model output along the flight tracks is sampled at each timestep using the S4D submodel (Jockel et al., 2010). Both
modelled and observed data are subsequently binned by altitude and timestep, and the resulting averages are compared.

For comparisons with GloSSAC satellite observations, simulated daily averaged aerosol extinction is regridded to match the

horizontal and vertical resolution of the satellite data prior to evaluation.

3 Evaluation

Model simulations are evaluated using in-situ ground and aircraft observations, as well as remote sensing data from satellite
instruments. The evaluation primarily focuses on the new LA setup, but comparisons to simulations using the modal size
distributions from the TROPO and STRATO setups are also presented.

For statistical comparison with observations, the following statistical metrics are applied:

— M/O: Geometric mean of the ratio between model simulated (M) and observed (O) means

PF2: Percentage of simulated values within a factor of two of the observed values
— Corr: Pearson correlation coefficient between observations and simulation results

— RMSE: Root Mean Squared Error
3.1 Comparison to in-situ ground observations

Figure 2 compares total observed and simulated (LA setup) PMs 5 mass concentrations, along with the most dominant com-
ponents (excluding desert dust due to missing observations). Table 2 provides a statistical summary of the comparison, also

including results from simulations with the STRATO and TROPO setups. Total PM5 5 mass concentrations are slightly under-

estimated in the LA simulation (M/O = 0.92); however, 91% of simulated values fall within a factor of two of the observations.
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Figure 2. Comparison of annually averaged (2017) PMa2.5 mass concentrations at the Earth’s surface from EMAC simulations (LA setup)
with stationary observations from the GHOST (Bowdalo, 2024) and EANET (2025) databases, showing total PM> 5 and contributions from
key aerosol species. The central dotted line indicates 1:1 agreement between observations and simulations, while the surrounding dashed

lines represent overestimation and underestimation by a factor of two.

The TROPO setup performs similarly, whereas the STRATO setup simulates higher PMs 5 values, and overestimates observa-
tions (M—/O = 1.28), though with comparable correlation and RMSE.

The LA and TROPO simulations show comparable performance in predicting surface mass concentrations of key aerosol
species (see Table 2), confirming the suitability of the LA setup for surface-level studies. In both setups, NO; is overestimated
by about a factor of 3 (lower than in previous EMAC studies (Pozzer et al., 2022)), but is well correlated with observations.
Simulated SOE_ and OA match observations closely, with a slight high bias at low concentrations. The STRATO setup tends
to overestimate these species (Table 2), mainly due to reduced transfer of accumulation mode particles to the coarse mode,
leading to longer particle lifetimes and making it less suitable for BL applications.

Speciated dust and sea-salt compounds show poor surface-level agreement with stationary observations, as reported in pre-
vious studies (Pozzer et al., 2022). Both LA and TROPO simulations overestimate sodium (by a factor of 4 in the LA setup),
chloride (factor 5), and magnesium (factor 1.52), while underestimating potassium and calcium (both by a factor of 4-5). The
STRATO setup generally produces larger values for those 5 species leading to a strong overestimation of sodium and chloride
by a factor of 18 and 30, respectively. A detailed investigation of the composition, abundance, and size distribution of dust and

sea-salt aerosol emissions is needed.
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Table 2. Summary of annually averaged (2017) observed (Obs) surface PMs 5 concentrations and composition (Obs), based on data from
the GHOST (Bowdalo, 2024) and EANET (2025) databases. Observations (in pg m~?) are compared to EMAC simulations using the LA,

TROPO, and STRATO setups, evaluated with the statistical metrics defined earlier. The number of available observational stations is indicated

by NObS'

‘ Observations ‘ LA ‘ TROPO ‘ STRATO

Species | Nops  Obs | M/O PF2 Cor RMSE | M/O PE2 Cor RMSE | M/O PF2 Cor RMSE

NH; 100 044 | 207 38 064 055 209 39 062 0.53 252 29 064 071

SO%~ 238 0.8 1.39 83 073 038 1.16 8 0.75 0.31 1.89 60 0.67  0.65
NO3 237 057 | 245 34 0.67 1.07 3.04 28 0.66 1.17 4.99 8§ 069 186
OA 307 1.79 | 1.16 77  0.59 1.25 1.05 81 0.59 1.2 123 76 057 1.27
BC 307 034 | 076 70 0.6 0.24 067 66 061 025 076 72 0.6 0.24
Cl™ 393 0.07 | 529 22 03 028 |10.19 13 029 046 |2981 3 0.27 1.18
K+ 310 005 | 019 7 0.2 0.05 024 12 004 0.05 071 62 006 0.04

Na* 252 0.08 | 485 13 0.62 0.27 6.29 8§ 055 033 |1813 0O 048 098
Mgt 169  0.02 1.7 48 022  0.03 225 43 017  0.04 6.42 11 0.1 0.11
Ca®t 233 005 | 024 21 -0.19 0.06 031 24 -03 0.06 0.89 49 -027 0.05

PMz 5 ‘3461 11.63 ‘ 092 91 053 625 ‘0.85 91 0.54 6.08 128 87 053  6.04
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Figure 3. Comparison of annually averaged (2017) simulated column Aerosol Optical Depth (AOD) from EMAC (LA setup) with MODIS
observations at 550 nm. (a) Global map of the logarithmic ratio of simulated to observed AOD; green indicates overestimation by the
model, pink indicates underestimation. (b) Scatter plot comparing simulated and observed AOD globally. Each dot represents one model
grid box. The central dotted line indicates 1:1 agreement between observations and simulations, while the surrounding dashed lines represent

overestimation and underestimation by a factor of two.
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3.2 Aerosol Optical Depth (AOD)

Figure 3 compares the annually averaged simulated column AOD (LA setup) with MODIS observations at 550 nm for the
year 2017. AOD over continental regions is generally well represented, with a slight underestimation in North America and
Southeast Asia, and an overestimation over Australia and remote parts of China. Marine AOD is underestimated over unpolluted
oceans, but the agreement improves in coastal and biogenic- or dust-influenced regions of the tropical Pacific and Atlantic. The
underestimation in remote marine regions may be attributed to excessive particle growth from the accumulation mode into the
small coarse mode in the LA setup, or a misrepresentation of the sea salt emission size distribution.

Simulated column AOD varies markedly across the three setups (see also Supplementary Fig. S7). TROPO shows the best
overall agreement, except for a marked underestimation over Southeast Asia. STRATO strongly overestimates the column
AOQOD, particularly at large observed AOD values, likely due to the increased aerosol lifetime, resulting from less efficient
growth from the accumulation to the coarse mode (see above). Notably, there is a coincidence of the mode transition in the LA
setup at 550 nm, making AOD underestimation more likely. In comparison, the minima in the other size distributions have less

influence at 550 nm.
3.3 Vertical profiles

Vertical profiles of atmospheric aerosol composition for the evaluation of the EMAC simulation results are derived from mul-
tiple aircraft campaigns. We primarily focus on the period from January 2016 to December 2018, with additional simulations

used for comparisons to the CAFE-EU (2020), ACCLIP (2022), and CAFE-Brazil (2022/2023) missions.
3.3.1 Atmospheric background conditions — ATom campaign

Figure 4 compares simulated mass concentrations of sulfate, ammonium, nitrate, total OA (all PM;), BC (90-550 nm), and
dust (100 nm—4.8 um), as well as particle number concentrations (2.7 nm—4.8 um), to corresponding ATom observations.
Observations were divided into 10 geographic regions, detailed in Appendix Fig. C1, five of which are shown here. The
remaining regions are presented in Appendix Fig. C2. Table 3 shows a statistical comparison of the three model setups to
observations, using observed and simulated median values at each region, season and altitude. Additional evaluations of key
gas-phase species are shown in Supplementary Figs. S5 and S6. Appendix Fig. C3 presents PSDs across the observed layers in
the different regions.

Gas-phase species generally agree well with observations, especially CO, OH, O3, and NO, with minor discrepancies in O3
at higher altitudes. SO, mixing ratios are slightly underestimated in the East Pacific but overestimated in the northern regions
and the North Pacific. The underestimation may be due to local volcanic degassing events, which are included in the model
based on climatological data, which, however, do not represent irregular and unpredictable emissions.

Overall, the model captures the order of magnitude of aerosol observations, though the level of agreement varies by region
and season. Low M/O values partly reflect detection limits of the observations. The largest discrepancies occur over the

Southern Ocean and in the northern FT (Fig. C2), where aerosol mass is underestimated across all species. This underestimation
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Figure 4. Comparison of simulated (red) and observed (black) mass concentrations of sulfate, ammonium, nitrate, organic aerosol (all PMy),
black carbon (BC; 90-550 nm), dust (0.1-4.8 pm), and particle number concentrations (PNC; 2.7 nm—4.8 um) from the ATom mission
across selected regions, as defined in Appendix Fig. C1. Grey points indicate mean values, white vertical lines represent medians, boxes
show the interquartile range, and whiskers denote the S5th and 95th percentiles. The grey shaded area indicates the detection limit of the

instrument. All concentrations are provided at standard temperature and pressure (STP; T = 273.15 K & p = 1013.25 hPa).
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

Table 3. Summary of observed (Obs) mass concentrations of key aerosol species and number concentrations during the ATom campaign.
Observations (in ng m ™2 for mass concentrations, and cm ™2 for particle number concentration) are compared to EMAC simulation results
(Mod) using the LA, TROPO, and STRATO setups, evaluated with the statistical metrics defined earlier. For statistical comparison, the

median of observed and simulated values at each region, season and altitude (1 km-binned; see Fig. 4) is used.

\ ATom \ LA \ TROPO \ STRATO

Spec. | Obs | Mod M/O PF2 Cor RMSE | Mod M/O PF2 Comr RMSE |Mod M/O PF2 Com RMSE

S03~ 152 117 049 50.7 0.61 148.4 121 055 49.7 0.67 1306 | 225 0.88 48.6 0.64 2984
NH; 19 20 068 30.8 0.65 37.3 20 069 331 073 326 25 076 325 0.66 431

NOg 14 28 048 229 042 59.6 54 069 200 04 1300 | 110 1.8 16.1 038 255.2
OA 177 217 052 410 0.62 3993 230 053 389 0.62 4174 | 312 071 399 0.62 676.7
BC 13 5 052 276 0.77 58.4 4 049 31.0 0.62 64.0 6 075 312 074 590

DU 833 931 1.69 155 094 28745 | 481 149 15.1 094 54773 | 630 246 153 093 47509
PNC 1573 | 5523 213 435 024 100415 | 5193 193 448 0.22 95314 | 3580 135 520 02 6926.0

is most likely due to a combination of underestimated transport from the stratosphere to the troposphere and insufficient long-
range transport of biomass burning aerosols to remote regions. Schill et al. (2020) showed that biomass burning pollution is
widespread throughout the FT, with enhanced levels in the regions and seasons where the model most strongly underestimates
FT aerosol mass.

Simulated sulfate aerosol concentrations in the lower 1 to 3 km generally agree well in both continental and marine regions,
while the STRATO setup overestimates BL values. In the FT, the LA setup tends to underestimate sulfate in background
regions, with better agreement near the UTLS. Statistically, all setups show similar correlations (r > 0.6) and PF2 (~ 50%), but
STRATO has twice the RMSE, mostly due to the overestimation at low altitudes.

Ammonium concentrations correlate well with observations throughout the troposphere, though PF2 values remain low due
to high variability. Over the Southern Ocean and high northern latitudes (Fig. C2), concentrations rise above 9 km, indicating an
overestimation in the stratosphere. Ammonium levels in the lowermost stratosphere range from 10-20 ng m~? in the Southern
Hemisphere to ~ 50 ng m 2 in the Northern Hemisphere. As shown in Sect. 3.1, surface nitrate is overestimated by a factor of
~ 3, increasing to ~ 5 over the Atlantic Ocean. This bias is stronger in the TROPO and STRATO setups (resulting in a higher
RMSE), particularly in dust-dominated regions (see Supplementary Figs. S1 and S2).

OA and BC are well represented in most regions of the background atmosphere, except for the Southern Ocean and northern
latitudes, where missing biomass burning transport (as mentioned above) leads to discrepancies, and simulated mass concen-
trations of BC increase towards the stratosphere (not observed), suggesting an overestimation of stratospheric values. This
overestimation is also evident in stratospheric dust concentrations. This likely results from overly efficient transport or insuf-

ficient scavenging of at least partially hydrophobic aged primary particles. Notably, the stratospheric overestimation over the
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Southern Ocean coincides with an overestimation of O3 above 10 km (Supplementary Fig. S5), possibly due to the aircraft
sampling of more tropospheric air than simulated.

Near the Earth’s surface, the model captures the strong contrast of high BC and OA mass concentrations from the Atlantic
Ocean (influenced from Biomass burning in Central Africa) and low values over the Pacific, as observed by Katich et al. (2018).
However, at higher altitudes over the Pacific, concentrations are underestimated, likely due to missing transport pathways. Dust
concentrations generally match observations near the surface, and horizontal dust transport is well represented. The improved
dust emission (emitting into the small coarse mode instead of the accumulation mode) scheme in the LA setup reduces RMSE
compared to the TROPO and STRATO setups.

PNC exhibit varying patterns across different regions. Near the Earth’s surface, observed and simulated PNC agree well,

with values ranging from 100 to 1000 particles per cm3

over the ocean, and slightly higher PNC over background continental
regions. However, surface PNC are underestimated over the Southern Ocean. The current model setup does not include recently
proposed NPF from MSA and iodic acid (Baccarini et al., 2021; He et al., 2021; Zhang et al., 2025), which may contribute
to this underestimation. In most regions, UT NPF is overestimated, likely due to overestimated nucleation rates from ternary
or synergistic nucleation, which dominate at these altitudes, or from the underestimated condensational sink (sulfate concen-
trations). However, over the Atlantic Tropics and the East Pacific, PNC are slightly underestimated. These regions are closest
to the Amazon rainforest and may be influenced by NPF from isoprene oxidation products, as recently discovered by Curtius
et al. (2024) and Shen et al. (2024a), which is not yet incorporated into the EMAC model, but will be addressed in follow-up
studies. In general, the LA setup shows worse agreement with observations for PNC compared to the TROPO and STRATO
setups.

The AMP instrument also measured PSDs ranging from 2.7 nm to 4.8 pm. Appendix Fig. C3 compares observed PSDs with
those simulated using the three different model setups. Due to their modal structure, the simulated PSDs exhibit local min-
ima between modes, which introduces deviations from the observed distributions. In most regions, the LA setup reproduces
the observed PSDs well. Near the surface, nucleation mode particles are generally overestimated, except over the South At-
lantic. Over the Southern Ocean, the Aitken and accumulation modes are underestimated, likely a result of missing long-range
transport of biomass burning aerosols as described above. Coarse mode particles appear underestimated in most FT regions;

however, observational data in this size range are close to the detection limit.
3.3.2 HALO campaigns

While the ATom mission focused on atmospheric background conditions, the HALO campaigns primarily aimed at investi-
gating specific processes or regions. Figure 5 summarizes the comparison of the LA simulation with CAFE and EMeRGe
observations, while Table 4 statistically compares the simulations with the three setups to the observations. The LA setup ex-
hibits lowest RMSEs compared to observations across all species, with similar or higher correlations and PF2 compared to the
TROPO and STRATO setups, respectively, with the exception of ammonium. This underlines the capacity of the LA setup to
simulate the entire profiles encompassing the BL, FT and UTLS.
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Figure 5. Comparison of simulated (red) and observed (black) mass concentrations of sulfate, ammonium, nitrate, and organic aerosol
(all PM1) from C-ToF-AMS measurements during recent HALO aircraft campaigns. Box-whisker plots follow the format of Fig. 4. All
concentrations are provided at standard temperature and pressure (STP; T = 273.15 K & p = 1013.25 hPa).
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Table 4. Summary of observed (Obs) mass concentrations of key aerosol species from various HALO campaigns. Observations (in ng m~*)
are compared to EMAC simulation results (Mod) using the LA, TROPO, and STRATO setups, evaluated with the statistical metrics defined
earlier. For statistical comparison, the median of observed and simulated values of each campaign and altitude (1 km-binned; see Fig. 4) is

used.

| | LA | TROPO | STRATO

Spec. | Obs | Mod M/O PF2 Cor RMSE |Mod M/O PF2 Cor RMSE|Mod M/O PF2 Cor RMSE

SOZ~ | 207 | 18 074 672 077 1916 | 500 1.62 418 077 729.1 | 295 099 642 073 3672
NHS 69 72 076 388 0.74 849 139 127 478 0.72 2038 | 109 108 522 0.73 150.6
NO3 37 73 044 239 021 143.0 | 302 239 224 052 6546 | 201 1.18 164 042 456.5
OA 411 | 444 095 746 0.6 360.6 | 776 145 582 057 801.0 | 572 1.09 73.1 057 523.6

EMeRGe-EU and EMeRGe-Asia focused particularly on polluted megacities and their outflow at lower altitudes, resulting
in large BL and FT aerosol concentrations. Observed sulfate concentrations are well reproduced by the model in the lower 5
km, indicating adequate vertical transport at these altitudes. Ammonium, nitrate, and OA are slightly underestimated compared
to EMeRGe-EU, but overestimated compared to EMeRGe-Asia. These discrepancies are likely due to biases in the emission
inventories or the limited horizontal resolution.

The CAFE-Africa mission aimed at investigating biomass burning emissions and long-range transport. Simulated mass
concentrations in the lower 5 km generally agree well with observations, except for high simulated outliers in OA mass con-
centrations around 2 km. OA and ammonium (near zero) are well reproduced at higher altitudes, while sulfate and nitrate mass
concentrations are slightly underestimated.

The CAFE-EU mission (2020) investigated atmospheric impacts of the Covid lockdown, and we applied lockdown-induced
anthropogenic emission reductions following Doumbia et al. (2021). Observations in the BL and lower FT are well reproduced.
However, above 4 km, the model underestimates sulfate concentrations. Joppe et al. (2024) found that CAFE-EU observations
were likely influenced by SOz emissions from the Shiveluch eruption, which mixed into the tropopause region and were
zonally transported. These emissions were not included in our simulations, as they initially failed to reach the stratosphere. A
dedicated model study is planned. The ammonium overestimation in the UT may result from exaggerated detrainment from
the South Asian monsoon system (see next section), with a concurrent nitrate overestimation driven by both excess ammonium
and low sulfate, promoting ammonium nitrate formation. Enhancements in these altitude regions are also observed, albeit at
lower magnitude.

The CAFE-Brazil mission aimed at investigating the Amazon forest-atmosphere system, focusing on the UT. Sulfate con-
centrations are well reproduced, and ammonium concentrations fall below the detection limit above 4 km. However, BL ammo-
nium concentrations are strongly underestimated, probably due to missing local ammonia sources, e.g., from inundated areas.

Simulated nitrate concentrations deviate from observations, with overestimation at lower altitudes and underestimation in the

18

115



Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

UT. OC concentrations are overestimated in the FT, but show good agreement in the UT and BL. The FT overestimation likely

stems from the missing implementation of the kinetic limitation for condensation for organic species, discussed in Sect. 5.

405 3.3.3 Additional aircraft campaigns
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Figure 6. Comparison of simulated (red) and observed (black) mass concentrations of sulfate, ammonium, nitrate, and organic aerosol (all
PM1) from ERICA-AMS measurements, during the StratoClim and ACCLIP missions, and black carbon (BC) measurements from the SP-
2 instrument. Box-whisker plots follow the format of Fig. 4. All concentrations are provided at standard temperature and pressure (STP;
T =273.15 K & p=1013.25 hPa).

Figure 6 compares simulated aerosol mass concentrations with ERICA-AMS measurements from the StratoClim and AC-

CLIP campaigns, targeting the ATAL. The evaluation focuses on the UTLS region (12—-19 km), where the ATAL forms. While

OA and sulfate are overestimated in the BL and lower FT, the ATAL itself is well captured. During StratoClim, enhancements

in ammonium, nitrate, and OA were observed but are underestimated in the simulation, likely due to flight planning targeting

410 convective outflow, which the model’s coarse horizontal resolution cannot fully resolve. Notably, the upper limit of the ATAL
is also well captured in the simulations. At 20 km, simulated ammonium, nitrate and OA mass concentrations tend towards

zero, in close agreement with observations.
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The ATAL enhancement observed during the ACCLIP mission is better reproduced by the model. Unlike StratoClim, AC-

CLIP sampled the ATAL at various stages of its development, making it more representative of the average ATAL, and better

415 reproducable by model simulations. The overestimation of FT OA can be attributed to the same reason as before and will be
discussed in Sect. 5. Both campaigns observed low concentrations of primary particles, especially dust and BC, in the ATAL

(e.g., Appel et al., 2022; Ebert et al., 2024; Berberich et al., 2025). The model successfully reproduces these low UTLS BC

concentrations, with values below 5 ngm™3.

3.4 Stratosphere

420 For the evaluation of stratospheric aerosol, simulated sSAOD and extinction from the three setups are compared with satellite
observations merged in GloSSAC. Figure 7 presents a timeline of SAOD from January 2016 to December 2018, derived
from GloSSAC observations and model simulation results at the four available GloSSAC wavelengths. The sAOD at the two
lower GloSSAC wavelengths depend on observations from SAGE-III/ISS, which became operational in mid-2017 (Kovilakam
et al., 2023). Additionally, we provide a comparison of zonally averaged aerosol extinction for the considered time period in

425 Appendix Fig. B1. The displayed period was relatively volcanically quiescent (e.g., Schallock et al., 2023), mostly representing
background stratospheric conditions. A detailed evaluation of the model’s skill to reproduce stratospheric SO5 injections from

explosive volcanic eruptions using the EVER submodel is provided by Kohl et al. (2024).
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Figure 7. Timeline of simulated stratospheric Aerosol Optical Depth (SAOD) of the three defined setups compared to observations from the

GloSSAC database at the four GloSSAC wavelengths, in the tropics (top), NH higher latitudes (middle), and SH higher latitudes (bottom).

In general, the simulation with the stratospheric setup produces the largest AOD, while the tropospheric setup produces
the lowest AOD. This is explained by the underlying size distribution, shown in appendix Fig. A2. In the tropospheric setup,

430 aerosols rapidly grow into the coarse mode and subsequently sediment from the stratosphere. In contrast, the accumulation
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

mode in the STRATO setup has wider mode boundaries and narrower sigma of the log-normal distribution, which limits
growth into the coarse mode, resulting in a more realistic stratospheric size distribution.

The introduction of the intermediate mode in the LA setup buffers this effect. While particles still grow into the small coarse
modes, sedimentation is reduced compared to the tropospheric setup, although the stratospheric lifetime of the particles slightly
decreases compared to the STRATO setup. The lower AOD at shorter wavelengths in the LA setup, compared to STRATO,
can also be partially attributed to another effect. According to Mie theory, particles with diameters similar to the wavelength
of incident radiation scatter most efficiently, depending on aerosol composition (e.g., Bohren and Huffman, 1998). The newly
adjusted size distribution shows a local minimum around 500 nm (see Appendix Fig.A2), caused by the mode boundary at
800nm. This results in a slight reduction in AOD between 400 and 700 nm, a purely computational artifact. As a consequence,
both setups show much better agreement at 1020 nm, consistent with observational data.

In addition to the differences between the setups, simulations show systematic deviations from observations (Fig. 7). At
northern midlatitudes, the simulated SAOD exhibits seasonality across all wavelengths. This seasonality results from the sea-
sonal stratospheric input of the AMA, which is not observed and is likely overestimated in the model. Moreover, a sudden rise
in sAOD is observed at northern midlatitudes, which is not reproduced by the simulations. The observed increase is attributed
to the British Columbia wildfires in 2017 (Daniels et al., 2020; Healy et al., 2019). While volcanic eruptions are included in the
simulations, we did not account for strong wildfires that directly inject particles and precursor gases into the stratosphere. An-
other observed feature is the increase of SAOD in the tropics in mid-2018, coinciding with the eruption of the Ambae volcano
(Kloss et al., 2020). This eruption is included in the simulations based on the emission inventory by Schallock et al. (2023),
resulting in a slight SAOD enhancement, particularly at 1020 nm. However, the model may underestimate the magnitude and
plume top altitude.

Finally, in the northern mid-to-high latitudes, the formation of Polar Stratospheric Clouds (PSCs) is evident in the simu-
lations, leading to enhanced sAOD in the Southern Hemisphere summer. This enhancement is only visible in the GloSSAC
datasets at 525 and 1020 nm, as the 386 and 425 nm datasets (based on SAGE-III observations) cover only 70°S to 70°N. The
LA and STRATO simulations reproduce this enhancement, while the TROPO simulation results only show a weak signal, at

low absolute SAOD.

4 Results

Following the comprehensive evaluation, global aerosol distributions and composition from the surface to the stratosphere are
derived from EMAC simulations using the new LA setup'. For this purpose, the lower atmosphere is subdivided into four layers
based on pressure ranges: the BL (1000 — 750 hPa), the FT (750 — 300 hPa), the UTLS (300 — 80 hPa), and the stratospheric
Overworld (OW; 80 — 30 hPa).

IThe LA setup was developed and chosen for these simulations, as it performs similar to the TROPO setup for BL conditions, and to the STRATO setup

for stratospheric conditions, while representing the total column.
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Figure 8. Zonally and annually (2017) averaged global aerosol mass (b) and particle number concentrations (PNC; c) in the boundary layer
(BL), the free troposphere (FT), the upper troposphere / lower stratosphere (UTLS), and the stratospheric overworld (OW), along with the
corresponding averaged profiles (a,d). The grey shaded area between 400 and 200 hPa marks the transition region between the FT and the

UTLS, where lowest mass concentrations are simulated.

Figure 8 presents global particulate matter (PM) mass concentrations (b) and particle number concentrations (PNC; c)
within the defined atmospheric layers and across six latitudinal bins, along with the corresponding averaged profiles (a and d,
respectively). The composition of PM in each region and layer is shown in Fig. 9, while the horizontal distribution of individual
aerosol components is displayed in Fig. 10.

BL aerosol mass concentrations and composition have been extensively studied using both observations (e.g., Zhang et al.,
2007; Putaud et al., 2004; Nault et al., 2021) and models (e.g., van Donkelaar et al., 2016; Shen et al., 2024b; Lelieveld et al.,
2015). Our simulations agree with these previous studies. Dust dominates aerosol mass in tropical and subtropical northern
latitudes (up to 70%), primarily due to emissions from the Sahara, Middle East and Gobi deserts (see Fig. 10). In densely
populated regions, SOA is the predominant component, accompanied by POA, sulfate, nitrate (which is overestimated in our
model, as discussed above), and smaller contributions from ammonium and BC. Over tropical rainforests, organic matter
dominates, either directly from biomass burning as POA or formed via oxidation of biogenic volatile organic compounds
(BVOCs) as SOA. Marine regions are characterized by a mixture of sea salt (defined here as bulk sea salt + sodium chloride;
exceeding 70% at high southern latitudes) and sulfate aerosol. For global particle number concentrations (PNC), specifically
ultrafine particles (UFPs) at the surface, we refer the reader to Kohl et al. (2023) that presented high-resolution (10 x 10 km)
global distributions based on a similar tropospheric setup.

The FT remains dominated by dust, exhibiting similar spatial patterns to those in the BL, yet more diffuse and reduced in
absolute mass concentrations (Fig. 10). The FT is still strongly influenced by surface emissions, mostly driven by convective

transport of intermediate strength and outflow altitude (congestus type or weak cumulonimbus) without substantial removal
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Figure 9. Zonally and annually (2017) averaged aerosol composition, subdivided into four vertical layers and six latitudinal bins, as defined

in Fig. 8, showing the major aerosol species in the Lower Atmosphere.

of particles by precipitation. The importance of SOA increases in the FT, as oxygenated volatile organic compounds start to
condense at decreasing temperatures.

The UTLS region can be subdivided into the UT in the tropics and the lowermost stratosphere at higher latitudes, that are
separated by transport barriers (e.g., Gettelman et al., 2011). The tropical UT is mostly influenced by deep convective updraft
of anthropogenic or biogenic precursor gases, that form new particles (mostly SOA here, with additional contributions of
ammonium nitrate particularly in the ATAL). Primary particles, such as dust, BC and POA are reduced in the tropical UT, as
they are too heavy, or washed out in convective clouds (Ebert et al., 2024; Appel et al., 2022; Berberich et al., 2025; Lund et al.,
2018). However, in the NH tropical and subtropical UTLS, significant amounts of dust are present, likely overestimated (see
Sect. 3) due to underestimated wet removal originating from the representation of parametrised convection as grid box mean

mass fluxes.
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The stratosphere is strongly dominated by liquid sulfur aerosol, that forms either as a consequence of OCS transport from the
surface, photolytically converted to SO, and subsequently oxidized to HoSO,4 (Briihl et al., 2012), or from explosive volcanic
eruptions (Schallock et al., 2023; Schmidt et al., 2018; Kohl et al., 2024). In the tropical stratosphere, sulfate accounts for about
75% of the aerosol mass, with a notable 15% contribution from SOA, which decreases rapidly with altitude (see Fig. 11). In
the subtropical and polar stratospheric overworld, sulfate fractions increase to around 90%. However, in the southern polar
regions, this dominance is reduced due to polar stratospheric cloud formation, leading to an annual average nitrate contribution
of 42%.

Primary particle abundance is limited in the stratosphere, falling below 2.5% globally in the stratospheric overworld. This is
in contrast to previous model studies (e.g., Bossolasco et al., 2021; Ma et al., 2019; Briihl et al., 2018), that found dust to be an
important species in the tropical and subtropical UTLS, and the lower stratosphere. However, recent observations revealed very
small amounts of dust in the UTLS and lower stratosphere, below 10 ng m~3 (Ebert et al., 2024; Appel et al., 2022). We still
simulate larger values compared to these estimates (20 ng m 2 in the tropical stratosphere), yet much lower than Bossolasco
et al. (2021), Ma et al. (2019) and Briihl et al. (2018). More details will are provided in Sect. 5.

Lowest aerosol mass concentrations are simulated in the transition from the FT to the UTLS, typically between 400 and
200 hPa (grey shaded area in Fig. 8a). The surface, BL, and the stratosphere serve as primary and secondary sources of atmo-
spheric aerosols, respectively. The primary aerosols originating from the surface are largely removed by wet deposition during
convective uplift, while stratospheric aerosol influence generally extends only down to the upper FT. This global minimum
in PM mass concentrations reduces the condensational sink, and thereby enables strong NPF (see Fig. 8d). Maximum NPF is
simulated at the altitude of the mass minimum at higher latitudes, whereas in the tropics, the peak in particle number concen-
tration (PNC) is slightly elevated, likely due to increased availability of precursor gases in the deep convective outflow of the
UT.

Figure 11 provides a more detailed view of aerosol composition profiles across global regions. While BL. composition
reflects regional surface sources, some consistent global patterns emerge. As previously discussed, all regions exhibit a distinct
minimum in PM mass concentrations between 400 and 200 hPa, separating the surface-dominated lower atmosphere from
the sulfur chemistry-dominated UT and stratosphere. Only a few intense source regions, such as the Sahara, South and East
Asia, South America, and Central Africa, significantly impact the UTLS and the stratosphere. Above the tropopause, the global
Junge layer forms, composed primarily of liquid sulfur aerosols.

Elevated OA concentrations are simulated in the UTLS across most regions, diminishing near 70-80 hPa, consistent with
StratoClim observations showing organic contributions of ~ 40% up to 19 km (Appel et al., 2022). Additionally, Figs. 6 and 4
show that lower stratospheric OA mass concentrations are well reproduced, both at the top of the ATAL, and in the lowermost
stratosphere over the Southern Ocean and at high northern latitudes. These elevated SOA concentrations in the tropical lower
stratosphere (originating from key source regions such as the Amazon Basin, Central Africa, and South & East Asia) form a

global band (Fig. 10) driven by strong horizontal winds and are transported throughout the UTLS.
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

5 Discussion & Limitations

We present atmospheric aerosol distributions and composition from the surface to the stratosphere derived from EMAC simu-
lations, based on a new model setup and thorough evaluation. The new setup was developed by optimizing former tropospheric
and stratospheric setups, and introducing an additional mode between the accumulation and coarse mode (small coarse mode).

The new setup provides the best overall agreement for aerosol simulations in the lower atmosphere. It performs similarly to
the TROPO setup in the BL and to the STRATO setup in the stratosphere, while most accurately capturing vertical profiles.
Key differences between the original setups lie in the width and sigma of the accumulation mode: the TROPO setup allows
rapid growth into the coarse mode, shortening aerosol lifetimes in the stratosphere, while the STRATO setup suppresses this
growth, extending lifetimes. Using either setup beyond its intended domain leads to an overestimation or underestimation of
aerosol lifetimes, respectively. The additional small coarse mode in the new configuration buffers this issue: near the surface, it
allows modest growth and slightly shorter lifetimes than the STRATO setup; in the stratosphere, it slows coarse mode formation
and enhances lifetimes compared to TROPO setup. Thus, the new LA setup offers a balanced representation across the lower
atmosphere. Future developments could consider making the growth into larger modes dependent on the atmospheric domain.

This evaluation also revealed some discrepancies, attributable to general limitations in global atmospheric aerosol modelling
or shortcomings of the EMAC model in particular.

The evaluation revealed two key global-scale weaknesses of the LA setup, likely interconnected. First, sulfate concentrations
are systematically underestimated in the remote FT, while closer to source regions they are well-captured. This underestimation
is more pronounced than in the STRATO setup. We hypothesize that overly efficient growth from the accumulation to the small
coarse mode during long-range transport, followed by sedimentation or reduced transport efficiency, contributes to this bias.
Second, in regions with the strongest underestimation of aerosol mass, PNC is most strongly overestimated. In our model,
FT and UT NPF is primarily driven by ammonia, sulfuric acid, and nitric acid (Xenofontos et al., 2024; Wang et al., 2022).
While the nucleation rates may be overestimated, the stronger bias in the LA setup compared to TROPO and STRATO suggests
that the main issue lies in the underestimation of the condensational sink. Future work will aim to improve background sulfur
representation in the FT to better constrain PNC and CCN formation in remote regions.

The modelling of OA formation remains challenging. Here, gas-aerosol partitioning is treated with the ORACLE submodel
(Tsimpidi et al., 2014, 2017), that was specifically developed and evaluated for the lower troposphere. In its current implemen-
tation, ORACLE is not considering the Kelvin effect and the kinetic limitation for condensation on available aerosol surfaces,
which is in contrast to the inorganic phase partitioning, that takes the kinetic limitations into account. Equilibrium gas-aerosol
partitioning is calculated, and distributed onto the soluble modes. However, particularly in the FT and UTLS, where aerosol
surface areas are minimal, equilibrium may not be reached due to kinetically limited condensation. In addition, the mixing
times of organic compounds within SOA are crucial for predicting aerosol growth and evaporation. While organic mixing
times in most of the BL are below one hour, supporting the use of equilibrium partitioning, this assumpiton may not hold in

the FT and UTLS. In these regions, mixing times can extend to several hours, which is significantly longer than typical model
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timesteps, and SOA may exist in a glassy, highly viscous state (Maclean et al., 2021). These combined effects potentially lead
to an overestimation of OA in the FT, as is evident in the model evaluation near source regions.

Moreover, a set of simplifications is applied for the modelling of organic gas phase and particulate species, as the individual
modelling of all organic species is not computationally feasible. First, gas phase oxidation products of primary emitted VOCs
are combined in lumped species, ageing with fixed yields, as described by Tsimpidi et al. (2014). Second, these already
lumped oxidation products are further combined in volatility bins in the particulate phase. Reaction rates, photochemical
removal, solubility, and volatility along with its temperature dependence may vary for the individual species, leading to a
more complex picture of OA, and its transport and formation from the surface to the stratosphere. In future simulations,
the more comprehensive chemical mechanism MOM (Pozzer et al., 2022; Sander et al., 2019) can be applied, with greatly
increased computational costs. The transition to the new base model ICON will facilitate global simulations with more complex
chemistry, using nesting, and allowing for variable horizontal resolution around the globe.

The transport of primary particles into the stratosphere remains a subject of ongoing debate. Earlier modelling studies (e.g.,
Bossolasco et al., 2021; Ma et al., 2019; Briihl et al., 2018) concluded that dust plays a dominant role in the ATAL, and is
subsequently transported to the stratosphere. In contrast, recent observational studies by Appel et al. (2022) and Ebert et al.
(2024) reported very low concentrations of primary material within the ATAL with upper limits of 10 ng m~3.

In our simulations, desert dust concentrations in the UTLS were reduced by adjusting emission size distribution in accor-
dance with the new model setup. In the previous TROPO and STRATO setups, desert dust was emitted partly in the accumula-
tion mode and upon ageing became internally mixed with particles that had recently grown into this mode, averaging at around
300 nm diameter. This configuration led to an overestimation of vertical transport, as it effectively downscaled the typical size
of dust particles, originally around 900 nm, thus allowing them to reach higher altitudes more readily. Emitting desert dust
to the additional small coarse modes reduces this vertical transport and stratospheric dust concentrations. Appendix Fig. Ala
illustrates this difference in PSD in desert regions. The accumulation mode in the LA setup is less pronounced compared to the
STRATO and TROPO setup, and the particles shift to larger sizes. However, dust in the UTLS remains slightly overestimated
with the LA setup. The good agreement between simulated and observed gas-phase tracers such as CO, indicating reason-
able overall vertical transport, suggests that insufficient wet scavenging is most likely the cause of this overestimation, likely
attributed to the grid-box averaged parametrisation of convective transport in the model

The presented simulation results do not include meteoric material. While being most important in the mesosphere, meteoric
material is also observed in the lower stratosphere, especially in the polar vortex, and down to the UTLS (Murphy et al., 1998;
Curtius et al., 2005; Murphy et al., 2007; Schneider et al., 2021). Despite its low abundance in mass fraction, it can influence
microphysics and chemical properties of stratospheric aerosol by suppressing NPF, and forming condensational sinks. The
global burden of meteoric material, and spacecraft debris (Murphy et al., 2023) are still mostly unknown. Future modelling
studies will investigate these processes for the stratosphere.

Despite the discussed model shortcomings, simulations generally show reasonable agreement with observations across all
layers and most regions in the atmosphere. We find that vertical profiles of total aerosol mass concentrations exhibit a minimum

between 400 hPa and 200 hPa, consistently around the globe, representing the intersection of BL and stratospheric transport,
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Chapter 5 Simulating atmospheric aerosols from the surface to the stratosphere

and enabling frequent NPF and high PNC not only in the tropics and subtropics as observed by Williamson et al. (2019),
Weigel et al. (2021) and Curtius et al. (2024), but across all latitudes. As this transition region between the FT and UTLS is
important for cloud formation, it is sensitive to indirect climate effects due to aerosol-cloud interactions.

The evaluation of simulated Particle Number Concentrations (PNC) during the ATom campaign revealed several noteworthy
patterns. In most regions of the FT and UTLS, PNC is slightly overestimated (see above). However, some regions also exhibit
an underestimation in PNC, likely due to missing NPF pathways in the model. In contrast to the UT regions, the PNC is
underestimated over the Atlantic Tropics and the East Pacific, the regions closest to the Amazon rainforest, where recent
studies suggest that NPF from isoprene oxidation products can occur in the UT (Curtius et al., 2024; Shen et al., 2024a), a
process not yet implemented in the model. Additionally, PNC over the Southern Ocean is underestimated, potentially due to
the absence of NPF pathways involving iodic acid and methanesulfonic acid (MSA) (Baccarini et al., 2021; He et al., 2021;
Zhang et al., 2025).

This work demonstrated the capability of the new LA setup for the EMAC model to simulate atmospheric aerosols from the
surface to the stratosphere. For that purpose, no aerosol feedbacks with the chemistry and climate were included in the presented
simulations. For example, heterogeneous chemistry and the direct aerosol radiative effect are calculated based on a sulfuric
acid aerosol and optical properties climatology, respectively. Further, cloud formation is treated independently on online CCN
availability. Future coupling will allow online radiative forcing calculations based on global aerosol distributions, and studies
on stratospheric ozone variability induced by aerosol. Moreover, the anthropogenic influence on aerosol distributions across all

layers of the lower atmosphere can be calculated, and aircraft observations can be supported by detailed model process studies.

6 Conclusions

Global aerosol distributions and composition have been presented from the surface to the stratosphere, based on numerical sim-
ulations performed with the ECHAM/MESSy Atmospheric Chemistry (EMAC) model. These simulations represent a strongly
evaluated assessment of global distributions of key aerosol species across all layers of the lower and middle atmosphere.

The global simulations are based on the development of a new setup for the EMAC model, combining previous tropospheric
and stratospheric aerosol setups, and applying a newly customized modal aerosol size distribution. An additional intermediate
mode between the accumulation and coarse size buffers growth into the coarse mode in the stratosphere, while accurately
representing boundary layer (BL) removal processes. The new setup has been comprehensively evaluated against observations,
showing generally good agreement across layers and regions.

Discrepancies include overestimated stratospheric concentrations of black carbon (BC) and dust, likely due to underesti-
mated removal processes, as well as overestimated organic aerosol in the free troposphere (FT) due to the lack of an imple-
mented kinetic limitation for condensation on available aerosol surfaces, but also because the equilibrium assumption for phase
partitioning may not hold in the FT. Additionally, FT sulfate is underestimated, leading to an overestimation of particle number

concentrations (PNC), and surface-level nitrate is overestimated.
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The simulations reveal a global minimum in aerosol mass concentrations between 400 and 200 hPa, marking the transition
from the FT to the upper troposphere and lowermost stratosphere (UTLS), and separates BL and stratospheric influenced
atmospheric domains. This minimum facilitates the formation of new particles, leading to a peak in PNC at altitudes close to
or slightly above this minimum. Underestimations of PNC in regional UT and over the Southern Ocean align with proposed
NPF pathways from isoprene oxidation products, iodic acid, and methane sulfonic acid, respectively.

In the stratosphere, liquid sulfur aerosol dominates the Junge layer, consistent with previous findings. Secondary OA (SOA)
contributes ~ 15% to the tropical stratospheric aerosol burden, but declines sharply with altitude, in line with recent observa-
tions. These elevated SOA concentrations form a tropical band and are transported throughout the UTLS.

We find that primary particles contribute less than 2.5% to aerosol mass in the stratospheric overworld, significantly lower
than reported by previous model studies, but more consistent with recent observations. The lower abundance of primary par-
ticles in the stratosphere is attributed to a revised emission size distribution tailored to the new modal aerosol setup. Further
in-situ observations of stratospheric aerosol composition are needed to validate these findings.

The simulation results presented here represent a first assessment of lower atmospheric aerosol burdens. With additional
observational constraints and continued model development, these simulations can be further improved. Using this framework,
a number of additional studies can be performed, such as assessments of anthropogenic influence on aerosol distributions across
all layers of the lower atmosphere, detailed aerosol process studies, and simulations including online aerosol-cloud-radiation
interactions. These studies may contribute to a better understanding of the role of aerosols in cloud formation and help reduce

uncertainties in our knowledge about the indirect aerosol radiative forcing of the climate.

Appendix A: Particle size distributions in model setups.
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Figure 10. Annually averaged (2017) horizontal distributions of mass concentrations of the dominant aerosol species in the four vertical

layers as defined in Fig. 8.
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Figure 11. Profiles of annually averaged (2017) aerosol mass concentrations and corresponding composition in selected regions worldwide,

spanning from the boundary layer (BL) to the stratospheric overworld (OW). Particle Number Concentrations (PNC) are shown as black

dashed lines. The grey shaded area indicates the range of monthly averaged tropopause altitudes.
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Figure A1l. Simulated Particle Size Distributions (PSD) at the Earth’s surface (averaged over June 2017) for the different model setups in: a)

the Sahara Desert, b) an urban region (central Beijing), and c) the Tropical Pacific. The red dashed lines indicate the different modes in the

LA setup.
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Figure A2. Simulated stratospheric Particle Size Distributions (PSD; averaged over June 2017) for the different model setups in: a) the

tropical stratosphere (20°S—20°N) at 20 km, b) the Northern Hemisphere (NH) lowermost stratosphere (LMS; 45°-80°N) at 15 km altitude,
and c) the Southern Hemisphere (SH) lowermost stratosphere (LMS; 45°-80°S) at 15 km altitude. The red dashed lines indicate the different

modes in the LA setup. Note the differing y axis from Fig. Al.
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Appendix B: Simulated stratospheric extinction compared to the GloSSAC dataset
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Figure B1. Zonally and temporally (2016-2018) averaged profiles of aerosol extinction, derived from EMAC model simulations compared
to GLoSSAC observations at 525 and 1020 nm.
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Appendix C: ATom flight paths and additional evaluation
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Figure C1. Flight paths during the four seasonal sub-campaigns of the NASA Atmospheric Tomography (ATom) mission: a) ATom-1 (Ju-
ly/August 2016), b) ATom-2 (January/February 2017), ¢) ATom-3 (September/October 2017), and d) ATom-4 (April/May 2018). Numerous
vertical profiles were recorded, with altitude distributions indicated by red shading. For evaluation, flight paths were categorized into 10
characteristic regions: Tropical Pacific (TrPac), Tropical Atlantic (TrAtl), North Pacific (NPac), North Atlantic (NAtl), South Pacific (SPac),
South Atlantic (SAtl), East Pacific (EPac), Continental US/Canada (Cont), Northern Polar (Nor), and Southern Ocean (SOc).
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Figure C2. As Fig. 4, but for the remaining regions.
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Figure S1. As Fig. 4 from the manuscript, but with simulated values from the STRATO and the TROPO setup.
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Fig. C1 from the manuscript. Box-whisker plots follow the format of Fig. 4 from the manuscript.
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5.1 Supplemetary Information
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Figure S7. As Fig. 3 from the manuscript, but with simulated values from the STRATO and the TROPO setup.
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6 CHAPTER

Process studies & Extended Outlook

The preceding chapters focused on the development of a model setup for the simulation of
atmospheric aerosols from the surface to the stratosphere, its evaluation, and resulting global
aerosol distributions. In addition to global aerosol budgets, the model setup provides a
basis for detailed studies of multiphase chemical processes in the atmosphere. This Chapter
presents an overview of various studies based on the model developments presented above.

6.1 Asian Summer Monsoon influence on the UTLS

The AMA influence on the UTLS composition is an emerging research topic since the
discovery of the ATAL in 2011 [135] (see Sect. 2.5.4 for more details). Three aircraft
campaigns have been conducted in recent years to study the AMA and the corresponding
aerosol processes. First, the StratoClim mission (July/August 2017) directly sampled the
ATAL and its composition in the centre of the AMA. Second, the ACCLIP mission (August
2022) investigated transport pathways of aerosols originating from the ATAL in the eastward
extent of the AMA. Third, the PHILEAS mission (August/September 2023) studied the
outflow of the AMA to the Extratropical Lower Stratosphere (ExLS). The developed model
setup from Chapter 5 was used for two studies, looking into the formation and the fate of
ATAL aerosol.

6.1.1 The role of ammonia in the ATAL formation

The work summarized in this Section was published in Nature Partner Journal (npj) —
Climate and Atmospheric Science (Xenofontos, Kohl et al., 2024 [157]). I provided the model
setup (see Chapter 5) and assisted in the performance of the numerical simulations.

Observations during the StratoClim campaign in 2017, sampling the ATAL region, suggested
that the majority of ATAL aerosol is purely secondary (up to 70%), originating from NPF
[136, 132], as primary particles are washed out during convection. The ATAL is mostly
composed of ammonium nitrate and organics [136]. Ammonia, as a gaseous precursor of
ammonium, is emitted in great abundance in South and East Asia, mostly originating from
agricultural activity. Moreover, recent experiments from the CLOUD collaboration at CERN
found, that ammonia can enhance NPF significantly, especially in the presence of nitric acid
[158].

We conducted model simulations to investigate the impact of ammonia on NPF and secondary
aerosol formation in general in the ATAL. After demonstrating reasonable agreement with
observations, sensitivity studies were performed, separately excluding ammonia emissions and
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various nucleation pathways. The results indicate great importance of ammonia emissions to
the formation of the ATAL. Excluding ammonia emissions leads to a reduction of NPF and
ammonium nitrate concentrations by an order of magnitude. Thus, ammonia emissions do
not only sustain ammonium concentrations in the ATAL, but are crucial for the formation
of the ATAL itself.

The additionally formed particles from South and East Asian ammonia emissions increase
CCN concentrations up to 80% locally compared to a scenario without any ammonia
emissions, with potential impacts on indirect radiative forcing by influencing the cloud
albedo. Furthermore, the AOD at 550nm increases by up to 70% locally due to the
formation of ammonium nitrate limited by ammonia availability, exerting a direct radiative
forcing.

6.1.2 Transport of aerosol originating from the AMA into the ExLS

The work presented in this Section is part of a manuscript currently in review for Nature
Communications Earth & Environment (Kollner, Kohl et al., 2025). All model simulations
were performed and analysed by me.

Introduction and Methods Once the ATAL is formed, particles can either be removed
by sedimentation and wet scavenging, or they can be distributed across the UTLS region.
Previous studies showed that after initial convection, air masses are slowly transported
upwards in anticyclonic spiralling motion at a rate of about 1K d~! [159, 160] between 360
and 440 K in potential temperature. During this transport, particles can grow via coagu-
lation and condensation. Further transport is speculated to be realised via the large-scale
Brewer Dobson circulation or quasi-horizontal isentropic transport to the ExLS, also called
eddy-shedding [160]. It has been shown, that the quasi-horizontal isentropic transport is
more effective than the Brewer Dobson transport for gas phase species from the AMA [159,
161].

The PHILEAS mission in 2023 aimed to investigate the outflow of the AMA to higher
latitudes. The ERICA-AMS instrument [162] on board of the HALO research aircraft
detected enhanced concentrations of ammonium, nitrate and organics in EXLS air masses
(above 370 K potential temperature) associated with high methane and dichloromethane
mixing ratios, originating from AMA air (Fig. 6.1a). In addition, the GLORIA instrument
[163, 164] detected solid ammonium nitrate particles in the same air masses (Fig. 6.1b).

I performed EMAC simulations to study transport pathways from the ATAL into and the
persistence of AMA aerosol in the ExLS, with model setup and evaluation as outlined
in Chapter 5. To distinguish between aerosol originating from Asian sources trapped in
the AMA and other sources, we performed a series of sensitivity simulations. In addi-
tion to the reference simulation with baseline emissions from the CEDS database [165],
we removed ammonia (NHs), nitric oxide (NO) and sulfur dioxide (SO2) emissions from
South and East Asia altogether, and each species separately, to study the effect of the
emissions on the stratosphere in general and the ExLs in particular. Figure 6.2 exemplarily
shows the reduced ammonia emissions in the sensitivity compared to the reference simulation.
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Figure 6.1 a) Profiles of aerosol mass concentrations in the ExLS, measured by the ERICA-
AMS during the PHILEAS campaign. The lines show median values, and the shaded area
the 25/75 percentile of the measurements at CHy-poor (CH4 < 1860 ppb; light-shaded area)
and at CHy-rich (CHy4 > 1920 ppb; dark-shaded area). b) Limb-imaging observations from
the GLORIA instrument of particulate ammonium nitrate measured during the PHILEAS
mission at September 01. The figure was prepared by Franziska Kéllner, data was collected by
the ERICA-AMS and GLORIA instruments.

Model Results First, we studied the transport pathways of air masses containing aerosol
from the ATAL. Figure 6.3d-f displays zonally (75°E to 135° W, including the ATAL and the
eastward outflow region probed during the PHILEAS mission) and monthly averaged profiles
of ammonium concentrations in the Northern Hemisphere above 300 K from the reference
simulation. In August and September 2023 (Fig. 6.3d), during the PHILEAS mission,
a clear maximum in ammonium concentrations centred at 400 K and 30°N is simulated,
representing the ATAL. Towards higher latitudes, ammonium concentration isolines along
constant potential temperatures imply isentropic transport of ammonium-rich air masses
to the ExLS. By November (Fig. 6.3e), the ammonium layer descends onto the 8 PVU
(Potential Vorticity Unit) line, marking the upper boundary of the tropopause region, driven
by large-scale subsidence from the Brewer-Dobson circulation. Ammonium concentrations
are depleted over the turn of the year, and a background ammonium layer forms, visible in
February 2024 (Fig. 6.3f), about 2-3 months before the onset of the next monsoon season.
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Figure 6.2 Ammonia (NH3) emission flux from anthropogenic surface sources in August. The
left panel shows baseline emissions in the reference simulation from the CEDS database, the
right panel shows the regions, where NHg emissions were excluded in the sensitivity studies.

This analysis confirms the assumption of quasi-horizontal transport of ATAL aerosol into
the ExLS, and highlights the persistence of elevated ammonium concentrations over several
months.

Second, we studied the role of anthropogenic emissions for UTLS ammonium nitrate con-
centrations, and the respective seasonality and persistence. Figure 6.3a,c display zonally
(global) averaged ammonium and nitrate concentrations between 370 and 390 K in potential
temperature. The monsoon season usually starts in late Northern Hemispheric spring,
forming the ATAL around May with elevated ammonium and nitrate concentrations. The
AMA-sourced ammonium is then transported towards higher latitudes and diluted. By
comparing the reference with the sensitivity simulation, removing anthropogenic ammonia,
nitric acid and sulfuric acid emissions from South and East Asia, we obtain the contribution
of these emissions to UTLS ammonium concentrations (6.3b). Indeed, elevated ammonium
concentrations can almost exclusively be attributed to South and East Asian emissions. The
same holds true for nitrate concentrations (not shown). Moreover, an additional sensitivity
simulation, removing only anthropogenic ammonia emissions, highlighted that South and
East Asian ammonia emissions are almost solely responsible for the enhanced ammonium
nitrate concentrations in the UTLS. We concluded that ammonium nitrate formation and
persistence is limited by ammonia availability, while nitric acid is sufficiently available to
form ammonium nitrate.

While enhanced ammonium concentrations persist until the onset of the next monsoon
season, nitrate concentrations appear to deplete faster (comp. Fig. 6.3a and c). Nitrate con-
centrations show high variability over the years, and elevated nitrate concentrations are only
occasionally simulated at higher latitudes. This phenomenon might be attributed to the ther-
modynamics of the ammonia-nitric acid-sulfuric acid system, simulated by ISORROPIA-II
[73], a thermodynamic equilibrium model. Once ammonium nitrate particles are transported
to higher latitudes, they are mixed with stratospheric air masses containing elevated sulfur
concentrations, transitioning from ammonia-rich to ammonia-poor conditions relative to
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Figure 6.3 Simulated UTLS aerosol concentrations using the EMAC model. a-c) Zonally
(75°E to 135°W) and monthly averaged profiles of ammonium concentrations at different
stages of the evolution of ASM aerosol in the UTLS: During the PHILEAS mission from
Mid-August to Mid-September 2023 (a), in November 2023 (b), and in February 2024 (c).
Potential temperature is used as a vertical coordinate, and the black lines represent the 2
PVU and 8 PVU isolines. d,f,g) Zonally (global) and vertically (between 370 and 390K in
potential temperature) averaged concentrations of ammonium (d), nitrate (f) and bisulfate
(g) from EMAC simulations as a function of latitude and time for the period of 2021-2023.
e) Difference in ammonium concentrations between the reference simulation and a simulation
without anthropogenic emissions from South and East Asia, revealing the ASM contribution to
the UTLS ammonium concentrations.

sulfur abundance. Subsequently, the formation of ammonium (bi-)sulfate is favoured over
ammonium nitrate, and the nitrate potentially evaporates as nitric acid. In the transition
phase, ammonium bisulfate is formed, displayed in Fig. 6.3g. In order to establish a new
equilibrium, ammonium nitrate is rapidly replaced by ammonium sulfate, if the ATAL
air encounters sulfur-rich stratospheric air within a grid box. However, this process is
likely to be overestimated by ISORROPIA-II in the simulations. In reality, the replace-
ment of nitrate by sulfate may be slower, as coagulation is slow, and gas phase sulfuric
acid mixing ratios are low in absence of large volcanic eruptions in the stratosphere in general.

Fig. 6.4 supports these findings, showing the time development of zonally averaged relevant
aerosol molecular concentrations at ATAL attributed latitudes (30° N; left column) and in
the outflow region (60°N; right column), and further illustrates the differences between
the three simulated years. The abundance of ammonium and nitrate in the ExLS mainly
depends on two factors:

o First, the strength of the Asian monsoon is controlled by the El Nino Southern
Oscillation (ENSO) [166, 167], with stronger convection in La Nifia years where moist
Pacific air is transported to South and East Asia and weaker convection in El Nino
years. Thus, the La Nifia years 2021 and 2022 show a stronger ATAL with higher
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ammonium nitrate concentrations in the source region (30°N) relative to the El Nino
year 2023. Subsequently, more ammonium nitrate is transported to the ExLS.

Second, the availability of sulfur species in the stratosphere controls the persistence of
particulate nitrate in the stratosphere, as outlined above. The main cause for variability
in stratospheric sulfur burdens are volcanic eruptions. 2021 was characterised by high
volcanic activity, showing enhanced molecular sulfate concentrations in the ExLS
throughout the year, exceeding ammonium concentrations. As a result, ammonium
(bi-)sulfate quickly forms, as fresh sulfuric acid condenses on the ATAL particles, and
particulate nitrate is almost entirely depleted in August. 2023 combines high sulfur
aerosol loadings with a weak ATAL, leading to very low nitrate concentrations overall.
2022 in contrast showed relatively lower stratospheric sulfur aerosol burdens, with



6.2 Amazon basin
enhanced nitrate concentrations in the ExLS until mid of November.

6.2 Amazon basin

The amazon basin is one of the most important ecosystems on planet Earth, representing
about 40% of global tropical rainforest area [168, 169]. However, the Amazon rainforest is
quickly changing, driven by deforestation, agricultural expansion and climate variability [170].
In December 2022 and January 2023, the CAFE-Brazil campaign was conducted to explore
the chemical and microphysical processes over the Amazon rainforest. Additionally, to
understand the physical and chemical processes of atmospheric composition within and above
the canopy, long-term continuous measurements of various parameters are being performed
using a comprehensive suite of instruments at the ATTO tower [171, 172, 173]. The EMAC
model setup presented in Chapter 5 was used to further investigate these processes and
support observations.

6.2.1 Sensitivity of Amazonian chemistry and climate to biogenic VOC emissions

The work presented in this Section is part of a manuscript accepted for Nature Communica-
tions (Tripathi et al., 2025). All model simulations were performed and analysed by me, with
the help of Ryan Vella and Andrea Pozzer

Introduction and Methods Terrestrial vegetation emits biogenic volatile organic com-
pounds (BVOCs) in response to their physiological (i.e., temperature, light, and stress) and
ecological process. Globally, the Amazon rainforest accounts for 40% of BVOC emissions,
which can affect local, regional, and global atmospheric chemistry and climate [91]. Isoprene
(CsHg) and monoterpenes (CioHig) are the most dominant primary BVOCs emitted from
the Amazon rainforest [91]. They both undergo oxidation in the atmosphere, producing
respective oxidation products (OP). These OPs contribute to SOA formation in the atmo-
sphere, and were shown to form new particles [79, 78, 174, 175].

Measurements of mixing ratios of various BVOCs have been performed during the CAFE-
Brazil campaign and at the ATTO tower to understand their sources, chemistry and transport.
CAFE-Brazil measurements show enhanced mixing ratios of isoprene, monoterpene and
isoprene OP in the UT (see blue boxes in Fig. 6.5) between 10 and 13 km. These enhance-
ments are attributed to rapid convective transport of locally emitted BVOCs to the UT.
The transport is illustrated in more detail in Fig. 6.6, displaying diurnal cycles of isoprene,
isoprene OP and monoterpenes as measured from ATTO in the BL (320 m), and in the FT
(3-9km) and the UT (9-14 km) during the CAFE-Brazil campaign.

The highest BL isoprene and monoterpene mixing ratios are observed in the noon and
afternoon hours, coinciding with the highest solar flux and temperature, required for BVOC
emissions. The lifetime of isoprene against reaction with OH is short at day [173], resulting
in a rapid build-up of isoprene OP in the BL. Due to the limited availability of OH at night,
isoprene and isoprene OP can accumulate in the residual layer and are lofted to the FT at
nighttime. Early morning convection then rapidly transports the BVOCs to the UT, leading
to the highest isoprene mixing ratios between 4 am and 7 am, where they can quickly oxidize
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Figure 6.5 Comparison of the vertical profile of the observed and simulated isoprene and
monoterpenes mixing ratios during the CAFE-Brazil campaign (December 2022 to January
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Figure 6.6 Diel cycles of isoprene, its OP and monoterpenes for three different altitudes
regimes of 320 m (left side y-axis) at ATTO, 3-9 km, and 9-14 km (right side y-axis) during the
CAFE-Brazil campaign. The figure was prepared by Nidhi Tripathi, data was collected during
the CAFE-Brazil mission and at the ATTO tower.

again after sunrise, when OH is produced.

BL isoprene and monoterpene mixing ratios over deforested regions were measured to be
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reduced by about a factor of 4 compared to forested regions during the CAFE-Brazil campaign.
Conversely, BVOC emissions might increase with climate change, by up to 50% in a doubled
COz scenario [176]. To investigate the sensitivity of atmospheric chemistry and climate
dynamics to respective changes in BVOC emissions, several simulations were performed with
decreased (50% and 75%) and increased (50%) BVOC emissions, by uniformly scaling model
emissions from MEGAN [91] over the Amazon basin.
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Figure 6.7 Observations of isoprene and monoterpene mixing ratios at ATTO tower (at 320 m)
compared to simulated values in the grid box covering 240 to 580 m.

The simulations were performed with the setup outlined in Chapter 5. The reference
simulation with baseline emissions was evaluated against ATTO (Fig. 6.7) and CAFE-Brazil
(Fig. 6.5) observations. BVOC mixing ratios in the BL agree well with ATTO observations,
validating the model BVOC emissions. The elevated isoprene and monoterpene mixing ratios
in the UT cannot be reproduced by sampling the model output at the time and location of
the flights. This model underestimation may be attributed to the flight planning, actively
sampling convective outflow. Conversely, local convective events cannot be explicitly resolved
in the model simulation, and only an average upward mass flux per grid box is calculated.
Furthermore, observed convective events do not necessarily coincide with simulated ones.

Model results While the observed elevated BVOC mixing ratios in the UT over the Ama-
zon basin cannot be reproduced on average over the CAFE-Brazil flight tracks, the model is
capable of reproducing the diurnal cycle and the order of magnitude of maximum isoprene
mixing ratios. The left panel of Fig. 6.8 displays the averaged diurnal cycle of maximum
isoprene mixing ratios over the Amazon rainforest in December 2022 and January 2023
(period of CAFE-Brazil campaign). As observed, the highest BL isoprene mixing ratios are
simulated in the afternoon, with delayed elevations in F'T isoprene mixing ratios, resulting
from shallow convection up to around 4 to 5 km. Nighttime deep convective events transport
isoprene to the UT. The highest isoprene mixing ratios over the Amazon basin around 2 ppbv
are simulated in the early morning hours before sunrise. Subsequently, isoprene oxidizes with
OH and is depleted in the UT. These model results support the findings from the isoprene
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Figure 6.8 Simulated average diel cycle of maximum isoprene mixing ratios in December 2022
and January 2023 over the Amazon basin from the surface to the UT in the reference simulation
(left). Highest boundary layer mixing ratios are realized in the afternoon, while the UT shows
highest isoprene mixing ratios in the early morning hours. In addition, we provide changes to
this scenario in the sensitivity simulations, showing a non-linear decrease, respectively increase
in the UT, especially at day time, in response to decreased (increased) BVOC emissions.

observations during CAFE-Brazil.
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Figure 6.9 The vertical profiles of relative changes in a) O3 and b) OH and of absolute changes
in c) the global radiative effect due to aerosol between the base simulation and the simulation
with 50 and 75% reduction and 50% increase in the BVOCs emission. The radiative effect is the
imbalance of incoming and outgoing radiation and it is calculated at each vertical level

The sensitivity of isoprene, ozone and OH mixing ratios, and the Earth’s radiative balance to
changes in Amazonian BVOC emissions is displayed in Fig. 6.8b-d and 6.9. The main oxidant
for BVOCs in the atmosphere is OH. Consequently, OH mixing ratios are very sensitive to
changes in BVOC emissions. A reduction of BVOC emissions by 75% leads to an increase of
OH mixing ratios by around a factor of 3 in the lowest 5 km of the atmosphere above the
Amazon basin (Fig. 6.9b) as less OH is consumed in reactions with BVOCs. The strength of
this effect decreases towards the upper troposphere due to competing processes, however
still leading to an OH increase of around 60%. Similarly, OH mixing ratios decrease with
increasing BVOC emissions, but to a lesser extent. This non-linearity in the OH response to
OH mixing ratios may be attributed to the efficient buffering of OH mixing ratios by OH
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recycling, that prevent the depletion of OH [177].

This OH effect in turn leads to a non-linear response of isoprene mixing ratios to BVOC
emissions. A decrease of BVOC emissions, including isoprene, by 50% leads to a decrease
in isoprene mixing ratios of at least 60-70% everywhere, and up to 90% in the UT at
daytime. The higher OH availability additionally depletes the already lower isoprene levels
even more. Thus, isoprene levels are not only proportionally influenced by BVOC emissions,
but additionally encounter a positive feedback by the decreased (increased) isoprene lifetime
for emission reductions (increases).

Ozone over the Amazon basin encounters differing effects depending on altitude and ozone
production sensitivity (Fig. 6.9a). Ozone production can either be limited by NO, or VOC
availability [178]. Close to the surface, O3 production is NO, limited. Thus, changes in
VOC emissions do not significantly influence O3 production. However, O3 can also oxidize
BVOCs, and thereby acts as a sink. Consequently, O3z encounters similar effects in the BL
and FT as OH, albeit at reduced magnitude. In the UT, this effect is reversed. Due to the
high availability of lightning NO,, O3 production is limited by VOC availability. As a result,
reductions (increases) in BVOC emissions lead to reductions (increases) in O3 mixing ratios
in the UT.

As Oj is a greenhouse gas, changes in ozone mixing ratios, lead to changes in Earth’s radiative
balance. Reducing Amazonian BVOC invokes a local warming close to the Earth’s surface,
and a slight global cooling effect in the tropical UT around the globe. However, the radiative
effect of changes in BVOC emissions is strongly dominated by the aerosol radiative effect.
Monoterpenes readily oxidize in the atmosphere and potentially form SOA. Thus, a decrease
in monoterpene emissions leads to reduced AOD, lowering the Earth’s albedo, and thereby
warming Earth’s surface and atmosphere. A reduction of Amazonian BVOC emission by
75% leads to a radiative effect of 0.6 Wm™2 globally, roughly offsetting 60% of the global
cooling through anthropogenic aerosol emissions (compare Chapter 2.6). Additionally, the
simulations reveal an impact of the altered OH availability on methane lifetime, a strong
greenhouse gas. A 75% reduction in BVOC emissions would reduce global methane lifetime
by 0.3-0.4 years, resulting in a slight cooling, in agreement with findings from Scott et al.
(2018) [179].

This study mostly focused on oxidation capacity and short-lived climate forcers in the
atmosphere. However, changes in BVOC emissions would be accompanied by additional
atmospheric effects, that could not be explored in the presented simulations. Deforestation
or afforestation of the Amazonian rainforest would strongly influence the carbon cycle with
strong implications for the climate system, more detailed investigated by Weber et al. (2014)
[180]. In addition, recent studies found, that isoprene OPs in the Amazonian UT lead to
NPF, potentially transported to lower altitudes, and producing CCN, thereby influencing the
hydrological cycle and again the climate system [175, 174]. This effect is not yet accounted
for in our model, but ongoing research is presented in the following.

6.2.2 Aerosol cycle

The work presented in this Section summarizes ongoing studies in collaboration with Mira
Péhlker, Joachim Curtius, Christopher Pohlker, Douglas Russell, Peter Lloyd, Rolf Sander,
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Jos Lelieveld, Andrea Pozzer, and others on PNC over the Amazon rainforest. I perform
and analyse all model simulations, and implemented the yield and the new NPF pathway.
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Figure 6.10 Comparison of the vertical
profile of observed and simulated (reference
simulation) PNC during the CAFE-Brazil
campaign (December 2022 to January 2023).
The box-whisker plot represents the mean
(circle), median, lower quartile, upper quar-
tile and the 5th and 95th percentiles for 1 km
bins. Outliers are shown as individual points.
Observational data were provided by Mira
Pohlker and Peter Lloyd.

Introduction and Methods Recently, two
studies proposed a new NPF pathway
in the tropical UT, involving isoprene
OP in combination with acids, based
on field measurements [175] and on lab-
oratory experiments at the CLOUD fa-
cility [174]. At the same time, eval-
uation of the newly developed model
setup against observations from the ATom
aircraft mission (see Chapter 5) re-
vealed an underestimation of PNC in
the UT near the Amazon basin, po-
tentially caused by the suggested nucle-
ation mechanism. Therefore, we aim
to assess the local transport and global
climate impacts of freshly formed par-
ticles from the proposed pathway by
conducting EMAC simulations with the
model configuration described in Chap-
ter 5. Here, 1 present the sta-
tus of the implementation and first re-
sults.

Fig. 6.10 shows a comparison of simulated
and observed PNC during the CAFE-Brazil
campaign. Observations (Mira Pohlker and
Peter Lloyd, personal communication) are
provided by the Fast Airborne Size Distri-
bution (FASD) instrumnet in combination
with an Ultra-High Sensitivity Aerosol Spec-
trometer (UHSAS), providing aerosol size
distributions from 2nm to 1pm. More in-
formation on the instrument is provided by
Curtius et al. [175]. Simulated and observed

PNC are in very good agreement within the lowest 4 km of the atmosphere, and again near
the tropopause around 14 km. However, between approximately 5 and 13 km, the model
strongly underestimates observed PNC. An analysis of the ozone-to-carbon monoxide ratio,
used as an indicator to distinguish between stratospheric and tropospheric air masses, reveals
that the underestimation predominantly occurs in tropospheric air (not shown). This points
towards a likely missing source of NPF in the model, potentially linked to the proposed NPF
pathway involving isoprene OP in the tropical UT.

In Sect. 6.2.1, it was shown that both the diurnal cycle and the magnitude of peak iso-
prene mixing ratios in the Amazonian UT can be reasonably reproduced by the model,
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although values are underestimated when directly compared to aircraft observations from
the CAFE-Brazil mission, potentially due to sampling biases introduced by flight planning
(see discussion in Sect. 6.2.1).

Shen et al. [174] identify isoprene-oxygenated organic molecules (IP-OOMs), containing at
least four carbon and four oxygen atoms, as drivers of NPF in the upper troposphere. One
proposed formation pathway of IP-OOMs involves a twofold OH oxidation and reaction with
09, followed by reactions with either HOs or NOs, leading to the production of first- and
second-generation OPs. As the chemical mechanisms currently implemented in EMAC only
account for the first-generation products, i. e reaction with OH, Os, and NOg or HO9, I am
working on the integration of the more detailed isoprene oxidation mechanism developed by
Wennberg et al. [181] in collaboration with Rolf Sander and Douglas Russell.

Shen et al. [174] additionally provide an estimate for the yield of second-generation OPs,
derived from the reaction of ISOPOOH (first-generation isoprene OP formed via reactions
with OH, O2, and HO2) with OH. Their results suggest a yield range between 10% and 90%.
As a first study, I performed two sensitivity simulations, applying globally constant yields of
20% and 75%, respectively, for the production of second-generation isoprene OPs. These
simulations are compared to a reference simulation in which NPF from isoprene oxidation
was not considered.

Isoprene ISOPOOH

0.01 0.10 1.00 10.00
Mixing ratio [ppt]

Figure 6.11 Annually averaged (2022) simulated (20% yield of IPgx) UT (10-13 km) mixing
ratios isoprene, the first-generation OP ISOPOOH, the second-generation OP IPgN (assuming a
20% yield; see text for more details), and sulfuric acid (H2SOy).

A preliminary parameterization of the IP-OOM-acid nucleation rate is adopted from Shen
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et al. [174], based on laboratory measurements at two temperatures (—30°C and —50°C),
and implemented within the NAN submodel:

J1‘7 — 1Oa><log10(x)+b (61)

with z = (H2SO4 + HIO,) - IPoN, where HoSO4 represents sulfuric acid concentrations and
IPon denotes second-generation isoprene OPs without nitrate addition (see [174, 175]). Iodic
acid (HIO,) is not considered in the current implementation, as it is not represented in
the present EMAC configuration. The temperature-dependent parameters are a = 1.505
and b = —19.948 at —30°C, and a = 1.718 and b = —22.198 at —50°C. Nucleation is only
considered at temperatures below —30 °C, using a linear interpolation of the nucleation rates
between —30°C and —50°C, and applying the —50 °C parameterization for temperatures
colder than —50°C.

Model results Figure 6.11 shows the annually and vertically averaged mixing ratios of key
species in the upper troposphere (10-13 km) for the simulation with a 20% yield of IPgx.
Elevated isoprene mixing ratios are confined to regions above tropical rainforests, reflecting
the strong biogenic source. The first-generation OP, ISOPOOH, exhibits a similar spatial
distribution, albeit with reduced magnitude, as expected from its formation pathway. The
concentration of IPgy, the second-generation OP, is further diminished and exhibits a broader
zonal spread. This distribution may result from a modelled re-evaporation or inefficient
partitioning of IPgy in regions with low total organic concentrations, a behaviour that may
not accurately reflect atmospheric conditions. Interestingly, sulfuric acid concentrations
tend to show minima in regions with the highest isoprene levels, indicating either enhanced
condensation sink effects or limited availability of the oxidant OH (see Sect. 6.2.1).

J17 from IPgy-acid NPF [cm™3 s™1] PNC enhancement [%]
0.0 0.1 0.2 0.3 0.4 0.5 -100 =75 -50 -25 0 25 50

B @l | T

Figure 6.12 Annually averaged (2022) simulated (20% yield of IPgx) UT (10-13 km) NPF
rate (J1.7) from the IP-OOM-acid pathway [174, 175] (left) and subsequent PNC enhancement
compared to a reference simulation without the NPF pathway (right).

Figure 6.12 presents the resulting NPF rate (J;7) from IP-OOM-sulfuric acid nucleation,
derived from the combined mixing ratios of sulfuric acid and IPgy. Simulated nucleation
rates in the tropical UT are of similar magnitude to other known NPF pathways (e.g.,
H2SO4-NH3-HNOj3; not shown). The right panel displays the resulting enhancement in PNC,
with local increases exceeding 100%. These results indicate a substantial influence of this
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new nucleation pathway on aerosol number in the tropical UT.

The simulated PNC along the CAFE-
Brazil flight tracks for the simulations

y S —— with 20% and 75% yields are com-
e pared to the reference simulation in
13 _—— =) Fig. 6.13.  The inclusion of the new
:_m— NPF pathway partially reduces the dis-
12 - —8 crepancy in the FT and UT, though
1 R PNC remains underestimated even at
—_ e a 75% yield.  Simultaneously, the in-
§10  ——— troduction of this pathway leads to a
g —T_ slight overestimation of UT PNC (pre-
-*E O — Tl viously underestimated; see Chapter 5)
< s N in the tropical Atlantic and eastern Pa-
T cific, comparable to the other regions
7] ————=—— (not shown).  This suggests that the
__l apparent underestimation during CAFE-
6 ) Brazil is likely linked to flight plan-
5 R ning, which focused on sampling convec-
i . . tive outflow, and thus may not be rep-
102 10° 10¢ 10° resentative of average tropical UT condi-
N (#/cm3) .
tions.

I Obs Il 20% yield

I Reference [ 75% yield
This study represents a first attempt, based
Figure 6.13 Comparison of the 20% and 75 on several assumptions and simplifications,
yield simulations to the reference simulation and thus provides only limited insight into

and the observations. Box-whisker plot as the global implications. The lack of detailed
in Fig. 6.10 chemistry was addressed using a simplified
yield approach, which does not distinguish
between different chemical species or atmospheric regimes. Moreover, only the oxidation
pathway via ISOPOOH was considered, despite the existence of additional pathways that
may contribute to the formation of NPF-relevant IP-OOMs [181]. The ongoing imple-
mentation of the more comprehensive isoprene oxidation mechanism by Wennberg et al.
[181] will offer a more complete representation of IP-OOM formation in the tropical UT,
and thereby allow for a more constrained and realistic estimation of the associated NPF rates.

Another limitation arises from the gas—aerosol partitioning of the IP-OOMs onto available
aerosol surfaces. This process is primarily governed by two factors. First, the condensation
of gas-phase species is kinetically limited by the available surface area and the mean free
path of the molecules. However, this kinetic limitation is not yet accounted for in the current
EMAC implementation of organic gas—aerosol partitioning. Second, the partitioning strongly
depends on the volatility of the respective IP-OOMs. While the present implementation
follows the volatility estimate of IPgyx as reported by Curtius et al. [175], this estimate
remains highly uncertain and varies across different IP-OOM species. Additional laboratory
experiments and box model studies, in combination with the ongoing implementation of the
extended isoprene oxidation chemistry, will provide more robust constraints on the volatility
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and, consequently, on the partitioning behaviour of IP-OOMs.

Finally, the nucleation rate used in this study is preliminary and only includes limited
temperature dependence. Recent experiments at the CLOUD facility have resolved isoprene
oxidation at a broader range of temperatures, enabling a more comprehensive representation
of temperature dependence.

6.3 Influence of non-stratospheric volcanic eruptions on sulfate
concentrations in the lowermost stratosphere

The work presented in this Section summarizes an ongoing study in collaboration with Philipp
Joppe, Johannes Schneider and Andrea Pozzer, based on discrepancies between simulated
and observed sulfate concentrations during the CAFE-EU campaign, and findings from Joppe
et al. [182], showing in-mizing of sulfate-rich air masses into the extratropical lowermost
stratosphere in individual flights during the aircraft mission. I perform and analyse all model
simulations for the studies.

Introduction and Methods The evaluation of the EMAC model in a simulation assessing
the impact of the COVID-19 lockdown on tropospheric composition and aerosol radiative
forcing [154] revealed an underestimation of simulated sulfate concentrations by more than
one order of magnitude in the FT and UTLS, compared to observations from the CAFE-EU
mission. The newly developed model setup for aerosol simulations from the surface to the
stratosphere was evaluated in Chapter 5 using a range of aircraft campaign observations,
including data from the CAFE-EU mission. While the new setup reduced the discrepancy,
thanks to an improved representation of UTLS sulfate concentrations and the inclusion of
SO emissions from stratospheric volcanic eruptions using the EVER submodel (see Chapter
4), the model still underestimates observed sulfate concentrations in the UTLS during the
CAFE-EU mission.

Joppe et al. [182] further investigated observed sulfate aerosol concentrations during the
CAFE-EU campaign, finding elevated levels in the lowermost stratosphere over Europe,
strongly influenced by tropospheric air. Based on tracer-tracer correlations, as well as
measurements of SOs, Oz, sulfate, and particle number concentrations, they concluded that
mixing processes in the extratropical UTLS transported tropospheric SO into the lowermost
stratosphere, with simultaneous gas-to-particle conversion. The enhanced tropospheric SO2
was speculated to result from the explosive volcanic eruption of the Shiveluch volcano on
the Kamchatka Peninsula, Russia.

To assess the impact of the Shiveluch eruption, initially not reaching the stratosphere, on
sulfate concentrations in Europe approximately 45 days after the eruption, and to study
UTLS mixing processes, a series of EMAC simulations were performed using the setup
described in Chapter 5:

¢« noVOLC without the inclusion of any explosive volcanic eruptions.

e StratVOLC including stratospheric volcanic eruptions according to the historic EVER
setup, described in Chapter 4.
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lowermost stratosphere

o Shiv(1Tg) with the additional injection of 1Tg SOq at the horizontal geographic
location of the volcano, between 7 and 10 km, following a vertically Gaussian distribution
centred at 8.5km with a sigma of 3km. Emissions were uniformly distributed over

three days (April 8-11, 2020).
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Figure 6.14 Comparison of observed sul-
fate concentrations (blue) with three EMAC
simulations: one without any explosive vol-
canic eruptions (noVOLC; yellow), one in-
cluding only stratospheric volcanic eruptions
(StratVOLC;green), and one with an addi-
tional 1 Tg of SO5 emissions from the Shiv-
eluch eruption (+ Shiv (1Tg); red).

Model results Figure 6.14 compares ver-
tical profiles of observed and simulated sul-
fate concentrations along the CAFE-EU
flight tracks for the three EMAC simu-
lations. The simulation without any ex-
plosive volcanic eruptions (noVOLC) sig-
nificantly underestimates aerosol concen-
trations in both the FT and UTLS. In-
cluding stratospheric volcanic eruptions
leads (StratVOLC) leads to much bet-
ter agreement above 10 km, highlight-
ing the importance of the correct im-
plementation of stratospheric volcanic
eruptions in model simulations. In
this case, the main contributors are
the Raikoke (June/July 2019) and Taal
(January 2020) eruptions. The addi-
tional inclusion of the Shiveluch erup-
tion Shiv(1Tg) further increases simu-
lated FT sulfate concentration over Eu-
rope, leading to very close agreement
with observations between 9 and 11
km.

The enhancement of stratospheric sulfur
aerosol of tropospheric origin was observed
only during individual flights, and not consis-
tently throughout the CAFE-EU campaign.
Therefore, we examined the horizontal dis-
tribution of the emitted SOy and the result-
ing sulfur aerosol, to better understand the
transport. Figure 6.15 shows global maps of
the enhancements in SO9 and sulfur aerosol

concentrations in the Shiv(1 Tg) simulation compared to StratVOLC, between 316 and 251
hPa (tropopause levels at higher latitudes) on April 8 (the date of the eruption) and May
23, 2020 (date of first flight of the CAFE-EU campaign), thus illustrating only the effect of

the Shiveluch eruption.

On April 8, shortly after the initial SOs injection, elevated SO2 mixing ratios were confined
to the vicinity of the volcano, with evidence of eastward transport. By May 23, approx-
imately 1.5 months later, both SOo and sulfur aerosol were widely dispersed across the
northern hemispheric extratropical UTLS, forming distinct filaments. This filament structure
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Figure 6.15 Global maps of the enhancement in SO2 (left) and sulfur aerosol (right) concentra-
tions from the Shiveluch eruption on April 8, 2020 (top; date of eruption) and May 23, 2020
(bottom; first CAFE-EU flight). Enhancements are calculated as the difference between the
simulation including SOq emissions from Shiveluch and the StratVolc simulation.

likely explains why the enhancements were not observed in all CAFE-EU flights. While
the model cannot fully resolve such structures over long transport timescales due to its
limited horizontal resolution (approximately 200 x 200 km at the equator), the impact on
the campaign-averaged profiles is well captured.
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Figure 6.16 Latitudinal profiles of the enhancement in SO mixing ratios (left) and sulfur
aerosol concentrations (right) from the Shiveluch eruption on May 23 (first CAFE-EU flight)
over the latitudinal extent of Europe, sampled during the CAFE-EU campaign (1°'W to 14°E).
Enhancements are calculated as the difference between the simulation including SOs emissions
from Shiveluch and the StratVOLC simulation. The 2 PVU and 8 PVU lines indicate the
extratropical transition layer (ExTL).

Figure 6.16 further illustrates the vertical extent of the enhancement in SOy and sulfur
aerosol over Europe on May 23, 2020. The 2 PVU and 8 PVU lines mark the extratropical
transition layer (ExTL). The enhancement is largely confined to this transition zone, where
mixing between tropospheric and stratospheric air occurs, and does not extend much further
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into the stratosphere. The observed increase in sulfur aerosol close to the Earth’s surface
is likely due to the re-evaporation of previously scavenged sulfur aerosol from higher altitudes.

The exact amount of SOg injected during the Shiveluch eruption remains uncertain, and
the assumed emission of 1Tg represents only an estimate. Therefore, while the results
cannot provide a definitive quantification of the eruption’s impact, they do support the
conclusions of Joppe et al. [182], suggesting that even non-stratospheric volcanic eruptions
can influence the lowermost stratosphere over extended periods through turbulent mixing
and quasi-isentropic transport. Further studies will investigate the sensitivity of these results
to variations in the injected mass and the vertical distribution of the injection altitude.

6.4 Further studies on ultrafine particles

The manuscript presented in Chapter 3 resulted in a first global UFP dataset, crucial for
studies on health impacts of long-term exposure to UFP. Assessing the global health effects of
UFP requires two steps. First, epidemiological studies are needed, assessing the outcomes of
UFP exposure in sample populations. Previous studies have found associations between UFP
exposure and pulmonary and systemic inflammation, heart rate variability, blood pressure,
and increased mortality in general [183, 16]. A recent cohort study linked type 2 diabetes
to long-term exposure to UFP using the dataset developed in Chapter 3 [184]. Second,
exposure-response functions developed from these epidemiological studies can be applied
on global UFP datasets to extrapolate the findings on a global scale. Section 6.4.2 presents
a study on global health implications of exposure to UFP pollution, based on the dataset
presented in Chapter 3 and a new high-resolution UFP dataset based on machine learning,
presented in Sect. 6.4.1.

6.4.1 High-resolution global ultrafine particle concentrations

The work summarized in this Section is currently in review for Nature Scientific Data (Geor-
giades, Kohl et al., 2025) pending minor revisions. I provided observational datasets and
advised the project with the expertise from global atmospheric UFP simulations.

The global UFP dataset developed in Chapter 3 at a horizontal resolution of 10 x 10 km is
considered to be still relative coarse for exposure studies, as it cannot sufficiently resolve
local UFP hotspots. In fact, it has been shown that UFP concentrations relax to background
levels within 1km, close to hotspots such as highways [102]. Global atmospheric chemistry
models therefore currently do not have the capability to simulate UFP concentrations at
such high resolution. To bridge this gap, we developed a high-resolution 1 x 1km dataset of
UFP concentrations using a machine learning approach. Specifically, we trained an XGBoost
model to predict particle number concentrations (PNC), given the limited availability of
direct UFP observations. UFP concentrations were then estimated from the predicted PNC
values, using a global observation-based scaling factor.

The input feature set included indicators of human activity (population, build-up volume,

degree of urbanisation, human settlement, and road network), air quality data (NOy con-
centration and PMj 5 concentration), emissions (black carbon, carbon dioxide and nitrogen
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Figure 6.17 Global map of high-resolution PNC concentrations at the Earth’s surface, with a
zoom on urban regions across the globe. The figure was prepared by Pantelis Georgiades, based
on the newly created high-resolution PNC/UFP dataset

oxides), and meteorological variables (temperature, BL height, and precipitation). All
datasets were homogenized, and served as input for the XGBoost algorithm, along with a
sample of the available PNC observations. Model results were validated using a 10-fold cross-
validation, testing for spatial and temporal robustness. The resulting PNC concentrations,
(from which UFP concentrations were estimated), are presented in Fig. 6.17.

6.4.2 Global health implications of exposure to ultrafine particle pollution

The work summarized in this Section is in review for Science (Lelieveld et al., 2025). I
provided global UFP concentrations from an atmospheric chemistry model, and the basis for
the sector contribution analysis. Additionally, I investigated the contribution of different
species, and primary vs. secondary nature of UFP.

Several large-scale cohort studies, involving millions of individuals, have identified a significant
association between exposure to UFP concentrations and both all-cause and disease-specific

174



6.4 Further studies on ultrafine particles

mortality [185, 186, 187]. By averaging the reported hazard-ratios for all-cause mortality
across these studies, and calculating the attributable fraction based on global population
data, total and excess mortality rate were estimated globally. The underlying UFP dataset
used in this analysis is based on the presented work in Sect. 6.4.1. We estimate that 1.98
(95% CI 1.11-3.07) million deaths annually can be attribute to UFP exposure, accounting for
approximately 5% of global mortality from non-communicable diseases. This corresponds to a
global mean excess mortality rate of 25.6 per 100,000 population per year (95% CI: 14.4-39.8).
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Figure 6.18 Main source sectors of UFP exposure per country (map), along with the importance
of each sector for selected macro-regions (pie charts). The figure was prepared by Jos Lelieveld
based on sensitivity simulations with the UFP setup presented in Chapter 3, in which emissions

sectors were singularly excluded.

In addition, we performed sensitivity studies with the EMAC model, based on the simulation
presented in Chapter 3, attributing UFP exposure to various source sectors. The main
sources of UFP exposure are combustion processes involving fossil fuels. A detailed analysis
on the contribution of the different source sectors is presented in Fig. 6.18.
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Conclusions

This thesis addressed the need of improved numerical simulations of atmospheric aerosols
throughout all layers of the lower atmosphere at global scale, from the Earth’s surface to the
stratosphere, using the ECHAMS5/MESSy2 Atmospheric Chemistry (EMAC) model.

In Chapter 3, a first global simulation of annually averaged UFP concentrations at the
Earth’s surface was performed, incorporating refined particle emission size distributions.
These simulations were evaluated against ground-based observations, showing reasonable
agreement in remote and rural regions. However, they failed to capture the observed UFP
variability in grid boxes with high heterogeneity in population density. To address this, a
novel observation-guided, emission-based downscaling approach was developed, enhancing the
horizontal resolution of the UFP dataset from 1.875° x 1.875° to 0.1° x 0.1°, and significantly
improving agreement with observations (logarithmic correlation increased from 0.76 to 0.84
in non-remote regions; root mean squared logarithmic error decreased from 0.57 to 0.43).
Simulated UFP concentrations span over three orders of magnitude, ranging from below
50 cm ™3 over the remote ocean to more than 40.000 cm ™ in polluted regions. The resulting
dataset, which includes interannual variability and size-resolved UFP concentrations, has
been made publicly available for use in health research and further research on UFP distri-
butions.

In Sect. 6.4, machine learning techniques were applied to further enhance spatial resolution,
producing a global UFP dataset at 1 x 1 km resolution. This high-resolution dataset was
subsequently used to estimate the global health burden of UFP exposure, revealing an
estimated 1.98 million excess deaths annually, corresponding to a mean excess mortality
rate of 25.6 (95% CI: 14.4-39.8) deaths per 100,000 population per year. The underlying
EMAC-simulated UFP dataset was also analysed to identify dominant sources of exposure,
highlighting combustion processes involving fossil fuels as the main contributor for UFP
concentration. Future work could focus on integrating global model outputs with machine
learning approaches to further enhance the accuracy and robustness of high-resolution UFP
concentration and source attribution datasets.

In Chapter 4, a new MESSy submodel for emissions from Explosive Volcanic ERuptions
was presented, capable of handling particulate and gaseous emissions in flexible vertical
shapes. Sensitivity studies revealed the importance of emitting a correct amount of SO9
above the tropopause with appropriate altitude distribution, when modelling stratospheric
volcanic eruptions, while horizontal position and emission timing are less important in the
mid-term. Based on these insights and an existing volcanic emission inventory, a historic
emission setup for stratospheric volcanic events was developed, and we advocate its inclusion
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in future simulations focussing on the upper troposphere and the stratosphere. In Sect.
6.3, it was shown that including both stratospheric and large tropospheric eruptions can
significantly improve agreement with observations of sulfate concentrations in the lowermost
stratosphere. The new submodel also enables studies on the interaction of SO, and volcanic
ash post-eruption, exploration of solar radiation modification scenarios, wildfire simulations,
and analyses of atmospheric transport processes.

Chapter 5 builds on the preceding work, combining previous model configurations to develop
one setup for aerosol simulations from the surface to the stratosphere, consistent with obser-
vations in most regions and layers of the lower atmosphere. This setup was used to produce a
global aerosol distributions, chemical composition and particle number concentrations across
the entire lower atmosphere. A key feature of the resulting distributions is a pronounced
global minimum in aerosol mass concentrations between 400 and 200 hPa, allowing for
frequent New Particle Formation in the free and upper troposphere, and separating the
surface-influenced boundary layer and free troposphere from the stratosphere-influenced
layers above. Stratospheric aerosol composition was found to consist predominantly (75-
90%) of sulfur aerosol, while primary particles contribute only marginally, aligning better
with recent observational evidence and in contrast to previous model studies. Secondary
Organic Aerosol (SOA) significantly contributes to the aerosol burden in the lower tropical
stratosphere, up to 90 to 70 hPa, forming a global band in the UTLS region.

Simulations based on the newly developed setup were used to investigate specific atmospheric
processes, with a focus on the Asian monsoon system and the Amazon basin (Chapter
6). Results show that ammonia plays a key role in driving new particle formation and
aerosol mass within the Asian Tropopause Aerosol Layer (ATAL), with the resulting particles
persisting in the lowermost stratosphere for several months. The sensitivity of climate and
atmospheric chemistry to perturbations in Amazonian biogenic volatile organic compound
(BVOC) emissions was also explored, revealing a strong influence on local oxidation capacity,
and a considerable impact on global climate.

Overall, this work addresses key research questions on global aerosol distributions from the
surface to the stratosphere, and marks a step toward a more consistent and observation-
based representation of aerosol burdens in the lower atmosphere. Building on the pre-
sented model setups by incorporating key aerosol feedbacks will support future studies
on aerosol—climate—health interactions. Continued development, together with expanded
observational datasets, can further improve the model’s ability to capture real-world aerosol
distributions, advance our understanding of specific processes, and help reduce existing
uncertainties.
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