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Abstract

The aim of this thesis was to investigate the secondary aerosol formation from dimethyl
sulfide (DMS) using the aerosol dynamics, gas- and particle-phase chemistry kinetic multi-
layer model, ADCHAM. The first simulations, concerning the butanol oxidation via hy-
droxyl radicals (OH), were performed to characterize the UV-light source of the AURA
smog chamber (Aarhus university, Denmark), later used for the DMS experiments. The
observed, strong impact of the relative humidity (RH) on the OH-concentration during
the butanol-OH experiments may be related to the chamber walls, however, the modelled
OH concentrations were not sensitive to the RH or the absolute water molecule concen-
tration. The DMS oxidation via OH and subsequent secondary aerosol formation was
simulated and compared to the measurements from the smog chamber experiments con-
ducted at AURA. The results show that the recently observed DMS oxidation product
hydroperoxymethyl thioformate (HPMTF) has most likely a negligible contribution to the
new particle formation and further, the secondary particle formation from methanesul-
fonic acid (MSA) condensation is highly sensitive to the ammonia (NH3) concentration
and RH in the chamber. The final atmospheric DMS tests investigated the impact of the
multi-phase (gas, particle, cloud) DMS chemistry involving halogens (Cl, Br, I) emitted
from the ocean surface. Adding representative ocean halogen emissions as well as ide-
alised aqueous-phase cloud passages led to increasing MSA and sulfuric acid (H2SO4)
aerosol particle mass, but not increasing particle number concentrations. This could in-
dicate that neglecting these processes may lead to inaccurate predictions of the indirect
radiative climate effect of DMS-aerosols.
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1 Introduction

The suspension of solid or liquid particles in a mixture of gases is known as an aerosol
and can be found everywhere on Earth. Starting from about one nanometer to several mi-
crometers, the size of these particles is as diverse as their origin. Particles emitted directly
into the atmosphere (e.g. windblown dust) make up primary aerosol particles, whereas
the condensation and nucleation of gases forms secondary aerosol particles [1].

Despite the small particle size and variety of chemical compositions, aerosols in the atmo-
sphere have a significant influence on Earth’s Climate. In general, aerosols affect Earth’s
climate directly by scattering incoming solar radiation or indirectly by serving as nuclei
for cloud droplet formation [1].

In 1987, the atmospheric scientist Robert J. Charlson published an article identifying the
dimethyl sulfide (DMS) emission of bacteria on the ocean surface as main source for cloud
condensation nuclei (CCN) and major source of sulfur over the oceans [2]. Hence, DMS
may have a large impact on marine cloud properties, as well as the global climate. Most
reaction pathways of the DMS chemistry have been extensively studied (Hoffmann et
al.[3], Barnes et al.[4], Bräuer et al.[5]), however there is lack of detailed knowledge about
the aqueous-phase DMS reactions (e.g. dissolution in clouds), halogen-DMS reactions
and fate of the DMS oxidation products in the atmosphere. All these processes affect
the secondary aerosol formation and the estimations of the total climate impact of DMS-
aerosols.

During two measuring campaigns conducted at the AURA smog chamber in Aarhus, the
DMS oxidation via hydroxyl radicals (OH) was investigated. This thesis focuses on sim-
ulating some of these experiments using the aerosol dynamics, gas- and particle-phase
chemistry kinetic multi-layer model, ADCHAM [6]. Moreover, this thesis seeks to give
insight into how the DMS oxidation products such as sulfuric acid (H2SO4), methane sul-
phinic acid (MSIA), methanesulfonic acid (MSA) and the recently observed hydroperox-
ymethyl thioformate (HPMTF) [7] contribute to the aerosol particle formation, and further,
how the particle formation is affected by different environmental conditions (e.g. UV-light
intensity, relative humidity (RH), initial concentrations of trace gases).

During additional atmospheric relevant simulations with ADCHAM, the influence of ide-
alized cloud passages and DMS gas- and aqueous-phase chemistry involving halogen
species is investigated. Here, the main research questions concern the effect of halogen
emission and aqueous-phase reactions on the particle formation, as well as looking into
potential atmospheric climate implications from DMS-aerosols.
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2 Background

Aerosol particles are categorized into primary and secondary particles depending on their
emission into the atmosphere. However, they can be further divided according to their
origin. Atmospheric aerosols can stem from natural sources or anthropogenic (human
made) sources [1]. A major anthropogenic source is the emission from combustion of
fossil fuels, i.e. coal and oil.

As mentioned in the introduction, primary aerosol particles (coarse particles) are directly
emitted from a source such as windblown dust, volcanic eruptions or sea spray. In con-
trast, secondary aerosol particles are generated by a gas-to-particle phase conversion, i.e.
condensation of certain gas species known as aerosol precursors. The main topic of this
thesis is the formation and growth of these secondary aerosol particles which is dictated
by three important processes: nucleation, condensation and coagulation (see figure 1).

Figure 1: The schematic of an aerosol formation and removal process in the atmosphere in-
cluding the relevant particle size ranges. The emission via precursor gases forms secondary
aerosols, whilst the direct emission as coarse particles makes up a primary/coarse aerosols.
The wet deposition removes both the particles that activate and form cloud droplets (in
cloud scavenging) and the particles in all size ranges below the clouds (below cloud scav-
enging). (Reproduced from Fig. 8-2 in: Introduction into Atmospheric Chemistry [1])

2.1 Aerosol formation

Atmospheric aerosols are created by complex chemical and physical processes. In order
to be defined as an aerosol particle, the particle has to be stable in the suspended gas for at
least a few seconds. A vapour, different to an aerosol particle, is a substance in gas-phase
which can undergo a phase transition (via nucleation or condensation, see below) into a
liquid or solid phase, by for example increasing the vapour pressure (concentration) while
keeping the temperature fixed.
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The vapour pressure limit at which the gas-to-liquid or gas-to-solid phase-transition is
possible is called the saturation vapour pressure. The saturation vapour pressure further
depends on the existing liquid and solid phases (e.g. existence of aerosol particles). In
general, when the saturation vapour pressure is reached above a certain surface (liquid
or solid), the condensable vapour (e.g. water) is in an equilibrium state at which there
is no net loss or uptake of the substance from or towards the surface, and thus, no net
gas-surface mass transfer. A net loss from a solid or liquid phase to the gas-phase is called
evaporation, while a net uptake from the gas-phase towards the solid or liquid phase is
known as condensation.

The partial pressure of a vapour (or gas) in a mixture of gases is defined as the pressure
the vapour would exert if it was to occupy the entire volume of the mixture by itself [8].
From this, the saturation ratio SR can be derived which is the ratio of the partial pressure
of a vapor to the saturation vapour pressure at a certain temperature. Once the SR is larger
than 1, the vapour is supersaturated; when the SR equals 1, the vapour is saturated; and
when the SR is smaller than 1 the vapour is unsaturated [8].For water, this saturation ratio
in percentage is often known as the relative humidity (RH).

Organic compounds are continuously released into the atmosphere from biogenic (pro-
duced by living organisms) and anthropogenic sources. On a global scale, roughly 1000
Tg of volatile organic compounds (VOC’s) are emitted naturally each year [9]. Volatile
organic compounds have a high vapour pressure meaning their molecules evaporate eas-
ily, and are therefore emitted as gases from certain solids or liquids. Most importantly,
the oxidation of VOC’s forms secondary organic aerosols (SOA), which make up about
50-85% of the total organic aerosols on Earth [9].

Starting from the emission of a VOC into the atmosphere, the VOC oxidizes (gets more
low-volatile) in one or several steps into a non-condensable aerosol precursor gas. An
example for a precursor gas is sulfur dioxide (SO2) which forms sulfuric acid (H2SO4)
via oxidation in the atmosphere [1]. As most atmospheric relevant condensable vapours,
sulfuric acid has a relatively low vapour pressure w.r.t. most aerosol particle surfaces and
will undergo a phase transfer from gas to liquid particulate matter (condensation).

A key-process of aerosol formation is nucleation, which can be either homogeneous or het-
erogeneous. Homogeneous nucleation is defined as new particle formation from a super-
saturated vapour without the presence of condensation nuclei or ions [8]. The nucleation
process is set off by a vapor, such as an aerosol precursor gas, which is easily supersat-
urated under atmospheric pressure. The vapour molecules attract each other due to for
example van der Waals forces and assemble to clusters. Although, the clusters are con-
tinuously formed, they are unstable and will fall apart until a certain diameter d (Kelvin
diameter) is reached. Exceeding the Kelvin diameter makes a cluster thermodynamically
stable such that the resulting particle will grow by condensation.

The equation (1) shows the Kelvin ratio (KR), which defines the saturation ratio required
for an equilibrium between cluster growth and disintegration. A cluster of a given sub-
stance has the vapour pressure pd at the curved surface and ps at a plane surface.
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KR =
pd
ps

= exp
(

4γM
ρRTd∗

)
, (1)

where γ, M, ρ and d∗ denote the droplet surface tension, molar mass, density and diam-
eter, and, R and T are the gas constant and the absolute temperature, respectively. From
this equation (1) the Kelvin diameter can be derived [8]. However, the Kelvin ratio only
applies to pure substances such that this can be seen as a model and simplification of the
reality.

A reason for the supersaturation requirement of the vapor is that it increases the number
concentration of the clusters, meaning, clusters are formed in all vapors, but the probabil-
ity of reaching the stable kelvin diameter is lowered without supersaturation. In general,
homogeneous nucleation leads to the formation of ultra-fine aerosols with a particle size
of 1-2 nm [1].

Heterogeneous nucleation, also known as nucleated condensation, is the particle forma-
tion and growth in the presence of condensation nuclei or ions. This form of nucleation is
the main process for cloud formation in the atmosphere [8].

The most important process for particle growth in the atmosphere is condensation. Dur-
ing this process mass is transferred from the gas-phase to the particulate-phase leading
to particle growth. In the contrary, evaporation is the opposite process where mass is
transferred from particulate- to the gas-phase. The process of condensation also requires
a vapour that is supersaturated.

When aerosol particles collide with another and adhere to form larger particles, it is
known as coagulation. During this process larger particles are formed, resulting in a con-
tinuous decrease in the number concentration of particles in the aerosol, but no change
in the particle mass [8]. Coagulation can take place as thermal coagulation or kinematic
coagulation. Thermal coagulation is a spontaneous and recurrent event in aerosols, and
is caused by a Brownian relative motion between the particles. On the other hand, kine-
matic coagulation is driven by external forces (e.g. gravity or electromagnetic forces) that
dictate the inter-particle relative motion [8].

The growth from both Brownian coagulation and condensation leads to fine aerosols with
a particle size of 0.01-1 µm (Fig. 1). After 1 µm the growth slows down due to the size of
the particles prohibiting rapid condensation and decreasing the relative motion (i.e. the
coagulation rate) [1]. The above described aerosol dynamics processes (nucleation, con-
densation and coagulation) typically result in the formation of distinct and approximately
log normal distributed particle modes (Fig. 2).

Typically, particles larger than ∼100 nm in diameter have the potential to be active as
cloud condensation nuclei (form cloud droplets) at atmospheric relevant conditions. While
small particles can be removed from the atmosphere by coagulation, larger particles can
be removed by wet and dry depositions (e.g. rainout or gravitational sedimentation) [10].
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2.2 Particle distributions and concentrations

The parametrisation of an aerosol’s nature and behaviour is best described by the particle
size since all properties depend on it. For simplicity, the shape of all aerosol particles is
assumed to be spherical. The particle size can range from 0.001- to 100 µm and refers to
the diameter of the particle.

Figure 2: Typical log normal particle number and volume size distributions of an
atmospheric aerosol including different modes. (Reprint/Reuse by permission from
Spinger Nature: Springer Nature, Adhesion of Nanoparticles by Kevin Kendall,
Michaela Kendall, Florian Rehfeldt, Jan 1, 2010.)

Most aerosols are poly-dispersed meaning they consist of a vast variety of particle sizes
forming a number size distribution that needs to be evaluated statistically. The number
size distribution gives the fraction of the total number concentration of particles in any
size range [8]. The same holds for the mass, volume and surface size distribution as func-
tion of particle size. There are several mathematical approximations to describe an aerosol
distribution which can overall be categorized into discrete or analytical approximations.
Since the range of particle size is so large, atmospheric aerosols are often described by
normal distributions under a logarithmic scale (log-normal distribution).

The figure 2 shows an example of a number and volume size distribution. The num-
ber size distribution is mostly dominated by secondary aerosol particles, while mass or
volume size distributions are often dominated by primary aerosol particles. Particle size
distributions typically display one or several modes (see figure 2) which result from dif-
ferent aerosol formation and removal processes. The modes overlap in size spectrum due
to a continuous change of particles sizes from condensation, coagulation and evaporation.

The mass concentration of aerosol particles is the most measured property, especially con-
cerning population health and environmental effects. The mass concentration indicates
the mass of particulate matter (PM) in a unit volume of air [8]. For instance, the mass con-
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centration of atmospheric aerosol particles above open oceans typical amounts to about
10 µg/m3, whereas in an urban environment the mass concentration typically ranges 10-
1000 µg/m3. Similarly, the particle number concentration gives the number of particles
per unit volume of air and is given in number/cm3.

Another important measure of atmospheric composition is the mixing ratio Cx of a chem-
ical species X. The mixing ratio is defined as number of moles per mole of air and gives
the atmospheric concentration of X [1]. The most abundant gas in the atmosphere is ni-
trogen (N2). With a mixing ratio of CN2=0.78 [mol/mol], it makes up 78% of the molecules
in the atmosphere. Nitrogen is followed by oxygen (O2, 21%) and argon (Ar, 0.93 %) [1].
These mixing ratios exclude the water vapor mixing ratios, since water evaporates and
condensates constantly resulting in large variations. Gases, other than N2, O2, Ar and
H2O, appear at very low concentrations in the atmosphere and are called trace gases. De-
spite their small abundance, trace gases are of major importance for the global climate and
are given in units of parts per million (ppm, 10−6) or parts per billion (ppb, 10−9).

2.3 Climate impact

An aerosol in the atmosphere can not only affect local weather, visibility or population
health (e.g. the great smog of London, 1952), but also has a significant influence on global
atmospheric processes such as global warming.

However, clouds and aerosols contribute to the largest uncertainties in estimates of Earth’s
changing energy budget [11]. This energy budget describes the balance between the in-
coming solar radiation the Earth receives and the energy it radiates back into space. A
perturbation in this balance results in a global temperature change, which can be either
positive or negative, resulting in a net warming or cooling effect, respectively. The mag-
nitude of this radiation balance perturbation, exerted by a certain substance, e.g. CO2 or
aerosol particles, is commonly expressed in a term called radiative forcing (RF). Radiative
forcing, as it is formally defined in a previous Intergovernmental Panel on Climate Change
(IPCC) report [12], represents the change in net downward radiative flux (shortwave and
longwave, in W/m2) at the tropopause after allowing for stratospheric temperatures to
readjust to radiative equilibrium, while holding other state variables (e.g. tropospheric
temperatures, cloud coverage) fixed at the unperturbed values [12]. A correct parametri-
sation of clouds and aerosols is needed to develop accurate climate models and prognosis
[3]. The effects on Earth’s climate from an atmospheric aerosol can be both direct and
indirect.

The direct effect occurs, when aerosol particles scatter or absorb incoming solar radiation,
thereby altering Earth’s reflectance (albedo). An increase in Earth’s albedo due to scatter-
ing has a net cooling effect on Earth’s surface since a larger amount of solar radiation is
back scattered into space. The amount of sunlight scattered by aerosol particles depends
on the particle size (i.e. the scattering is maximized when the particle diameter equals
the photon’s wavelength) and the depth of the aerosol layer [1]. While, aerosol scattering
tends to cool the climate systems, the opposite holds for aerosol absorption [11]. However,
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most aerosol particles, except Black Carbon (soot), mainly scatter light.

As mentioned in section 2.1, aerosol particles can undergo heterogeneous nucleation to
form clouds. A high density of cloud condensation nuclei leads to the formation of many
but small cloud droplets, which brighten the cloud and reflect more solar radiation. This
phenomenon is called the indirect effect and is most effective above dark surfaces such as
oceans.

Hence, aerosols impact the climate by direct negative radiative forcing and by serving as
cloud condensation nuclei. However, determining the effective climate impact of aerosols
is complex and undetermined, which is mainly due to the large uncertainties in the rel-
ative impact of either natural or anthropogenic aerosols. Detailed aerosol particle ob-
servations have only existed for ∼20 years such that the aerosol concentrations during
pre-industrial conditions are unknown and can only be assumed through model simula-
tions which need to be accurate. Therefore, it is vital to understand the details of DMS
oxidation and how it contributes to secondary aerosol formation, in order to improve our
climate model projections.

2.4 DMS

Globally, the main natural source of sulphur to the atmosphere is the oxidation of ocean
emitted dimethyl sulfide (DMS), known under the chemical formula CH3SCH3. This
chemical compound is released by phytoplankton at the ocean surface and oxidises in
the atmosphere to various sulfur-containing compounds, such as sulfur dioxide (SO2),
methanesulfinic acid (MSIA), dimethyl sulfoxide (DMSO), methanesulfonic acid (MSA)
and sulfuric acid (H2SO4).

All these oxidation products of DMS contribute to secondary aerosol formation over the
ocean, either by nucleation (H2SO4), condensation onto existing aerosol particles (H2SO4,
MSA) or by dissolution in cloud droplets followed by aqueous-phase oxidation (SO2,
MSIA, DMSO) leading to sulfate or MSA. In the CLAW hypothesis, proposed by Charl-
son et al. in 1987 [2], this process was suggested and filled the missing link in the global
atmospheric sulphur budget.

The resulting aerosol particles serve as cloud condensation nuclei over the open ocean.
With 70% of Earth’s surface covered by oceans, that have a generally low reflectance,
marine DMS aerosols have a great impact on the global climate through strong nega-
tive radiative forcing and altering marine cloud properties [3]. In the atmosphere DMS
predominantly reacts with the hydroxyl radical (OH) and also the nitrate radical (NO3).
These two radicals are sinks for DMS since their reaction with DMS removes it from the
atmosphere.

The production of OH in the atmosphere is influenced by several chemical reactions and
happens via the oxidation of water (H2O) involving a singlet state excited oxygen (O(1D)):

H2O + O(1D) −→ 2OH
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The high energy O(1D) stems from the photolysis reaction (a reaction with light, hν) of
ozone (O3). However, the photolysis of nitrogen dioxide (NO2) produces oxygen (O)
which in turn is needed to produce ozone. Therefore, the amount of photolysis reactions
of NO2, in explicit the photolysis rate of NO2, affects the OH concentration in the atmo-
sphere and is directly correlated to the UV-light intensity. Further, this means the OH
concentrations are very low at night time since there is no O(1D) to perform the reaction
above.

The OH reactions with DMS take place in two ways via an abstraction (an H atom is
abstracted) and addition (the OH radical is added as a -OH functional group) pathway:

CH3SCH3 + OH −→ CH3SCH2 + H2O (abstraction)
CH3SCH3 + OH + M −→ CH3S(OH)CH3 + M (addition)

Through multiple gas-phase reactions the stable chemical components described above
are formed, but their exact parametrisation and further reactions are yet to be understood.

The addition pathway mainly leads to the formation of sulfuric acid (H2SO4) which is a
key precursor for particle formation through nucleation; the abstraction path mainly leads
to the formation methanesulfonic acid (MSA) which influences particle growth through
condensation. The branching ratio of both gas-phase reactions above is strongly temper-
ature dependent [13]. Furthermore, studies have shown that aqueous-phase reactions of
DMS also contribute to the secondary aerosol formation [3]. However, we still lack de-
tailed knowledge about the DMS multi-phase chemistry, which not only affects the pro-
duction of the secondary aerosols but increases the uncertainty in global climate models.

In January 2020 Veres et al. [7] reported an atmospheric observation of the stable oxidation
product of DMS called hydroperoxymethyl thioformate (HPMTF), which was perviously
only observed in laboratory flow tube experiments on DMS by Berndt et al. [14]. The lack
of knowledge about this oxidation product poses additional difficulties on determining
an accurate DMS oxidation scheme.

2.5 This work

This thesis work investigates the DMS oxidation and aerosol formation in three different
set-ups. Firstly, the Butanol-OH experiments review the general chamber conditions con-
cerning UV-light intensity and relative humidity. The results will be used to investigate if
any changes are need to be done upfront the laboratory DMS experiments.

Secondly, the first smog chamber experiments on DMS oxidation are simulated with a
series of sensitivity tests including the recently discovered DMS oxidation product Hy-
droperoxymethyl thioformate (HPMTF) (Wu et al. [15], Berndt et al. [14], Veres et al. [7])
and modified oxidation schemes. Here, the influence of the oxidation products on the
secondary aerosol formation is studied in a chamber setup.

Thirdly, an atmospheric setup is explored to investigate DMS gas-and aqueous-phase
chemistry in the presence of halogen species emitted over the ocean. The previous two
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experimental set-ups mainly concern the gas-phase chemistry of DMS, however, studies
such as Barnes et al. [4] and Hoffmann et al. [3] show that neglecting aqueous-phase
reactions of DMS leads to a wrong estimation of the production amount (product yield)
of MSA and the aerosol precursor gas SO2, which oxidises into sulfuric acid H2SO4. Ig-
noring the aqueous-phase reactions supposedly leads to an overestimation of the H2SO4
aerosol concentration and the number of cloud condensation nuclei (CCN). This would
result in a higher cloud brightening effect than in the case of including the aqueous-phase
reactions, meaning that without the aqueous-phase reactions, global climate models may
overestimate the indirect effect of DMS-aerosols.

The atmospheric simulations investigate if ADCHAM can capture a similar impact to
Hoffmann et al.[3] of halogens and aqueous-phase cloud processes on the DMS oxidation,
as well as model the detailed interaction processes which lead to atmospheric secondary
aerosol formation from DMS.

3 Method

3.1 Box model

The concentration of a chemical species X in the atmosphere is influenced by four different
processes: the emission to the atmosphere (e.g. biogenic or anthropogenic), the chemical
reactions in the atmosphere which increase or decrease the concentration, the transporta-
tion of the species in the atmosphere (e.g. due to wind), and its dry- or wet-deposition (see
figure 3). To integrate all these processes and investigate their interaction, mathematical
model systems are a useful tool to transform the complexity of the real atmosphere into a
analytical and numerical solvable framework [8].

Figure 3: The box model system for a chemical compound X. The chemical production
P, the emission E and inward transport Fin act as sources of X, whereas the the remaining
are sinks of X.(Reproduced from Fig. 3-1 in Introduction into Atmospheric Chemistry [1])

The simplest type of model is the one-box model shown in figure 3 which describes the
concentration of the species X in a certain area of simulation (domain). Here, all variables
and conditions are assumed to be homogeneously mixed. The atmospheric domain could
be a country, a city or the global atmosphere, in which case the transport of species into
Fin and out Fout of the box would be equal to 0. From this box-model quantities such
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as the lifetime of X, the loss- and source rate of X and the mass at a certain time can
be calculated. The ADCHAM model used in this thesis to simulate secondary aerosol
formation from DMS, is a one-box model.

3.2 AURA- smog chamber

When doing research on the atmosphere, smog chambers are a widely used tool since
they allow to artificially control conditions and surroundings. The simulations investi-
gated in this thesis rely on the smog chamber experiments done at Aarhus university,
Denmark. The Aarhus University Research on aerosol (AURA) smog chamber allows for
atmospheric simulations of the secondary aerosol particle formations following the oxi-
dation of VOCs (such as DMS).

The AURA smog chamber consists of a Teflon bag in shape of a cuboid with a volume of
about 5 m3. This bag is suspended from a metal frame into a temperature controlled cold
room with a temperature range of 257-299 K. In addition to a stainless steel inlet and outlet
at opposite sides, the chamber has 24 UV-A/B (300-400 nm) lamps to vary the UV-light
intensity [16].

All the chamber experiments where done by releasing the needed gaseous compounds
into the Teflon bag and shining UV-light on them for a certain amount of hours. Mean-
while, a small amount of air was sucked out from the Teflon bag (at a rate of∼ 4-6 L/min)
to measure the particle size distributions and the compound concentrations. Further, the
temperature and relative humidity was constantly monitored. The AURA experiments
were run for 20 hours, however, after 13 hours a certain fraction of the remaining air in
the smog chamber was extracted for filter sampling and off-line chemical analysis. The
measurements of the DMS smog chamber experiments are used as reference for the AD-
CHAM simulations done in this thesis work.

3.3 ADCHAM

To simulate the smog chamber experiments on DMS oxidation and secondary aerosol for-
mation the aerosol dynamics, gas- and particle-phase chemistry kinetic multi-layer model
for chamber simulations (ADCHAM) [6] was used. As the name implies, this box-model
is used to evaluate and design controlled experiments in a chamber environment, such
as a smog chamber. Most importantly, the model gives insight into processes such as
gas-phase chemistry, particle formations and aerosols dynamics which leads to better un-
derstanding of atmospheric aerosols.

The model structure of ADCHAM consists of 4 main building blocks: (1) a detailed gas-
phase chemistry module, (2) an aerosol dynamics module, (3) a molecular cluster dynam-
ics module and (4) a particle-phase chemistry module, shown in figure 4 below.
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Figure 4: This figure shows the model structure of ADCHAM.

The gas-phase chemistry model (1) implements the detailed Master Chemistry Mecha-
nism version 3.3.1 (MCMv3.3.1). This mechanism is widely used open access tool that
describes gas-phase chemical processes for VOCs emitted to lowest region of the atmo-
sphere. The MCMv3.3.1 in addition with a program that includes specified reactions and
reaction rates (e.g. chamber wall losses, halogen chemistry from CAPRAM Halogen Mod-
ule [5] and Hoffmann [3]), makes up the gas-phase chemistry model which is needed
to compute the concentrations of the compounds involved in the study. The gas-phase
chemistry is described by a coupled set of ordinary differential equations, one equation
for each species, which is solved with the differential equation solver DLSODE. The DMS
gas-phase chemistry scheme includes in total 174 species and 507 reactions. For the atmo-
spheric model simulations the model also considers emissions of several VOCs, including
Isoprene from the ocean. This gas-phase chemistry scheme in total comprises 812 species
and 2546 reactions.

Further, the Aerosol dynamics model (2) includes Brownian coagulation, deposition of
gases and particles to the chamber walls, as well as condensation and evaporation. The
molecular cluster dynamics module (3) entails a Atmospheric Cluster Dynamics Code
(ACDC) [17] which includes neutral and ion induced nucleation of sulfuric acid (H2SO4)
and ammonia (NH3). The nucleation rate (new particle formation rate) is calculated as the
formation rate of molecular clusters reaching the size of 5 H2SO4 and 5 NH3 molecules.
These 10 clustered molecules make up 1 particle of the size of 1 nm.

The particle phase chemistry model (4) can simulate non-ideal mixing between organic
and inorganic compounds and is closely related to the condensation algorithm and evap-
oration in (2). It takes in account the particle acidity and dissociation, organic-inorganic
interactions and salt formation.

The original ADCHAM model also includes a kinetic multi-layer model which among
other things describes the diffusion of compounds between particle surface and several
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bulk layers (interior). However, in this work the kinetic multi-layer model was not used
since the formed particles are considered to be liquid, well-mixed droplets such that there
are no concentration gradients between the particle surface and particle bulk.

As mentioned before, the gas-phase chemistry for DMS stems from MCMv3.3.1 and Hoff-
mann [3], as well as selected halogen chemistry from Bräuer et al. [5]. However, the
halogen chemistry is only of relevance in the atmospheric DMS simulations. Neverthe-
less, the oxidation to HPMTF, aqueous-phase reactions and halogen-DMS reactions still
entail many uncertainties that will be investigated in the simulations below.

3.4 Butanol-OH experiments

In spring 2019, a total of 12 Butanol-OH experiments were done at the AURA smog cham-
ber. Here, Butanol is released into the chamber and allowed to react in the presence of
UV-light under conditions resembling atmospheric day-time. The main sink of Butanol,
similar to DMS, is OH. However, the two compounds differ in their oxidation products
and schemes such that the overall OH concentrations in the chamber will be influenced
differently by these compounds and their oxidation products.

The Butanol-OH chamber experiments indicate that the OH concentrations and the bu-
tanol decays in the chamber are influenced by the relative humidity (RH), with higher RH
generally leading to lower OH concentrations. This indicated dependence on the RH, re-
sults in an apparent shift in the UV-light intensity. However, during the experiments the
OH concentration was not measured, but derived from the observed butanol decay. The
aim of the ADCHAM simulations is to see which UV-light intensity is required in order
for the model to reproduce the OH and Butanol data from the experiments, as well as
investigate what causes the change in UV-light intensity through several sensitivity tests.
Further, the results of the simulations can give insight into changes needed to be done for
the general chamber set-up in the following DMS simulations.

The simulations concentrate on the experiments injected with an initial concentration of
20ppm of hydrogen peroxide (H2O2), which results in a total of 4 experiments. The H2O2
serves as a source of OH when being photolysed by the UV-light. The set-up conditions of
the ADCHAM-model were done as close as possible to the chamber experiments, see table
1. Therefore, the NO2-photolysis rate, which defines the UV-light intensity (see section
2.4), was set to 0.19 min−1, as previously reported by Kristensen et al. [16], and the Butanol
initial concentrations (see table 1) were chosen to match the experiment data.

Table 1: The ADCHAM model conditions for the Butanol-OH simulations

Experiment date RH (%) T (K) [Butanol] (ppb)

2019-03-26 5 293 350
2019-03-28 55 293 380
2019-03-29 75 273 190
2019-04-01 70 258 510
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The ADCHAM model was run for all four experiments and the resulting mean OH-
concentrations and Butanol-concentrations were compared to the experimental data.

A total of four different sensitivity tests on the model were done to test its response com-
pared to the experiment data. Firstly, the initial ozone concentration was changed from 1
ppb to 10 ppb. Secondly, the NO2-photolysis rate was adjusted to account for its temper-
ature dependence characterized by Kristensen et al. [16]. At full light intensity, the paper
states the NO2-photolysis to be 0.19 min−1 at 293 K and 0.09 min−1 at 258 K. Thirdly, the
the initial concentration of Nitrogen dioxide NO2 was varied between 0.1, 1 and 10 ppb.

Lastly, the effect of the chemical compound HONO, presumably released from the Teflon
walls of the chamber, was investigated. A paper by Zador et al. [18] describes the OH
production from HONO (at RH = 10-15 %) to be about a factor of two higher than that
from the photolysis of 100 ppb ozone. Therefore, a HONO production rate was included
in the simulation to investigate if it could account for the increased UV-light intensity.

3.5 Laboratory DMS experiments

The oxidation of DMS by OH radicals was studied at the AURA smog chamber, in a like-
wise manner to the Butanol-OH experiments described in the section above. During the
course of two measuring campaigns, the DMS laboratory experiments aimed to quantify
the properties of the formed secondary aerosol particles. This thesis work concentrates on
simulating the first campaign which examines the DMS oxidation and secondary aerosol
particle formation at low relative humidity, so called dry conditions.

As mentioned before, the ADCHAM model [6] used in this work already entails a detailed
gas-phase chemistry mechanism including reaction pathways of DMS (MCMv3.3.1.1).
Nevertheless, the DMS oxidation scheme has been extensively studied by Barnes [4],
Bräuer [5], Hoffmann [3] and Veres [7], giving different representations for the oxida-
tion mechanism which have to be evaluated against the laboratory experiments from
AURA. The main focus in this work lies on finding the favourable representation for gas-
phase DMS reaction mechanism and gain insight into how the DMS oxidation products
methanesulfonic acid (MSA), methanesulfinic acid (MSIA), sulfuric acid (H2SO4) and hy-
droperoxymethyl thioformate (HPMTF) contribute to the formation and growth of aerosol
particles during the smog chamber experiments. In the course of four different sensitivity
tests, these above mentioned focus points are investigated.

From the first campaign mainly the two earliest DMS experiments were simulated of
which the model set-up is shown in table 2. The two experiments only differ slightly, mak-
ing them ideal to compare. The first experiment, different to the second, has no measured
DMS concentration from the smog chamber experiment such that the modelled DMS con-
centration is to be seen as an estimate. Further, the particle mass formation from HPMTF
and MSIA is very sensitive to the particle water content. Therefor, the model reads in the
exact observed RH from the chamber during the simulation. Here, the RH increases from
below 1 % to 5-12 % during the experiments.
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Table 2: The ADCHAM model conditions for the DMS simulations

Experiment date T (K) [DMS] (ppb) [H2O2] (ppm) NH3 (ppb) [NO2] (ppb) [O3] (ppb)

2018-04-05 293 200 20 1 1.3 1
2018-05-19 293 220 20 1 1.5 1

The first sensitivity test concerns the representation of the DMS gas-phase reaction scheme.
The model representation from MCMv3.3.1.1 is evaluated against representation sug-
gested from Barnes et al. [4]. In the MCM representation the DMS oxidation product
MSIA can only react to form SO2, whereas the Barnes representation includes additional
reaction pathways allowing MSIA to form SO2, MSA and sulfuric acid H2SO4. Each repre-
sentation is used to simulate the laboratory experiment 2018-04-05 (see table 2) and eval-
uated against the experiment data.

The second sensitivity test regards wall losses of the DMS oxidation products MSIA and
HPMTF. The ADCHAM model already includes the wall losses from H2SO4 and MSA.
Both acids are categorized as strong meaning they lose a proton easily and are most likely
lost to the chamber walls irreversibly at a rate of ∼ 2.4x10−3 s−1. However, if HPMTF and
MSIA are lost to the walls at a similar rate, the new particle formation will be most likely
suppressed. The model was run with and without wall losses of MSIA (irreversible) and
HPMTF (reversible).

The recently discovered DMS oxidation product HPMTF [7] brings further unknowns
with it. The chemical compound could either be in hydrated or non hydrated form in
the aqueous particle phase, meaning it either contains water in form of H2O-molecules or
not. A sensitivity test was done by changing the Henry’s law coefficient, which describes
the distribution of a certain compound (here HPMTF) between the air and liquid aerosol
particles in the algorithm, corresponding to either the hydrated or non-hydrated form of
HPMTF.

Further, a different gas-phase chemistry representation for the autoxidation of CH3SCH2O2
and formation of HPMTF was tested. HPMTF is formed by the oxidation of DMS via the
H-abstraction pathway. The compound CH3SCH2O2 is the first oxidation product from
the DMS-OH reaction via the H-abstraction pathway. Recent experiments (Berndt et al.
[14]) indicate that CH3SCH2O2 can undergo rapid intramolecular H-atom shifts and rapid
uptake of oxygen molecules (O2), so called autoxidation, in two steps. The stable end-
product is HPMTF. The sensitivity test was conducted by either setting the autoxidation
rate to 0 resulting in no HPMTF formation or increasing the rate compared to approximate
values used by Veres et al. [7].

3.6 Atmospheric DMS tests

Previous studies such as Barnes et al. [4] and Hoffmann et al. [3] show that neglecting
aqueous-phase reactions of DMS leads to a wrong estimation of the production amount
(product yield) of MSA and the aerosol precursor gas SO2, which oxidises into sulfuric
acid H2SO4. The ADCHAM model used for the atmospheric DMS tests includes a total of
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6 ideal cloud passages during a 72 hour simulation, displaying similar environmental con-
ditions as in Hoffmann et al. [3], which is used as reference for the ADCHAM simulations.
The aim of including the cloud passages is to test if ADCHAM can capture the impact of
the cloud aqueous-phase processes on the DMS oxidation and oxidation products, as well
as to study the aerosol formation under atmospheric relevant conditions.

In the article written by Hoffman et al. [3] it is indicated that during cloud passages the
aqueous-phase reactions dominate the oxidation of DMS and significantly lower the gas-
phase concentrations of OH and certain halogen species. The main oxidation path of DMS
during cloud passages should be via ozone O3 due to aqueous-phase reactions taking over
the gas-phase reactions.

The first sensitivity test investigates if the ADCHAM box-model can capture the DMS-
concentration simulated by Hoffmann et al. [3] during an ideal cloud-passage sensitivity
run without halogens. The ADCHAM model was set-up as close as possible to the Hoff-
mann set-up, including most of the chemical reactions, reaction- and emission-rates and
the initial concentration implemented by Hoffmann et al. [3]. A total of 4 different simula-
tions of the DMS concentration are done, with variable sun light intensity corresponding
to a maximum (noon-time) NO2-photolysis rate, J(NO2), to see which UV-light intensity
is needed to match Hoffmanns DMS concentration trend. The used values of J(NO2) are:
0.09 min−1, 0.23 min−1, 0.90 min−1 and 1.80 min−1.

Moreover, Hoffmann states that a higher DMS emission results in higher particulate mass
but not necessarily in a higher aerosol number concentrations. It is expected that in AD-
CHAM a higher DMS emission rate results in a slight increase in the number concen-
tration, but most likely the number concentration is more sensitive to the ammonia con-
centration. The ACDC code in ADCHAM (see section 3.2) simulates the formation and
growth of NH3-H2SO4 molecular clusters, of which the resulting particles then contribute
to the particle number concentration. A higher DMS emission rate would mean more sul-
furic acid molecules, while a higher ammonia concentration would result in more ammo-
nia molecules. This poses the question which of the two is the limiting factor on the new
particle formation rate, which reflects on the particle number concentration. Therefore,
the second sensitivity test simulates the new particle formation rate (nucleation rate) for
three different DMS emission rates (EDMS = 6.18 ·108, 6.18·109, 6.18·1010 cm−2 s−1) while
keeping the ammonia emission constant (ENH3 = 1 · 109 cm−2 s−1), and for three different
ammonia emission rates (ENH3 = 1 · 108, 1·109, 1·1010 cm−2 s−1) while keeping the DMS
emission constant (EDMS = 6.18 ·109 cm−2 s−1). All test have no initial concentration of
ammonia.

During the previous laboratory experiments (see sections 3.4 and 3.5), the DMS oxidation
was not expected to be influenced by reactions involving halogens, since the halogen con-
centrations were anticipated to be negligible low during these experiment. However, in
marine environments the halogen chemistry becomes more important. In the following
sensitivity tests the ADCHAM model is used to investigate and quantify the impact of
halogen reactions on the DMS aerosol formation.
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The halogen chemistry in ADCHAM was set-up to again follow the reactions and reac-
tions rates implemented by Hoffmann et al. [3]. The ADCHAM model was run with an
without halogen emissions to test the impact of halogen-DMS reactions on the aerosol
mass of the oxidation products MSA and sulfuric acid (H2SO4). Then the sink fluxes of
DMS were investigated, displaying how much of DMS reacts with the halogens, chlorine
(Cl) and bromine oxide (BrO), as well as OH. Both simulations were done with the ide-
alized cloud passages to look at the combined influence of halogens and the multi-phase
reactions on the DMS oxidation and secondary aerosol formation.

4 Results and Discussion

4.1 Butanol-OH experiments

The simulations shown in figure 5 agree reasonably well under high humidity conditions,
but differ under dry conditions as shown in figure 5a which displays the simulation for the
first experiment (26-03-2019). Here, the model substantially underestimates the Butanol
decay, as well as the experimentally estimated OH-concentration in the chamber shown
in table 3. For the model to fit the measured Butanol concentration the UV-light intensity
would need to be doubled resulting in a NO2-photolysis rate of 0.38 min−1.

(a) Simulation for the experiment 2019-03-26
with T=293K and RH=5 %. (dry conditions)

(b) Simulation for the experiment 2019-03-28
with T=293K and RH=55 %. (humid conditions)

(c) Simulation for the experiment 2019-03-29
with T=273K and RH=75 %. (humid conditions)

(d) Two simulations for the experiment 2019-04-01 with
T=258K and RH=70 %. (humid conditions). The simula-
tions differ in their photolysis rate.

Figure 5: The ADCHAM model simulations of the measured Butanol concentration for the four
different experimental set-ups shown in table 1.
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The first sensitivity test of changing the initial O3 concentration had no major effect on
the model performance. The results of the second sensitivity test are shown in figure
5d. Here, the figure 5d compares the measured chamber concentration of Butanol to two
simulations which differ in their UV-light intensity as indicated by the two different NO2-
photolysis rates, J(NO2).

As described in the method section, in this simulation (5d) the set UV-light intensity cor-
responding to a NO2-photolysis rate of 0.19min−1 was reduced to 0.09min−1 due to ob-
servations by Kristensen et al. [16], in which a colder temperature in the chamber de-
creases the photolysis rate. When looking at the two simulations, the higher photoly-
sis rate matches the measured butanol concentration better indicating a need for a dou-
bled UV-light intensity. In addition, the lower photolysis rate underestimated the OH-
concentration estimates in the chamber to a large extent, while the doubled UV-light in-
tensity (J(NO2)=0.19min−1) matches the OH-concentration estimates fairly well (see table
3).

Table 3: [OH] concentrations in comparison and absolute humidity ([H2O]) in molec/cm3

J(NO2) T (K) Experiment date [OH] (Experiment) [OH] (Simulation) [H2O]

0.19 min−1

293 2019-03-26 4.82·106 2.128·106 2.82 ·1016

293 2019-03-28 2.52 ·106 2.109·106 2.82 ·1017

273 2019-03-29 2.49 ·106 2.296 ·106 1.20 ·1017

258 2019-04-01 1.95 ·106 2.160·106 4.21 ·1016

0.09 min−1 258 2019-04-01 – " – 1.039·106 – " –

The third sensitivity test on changing the initial concentration of NO2 had again a negli-
gible effect on the simulations. However, the addition of the HONO production rate from
the chamber walls resulted in a 1-2% change in the OH-concentrations. Still, this cannot
explain the observed large variation in the butanol decay rate, which is a proxy for the
OH-concentration in the chamber.

To do further investigations, the water content of the air, absolute humidity, in the cham-
ber was calculated (see table 3). The absolute humidity ([H2O] in molecules/cm3) regu-
lates the gas-phase chemical reactions and may influence the gas-phase kinetics (collision
rates between H2O and other molecules), which the RH should not. However, looking
at the model simulations the influence of the absolute humidity does not support the
change in the UV-light intensity. This, together with the model simulations, indicates that
the impact of the RH on the OH-concentrations are not related to the gas-phase kinetics
involving H2O molecules. Instead it may be related to changed chamber wall properties.

It may be that the properties of the chamber walls change over time between high and
low RH. As an example, the Teflon walls could potentially become opaque during the
high humidity experiments such that the water condenses onto the chamber walls as they
are colder than the interior of the chamber. Less opaque chamber walls at dry conditions
would then allow for more UV-light to come through the walls, which would account
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for the increase in OH-concentrations under dry conditions. Nevertheless, the reason and
process of the changed chamber wall properties is still unknown. Unlike the experimental
data, the model shows no signs of sensitivity to the RH and there is no chemical explana-
tion to the observed RH dependence on the Butanol decay and OH-concentrations. Hence,
for the below simulated DMS experiments at 293 K an UV-light intensity corresponding
to a NO2-photolysis rate of 0.19min−1 was used.

4.2 Laboratory DMS experiments

The concentration of ammonia (NH3) in the chamber is one of the largest uncertainties in
the model and experimental set-up. The NH3 could be leaked through the Teflon bag from
outside or released into the chamber by evaporation from the Teflon walls. The ADCHAM
model results on new particle formation, as well as the secondary aerosol formation from
MSA, are highly sensitive on the NH3 concentration.

This sensitivity leads to the hypothesis that the new particle formation and mass forma-
tion are controlled by the NH3 concentration and relative humidity in the chamber. With-
out NH3 no new particles can be formed from NH3-H2SO4 clusters, meaning there are
no sites for condensable gases, such as MSA, to form particles on. A fixed concentration
of 1 ppb NH3 was used for the ADCHAM model simulations of the DMS laboratory ex-
periments. This fixed concentration may represent conditions where the gas-phase NH3
concentrations is in a steady-state equilibrium between loss to the particle phase and re-
leases from the chamber walls. For future investigations, the NH3 concentration could be
set to change during the course of the experiments. However, since the NH3 concentra-
tion was not measured during the experiments, this can only be investigated with model
sensitivity tests.

(a) MCM representation (b) Barnes representation

Figure 6: ADCHAM model simulations of the H2SO4, MSA, MSIA and HPMTF particle
mass measured in experiment 2018-04-05. Each figure displays one of two DMS gas-phase
representations, 6a) MCMv3.3.1.1 and 6b) Barnes.
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The figure 6 above shows two ADCHAM model simulations of the H2SO4, MSA, HPMTF
and MSIA particle mass on the experiment 2018-04-05. An Aerodyne High-Resolution
Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne Research Inc., Kris-
tensen et al. [16]) was used to obtain the particle mass during the smog chamber ex-
periments. Each simulation corresponds to one of two different representations of the
DMS gas-phase reactions schemes, (a) MCMv3.3.1 and (b) Barnes [4]. As described in
the method section, in the MCM representation the DMS oxidation product MSIA can
only oxidize into sulfur dioxide, while in the Barnes representation MSIA has additional
reaction pathways leading to not only SO2, but also H2SO4 and MSA. The difference in
reaction pathways impacts the aerosol particle mass, such that the ADCHAM simulation
are used to determine a favourable reaction scheme. The simulations below are compared
to the observed particle mass from the smog chamber.

After ∼13 hours a large fraction of the remaining air in the chamber was removed for
filter sampling and off-line chemical analysis. Therefore, only the first 13 hours of the
simulation are compared to the measured particle mass. The simulations indicate a strong
confidence in the Barnes representation of the DMS gas-phase reaction scheme, since the
MCMv3.3.1.1 representation does not seem to capture the measured particle mass as well.

(a) MCM representation (b) Barnes representation (c) measured particle number

Figure 7: ADCHAM model simulations of the particle number size distribution in two
different DMS gas-phase representations (7a,7b) compared to the obtained particle number
in experiment 2018-05-04 (7c).

The same trend as in the particle mass is visible in the ADCHAM particle number simu-
lations shown in figure 7. Here, the simulations of the particle number (see figure 7a,7b)
are compared to the observed particles in the chamber (see figure 7c). The chamber mea-
surements were done with a scanning mobility particle sizer (SMPS) system [16], which
is able to measure particles in the range of 4-1000 nm with sampling times of about 30
s. The particle number modelled in the MCMv3.3.1.1 representation underestimates the
initial density of new particle formation, whereas the Barnes representation seems to cap-
ture this density fairly well, including the resulting particle growth to approximately 100
nm. With the additional MSIA reaction pathways given in the Barnes representation, the
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MCM representation may be too simplistic such that all following sensitivity tests were
conducted with the Barnes representation.

The investigation concerning if HPMTF occurs in a hydrated or non-hydrated form only
showed a minor difference on the model simulation of the combined H2SO4, MSA, MSIA
and HPMTF particle mass. The contribution of HPMTF in its hydrated form was about
a factor of 10 higher, but was still negligible for the total aerosol mass. This shows that
HPMTF seems to only have a very small contribution to the total particle growth from
DMS-oxidation products. The reason behind this limited contribution could be simulated
reversible wall losses and relatively high volatility of HPMTF. Despite the small difference
between the two forms, the hydrated form was chosen for further simulations.

Adding the wall losses of both HPMTF and MSIA to the model, largely suppressed the
aerosol particle mass of H2SO4, MSA, HPMTF and MSIA. The only reasonable and good
configuration to fit the measurements resulted in only allowing the reversible wall losses
from HPMTF. Other configurations, such as wall losses from only MSIA or non of the
two, resulted in numerical instability and vast fluctuations in the particle mass. This in-
dicates that the model time step would have needed to be shortened in order to handle
the reversible uptake of HPMTF towards the particle phase in these simulations. How-
ever, since the observations indicate that the HPMTF was not contributing significantly
to the secondary particle mass formation during the experiments, it seems reasonable to
consider that most HPMTF was lost to the chamber walls during the experiments.

For the different gas-phase chemistry representation of the autoxidation of CH3SCH2O2
and subsequent formation of HPMTF different magnitudes of the autoxidation rate were
tested. Increasing the set value suggested from Veres et al. [7] by a factor of 10 showed
a drastic increase in the ozone (O3) concentration in the chamber and suppressed the
particle mass. Setting the autoxidation to 0, showed the opposite effect but less radical.
Since the best configuration for the autoxidation rate seemed to be the initial value, the
so far gathered model parametrisation shown in figure 8a (Barnes representation, only
reversible wall losses from hydrated HPMTF, initial autoxidation rate from Veres et al.
[7]) was used to simulate the second experiment 2018-05-19 shown in figure 8b.

The second experiment has the advantage of having observations of the DMS concentra-
tion in the chamber. However, the configuration gathered in previous sensitivity tests on
experiment 2018-04-05 did largely overestimate the particle mass of H2SO4, MSA, HPMTF
and MSIA in the second experiment 2018-05-19 as shown in figure 8.

Despite having nearly the same initial conditions, the reason for the difference in particle
mass could be the relative humidity in the chamber. During the course of the second
experiment the observed RH reaches 10-12 % instead of 5-6 % measured during the first.
As previously hypothesised, the relative humidity influences the particle mass formation
from MSA. In addition, the increase in relative humidity could imply that more humid air
from outside the chamber was leaking into the Teflon bag during the second experiment.
Since the model reads in the measured RH from the chamber, the RH sensitive particle
and mass contribution from MSA could be overestimated, leading to an overall increased
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particle mass in the simulation for the experiment 2018-05-19.

(a) Experiment 2018-04-05 (b) Experiment 2018-05-19

Figure 8: ADCHAM model simulations of the H2SO4, MSA, MSIA and HPMTF particle mass mea-
sured in the two smog chamber experiments investigated. The model parametrisation includes the
Barnes representation, only reversible wall losses from hydrated HPMTF and initial autoxidation
rate gathered from Veres et al. [7].

For the second experiment, multiplying the autoxidation rate by a factor of 100 made
simulations fit the data fairly well, since a higher autoxidation suppresses the particle
mass simulation. To decrease the ozone concentration, which increase is a result of the
higher autoxidation rate, the NO2 was set to 1.5 ppb such that it fits the measurements.

(a) Experiment 2018-04-05 (b) Experiment 2018-05-19

Figure 9: The ADCHAM simulated DMS concentration for both experiments. The cham-
ber DMS concentration was only measured during second experiment 9b

The figure 9 shows the simulated DMS concentration for both experiments. Here, AD-
CHAM model set-up corresponds to the final version gathered in the sensitivity tests
above. The second experiment 2018-05-19 in figure 9b compares the measured DMS con-
centration to the ADCHAM simulation, which captures the DMS decay very well. During
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first experiment, the DMS concentration in the chamber was not measured, such that fig-
ure 9b only shows the simulation. However, since the two experimental set-ups are simi-
lar, the first experiment is assumed to display the DMS decay fairly well. The agreement
of ADCHAM with the measurements indicates that the UV-light intensity (NO2- photol-
ysis rate of 0.19 min−1) chosen from the Butanol-OH experiments seems to be reasonable
for these dry experiments.

All in all, the sensitivity tests indicate a negligible contribution of HPMTF to the secondary
aerosol formation, and that it is most likely lost to the chamber walls. Further, the reaction
pathways leading to the HPMTF formation tend to suppress the net secondary aerosol
formation from DMS. In addition, the autoxidation rate which results in the formation of
HPMTF may be higher than predicted by Veres et al. [7]. The particle formation from MSA
is mainly influenced by the relative humidity and ammonia concentration. However, the
ammonia concentration remains uncertain in the chamber. The oxidation product MSIA
has a too weak acid strength to contribute to the particulate phase at dry conditions. In
general, ADCHAM model can capture the particle mass formation fairly well with the
parametrsiation suggested above, but can not predict the particle nitrate content mea-
sured from the chamber experiments, which needs further investigations.

4.3 Atmospheric DMS tests

The ADCHAM simulations done to investigate the secondary aerosol formation from
DMS under atmospheric relevant conditions are directly compared to a previous study
done by Hoffmann et al. [3]. The simulations in Hoffmann indicate an increased im-
portance of Halogen reactions and aqueous-phase reactions on the DMS oxidation, i.e.
neglecting these reactions leads to a wrong estimation of the total DMS aerosol. A inac-
curate estimation of the total particle number and mass of DMS aerosols poses a large
uncertainty in climate models. The ADCHAM simulations are used to investigate the de-
tailed processes of the aqueous phase and halogen reactions on the DMS oxidation, as well
as see if the model can capture similar results and implications as in Hoffmanns work.

The results of the first sensitivity test, concerning the UV-light intensity, are shown in the
figure 10 below. When applying solar radiation intensity corresponding to a maximum
noon-time NO2-photolysis rate of J(NO2) = 0.23 min−1 , the ADCHAM simulation of the
DMS concentration shows nearly the same trend as the without-halogen-emission simu-
lation done in Hoffmann et al. [3], which did not explicitly state the UV-light intensity.
This indicates that the initial photolysis rate in the model (J(NO2) = 0.90 min−1, red curve
figure 10) may be about a factor of 4 times too high.

Further, the figure shows an anti-correlation between the amount of UV-light intensity
and the DMS concentration. The higher the NO2-photolysis rate, the lower the DMS con-
centration, and the more fluctuations in the concentration. In addition, it seems like a
lower photolysis rate decreases the change of DMS concentration during cloud passages.
Since the blue curve in figure 10 shows the best agreements with Hoffmann, the following
atmospheric DMS tests were done at J(NO2) = 0.23 min−1.
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Figure 10: The DMS concentration for different UV-light intensities given by the value of
NO2-photolysis rate, J(NO2). The grey shaded areas display the cloud passages during
the simulation.

In Hoffmann et al.[3] it is stated that a higher DMS emission rate does not necessarily
lead to a higher particle number (PN) concentration, which the ADCHAM simulations
disagree with. In table 4 below, it is shown that the ADCHAM simulated particle number
increases at higher DMS emissions rates. Further, the figure 11 shows two simulations of
the nucleation rate which describes the number of new particles formed per cm3 · s. As
mentioned before, the particles are formed through the ACDC code (see section 3.2) by
gradually growing clusters to the size of 5 ammonia (NH3) molecules and 5 sulfuric acid
(H2SO4) molecules such that they form a particle of the size of 1 nm. The nucleation rate
is plotted with a base 10 logarithmic scale on the y-axis and a linear scale on the x-axis to
make it easier to compare the different rates.

Table 4: Total aerosol PM and PN concentration at the end of the simulations in fig.11A

EDMS = 6.18 · 1010 EDMS = 6.18 · 109 EDMS = 6.18 · 108

total PN (cm−3) 1969 334.8 83.3
total PM (µg/cm3) 3.379 1.71 1.54

The sub figure 11A displays the simulated nucleation rate for different DMS emission
rates, while the sub figure 11B shows the same but for different NH3 emission rates. Since
the NH3 emission rate is relatively high, this sensitivity test probably resembles the atmo-
spheric conditions in coastal areas more than over remote ocean regions far from land.

The figure 11B shows a positive correlation between the number of particles formed and
the magnitude of NH3 emissions. In contrary, the nucleation rate at the high EDMS (fig.
11A) decreases towards the end of the simulation compared to the runs with lower EDMS.
During the high EDMS run more particle mass and more particle surface area are formed
(table 4), resulting in larger condensation sinks of NH3 to the existing particles. This
means, even though the DMS emission is higher, the nucleation rate decreases. In general,
this indicates that the new particle formation rate is primarily limited by strong bases, e.g.
NH3 and not the DMS emissions.
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Figure 11: The ADCHAM simulation for the nucleation rate with ideal cloud passages shown as
grey shaded areas. In the sub figure A the DMS emission rate was varied at a constant ammonia
emission, while the opposite holds for sub figure B. In both figures the black, dash dotted line
displays the exact same simulation.

The following simulations investigate the impact of halogen-DMS reactions and aqueous-
phase reactions on secondary aerosol formation and oxidation of DMS under atmospheric
conditions. The figure 12 below shows a comparison of the total particulate aerosol mat-
ter (PM) from MSA and H2SO4 for a simulation with or without Halogen emission (Hoff-
mann et al. [3]). The ADCHAM simulation displays a definite underestimation of the PM
for both oxidation products of DMS when neglecting halogen-DMS reactions, indicating
that atmospheric simulations without halogen emissions lead to underestimated product
yields of MSA and sulfuric acid. The increase of aerosol particle mass from halogen emis-
sions could be explained through a higher OH concentration , which is related through the
effect of halogens enhancing the ozone degradation in the atmosphere (ozone depletion).

Further, the figure 13 below shows the gas-phase sink fluxes of DMS which describe how
much DMS reacts with the displayed compounds; hydroxyl radicals (OH), chlorine (Cl)
and bromine oxide (BrO). The stacked area plot shows that a significant amount of DMS
reacts with the halogens. During clouds phases the DMS gas-phase sink fluxes increase
slightly, while during the night times the sink fluxes almost completely diminish due to
low concentrations of the OH, Cl and BrO at night times.

In Hoffmann et al., the effect of the cloud processing is more substantial which may be
due to higher Cl and BrO concentrations during no-cloud phases. In addition, in the Hoff-
mann model Cl and BrO are taken up by the cloud droplets lowering their concentration
during cloud phases, while in ADCHAM this has not been incorporated yet. However,
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Figure 12: The ADCHAM simulations of the total aerosol particle mass from MSA
and H2SO4 for with and without Halogens emission. The grey shaded areas display
the cloud passages.

both figure 12 and 13 show the a definite, non-negligible effect of halogens on the DMS
oxidation and the oxidation products.

Figure 13: The simulated sink fluxes of DMS to bromine oxide (BrO), chlorine (Cl) and
hydroxyl radicals (OH) shown in an stacked area graph.

Moreover, the figure 12 shows a general increase of particle mass during aqueous cloud
phases, implying that DMS aqueous-phase reactions also strongly affect the DMS oxida-
tion products. Further, an increased mass but not an increased particle number in the
aerosol may decrease the impact of DMS aerosols on indirect radiative forcing and imply-
ing that neglecting aqueous-phase and halogen reactions could lead to an overestimation
of the indirect radiative effect of DMS aerosols.

All in all, the ADCHAM simulation without halogen chemistry shows a good agreement
with the analogous results from Hoffmann et al. [3]. The new particle formation is most
likely more influenced by the magnitude of the ammonia emissions over the ocean than
the DMS emissions, but higher DMS emission show an increase in the PN simulations.
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The aqueous-phase reactions show a definite increase in the aerosol mass during the cloud
phases. Both, halogen and aqueous-phase reactions of DMS show a strong impact on
the product yield of MSA and H2SO4, increasing the need for current climate models to
include both processes to increase their accuracy.

5 Outlook
In conclusion, this thesis confirmed and gave insight into the importance of the DMS
multi-phase, DMS-halogen reactions, and the uncertainties in the DMS oxidation and oxi-
dation products leading to the secondary aerosol formation. The butanol-OH experiments
highlighted the difficulties of the smog-chamber experiments, showing that the parametri-
sation of the UV-light intensity should be further investigated for humid experiments. For
future laboratory simulations, the ammonia concentration in the chamber should be mea-
sured, since it poses a large unknown in the simulation and is essential for the particle
formation. Further, there are still many unknowns in the multi-phase and halogen reac-
tions of DMS and its oxidation products. In future work, the dissolution of HPMTF in
clouds could be investigated as well as finding an optimal representation of the halogen
chemistry. The ADCHAM model was set-up to run some of the halogen chemistry repre-
sentation of Bräuer et al. [5] which includes more than 200 halogen reactions pathways.
This should be looked into in the future to get a better representation of the bromine and
chlorine species in the cloud and aerosol particle aqueous-phases. The total climate im-
pact of DMS aerosols is still uncertain and will be until an accurate representation of the
DMS-oxidation scheme and it oxidation product is established.
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