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Abstract
The Arctic is experiencing surface warming rates that exceed those observed at lower

latitudes. This is caused by a complex system of feedback mechanisms in the Arctic climate
system and is referred to as Arctic Amplification. Persistent mixed-phase clouds cover large
areas of the Arctic region and thus, have a substantial impact on the radiative budget in the
Arctic. One consequence of the amplified warming is that Arctic sea-ice extent has been
decreasing over the past decades. With the rapid decline in sea-ice extent, shipping activity
is projected to significantly increase due to easier accessibility and availability of shorter
transportation routes. Ships are also a significant source of atmospheric pollutants, which
include greenhouse gases, sulfur oxides (SOx) and particulate matter (PM). Increased local
emissions of such pollutants may perturb the natural state of Arctic clouds and thus, can
lead to further climatic feedbacks.

Simultaneous with climate change, the shipping sector is undergoing regulatory
changes aimed at reducing exhaust emissions of climate- and health-affecting substances.
SOx and PM emissions have been strongly linked to tens of thousands of premature deaths
worldwide. As a result, the International Maritime Organization (IMO) implemented
regulations that aim to reduce emissions of SOx and indirectly, of PM to atmosphere. Re-
spective IMO regulations mandate ships to either use fuels with reduced fuel sulfur content
(FSC) or to use exhaust aftertreatment systems, such as wet scrubbers, in instances where
ships continue to utilize non-compliant high sulfur content fuels. Both, FSC reduction and
exhaust wet scrubbing change physicochemical properties of exhaust particles and may
therefore, lead to climate feedbacks.

A series of laboratory engine experiments were performed to characterize impacts
of FSC reduction and exhaust wet scrubbing on the physicochemical properties of exhaust
particles. The secondary impact of compliance choices on exhaust particles’ cloud activity,
including liquid droplet and ice crystal formation, was a particular focus. Results from
laboratory experiments were subsequently implemented into a cloud-resolving large eddy
simulation model, in an effort to quantify the impact of additional ship aerosol particles on
micro- and macrophysical properties of an Arctic mixed-phase cloud.

Results presented in this study illustrate how international regulations in the ship-
ping sector may affect atmospheric processes. We observed that FSC reduction and wet
scrubbing have opposing effects on exhaust particles’ ability to form liquid droplets in
the atmosphere. These results are supported by observed changes in particles’ chemical
mixing states. Moreover, we find that the impact of wet scrubbing on exhaust particle
properties varies substantially between experiments and between marine engines. Wet
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scrubbing may lead to particle emission profiles, which counteract the intended aims of
the IMO regulation. This may have further consequences for health- and climate-related
issues.

Our modelling study suggests that ship aerosol may lead to increased cloud droplet
and decreased raindrop number concentrations. Consequently, a reduction in surface
precipitation and reduced longwave radiative surface cooling were observed. Nevertheless,
changes in cloud properties were mostly observed when ship particle number concentrations
were significantly increased and/or strongly depended on the aerosol particle properties.

Increased shipping activity in the Arctic may lead to further climate feedbacks, but
as demonstrated in this thesis, the magnitude of the induced changes strongly depends
on fuels and engines, and whether exhaust aftertreatment systems are utilized. Given
continuous changes in the shipping sector, it becomes challenging to predict how ship
exhaust emissions in the Arctic may evolve over the next decades. New regulations are
emerging, and the consequences should be studied as the Arctic is one of Earth’s most
pristine and sensitive regions, where increased shipping activity may lead to substantial
environmental impacts.

Keywords: Aerosol particles, mixed-phase clouds, ship emissions, Arctic, maritime reg-
ulations
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Sammanfattning
Arktis upplever en ökning av yttemperaturen som överstiger den som observerats på

lägre breddgrader. Detta orsakas av ett komplext system av återkopplingsmekanismer i det
arktiska klimatsystemet och kallas arktisk förstärkning. Stabila blandfasmoln (moln som
innehåller både is och vätska) täcker stora delar av den arktiska regionen och har därmed
en betydande inverkan på strålningsbalansen i Arktis. En konsekvens av den förstärkta
uppvärmningen är att utbredningen av havsis i Arktis har minskat under de senaste decen-
nierna. Med den snabba minskningen av havsisens utbredning förväntas sjöfartsaktiviteten
öka betydligt på grund av lättare tillgänglighet och tillgång till kortare transportrutter. Far-
tyg är också en betydande källa till luftföroreningar, bland annat växthusgaser, svaveloxider
(SOx) och partiklar (PM). Ökade lokala utsläpp av sådana föroreningar kan störa de arktiska
molnens naturliga tillstånd och därmed leda till ytterligare återkopplingar till klimatet.

Samtidigt med klimatförändringarna genomgår sjöfartssektorn regeländringar som
syftar till att minska avgasutsläppen av klimat- och hälsopåverkande ämnen. Utsläpp av
SOx och partiklar har starkt kopplats till tiotusentals förtida dödsfall världen över. Därför
har Internationella sjöfartsorganisationen (IMO) infört bestämmelser som syftar till att
minska utsläppen av SOx och indirekt av PM till atmosfären. Enligt IMO:s bestämmelser
måste fartyg antingen använda bränslen med reducerad svavelhalt (FSC) eller använda
efterbehandlingssystem för avgaser, t.ex. våtskrubbrar, i de fall där fartygen fortsätter att
använda bränslen med hög svavelhalt som inte uppfyller kraven. Både reducerad svavelhalt
och våtskrubbrar förändrar avgaspartiklarnas fysikalisk-kemiska egenskaper och kan därför
leda till återkopplingar på klimatet.

En serie laboratorieförsök med dieselmotorer utfördes för att karakterisera effek-
terna av reducerad svavelhalt och våtskrubbrar på avgaspartiklarnas fysikalisk-kemiska
egenskaper. Den sekundära effekten av val av efterlevnad på avgaspartiklarnas molnak-
tivitet, inklusive vätskedroppar och iskristallbildning, var ett särskilt fokus. Resultaten
från laboratorieexperimenten implementerades därefter i en molnupplösande large eddy
simulation modell, i ett försök att kvantifiera effekterna av ytterligare aerosolpartiklar från
fartyg på mikro- och makrofysikaliska egenskaper hos ett arktiskt blandfasmoln.

Resultaten som presenteras i denna studie illustrerar hur internationella bestämmelser
inom sjöfartssektorn kan leda till oväntade klimatåterkopplingar. Vi observerade att re-
ducerad svavelhalt och våtskrubbrar har motsatta effekter på avgaspartiklarnas förmåga
att bilda vätskedroppar i atmosfären. Dessa resultat stöds av observerade förändringar i
partiklarnas kemiska blandningsförhållanden. Dessutom konstaterar vi att våtskrubberns
inverkan på avgaspartiklarnas egenskaper varierar avsevärt mellan olika experiment och
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mellan olika marinmotorer. Användandet av våtskrubbrar kan leda till partikelutsläppspro-
filer som motverkar de avsedda syftena med IMO-förordningen. Detta kan få ytterligare
konsekvenser för hälso- och klimatrelaterade frågor.

Vår modellstudie visar att fartygsaerosol kan leda till ökade koncentrationer av
molndroppar och minskade antal regndroppar. Följaktligen observerades en minskning
av ytnederbörden och minskad långvågig radiativ ytkylning. Ändå observerades förän-
dringar i molnegenskaper mestadels när fartygspartikelantalskoncentrationerna ökade av-
sevärt och/eller berodde starkt på aerosolpartikelns egenskaper.

Ökad sjöfartsaktivitet i Arktis kan leda till ytterligare klimatåterkopplingar, men
som visas i denna avhandling beror storleken på de inducerade förändringarna starkt på
bränslen och motorer, och om efterbehandlingssystem för avgaser används. Med tanke
på de ständiga förändringarna inom sjöfartssektorn blir det en utmaning att förutsäga hur
fartygens avgasutsläpp i Arktis kan komma att utvecklas under de kommande årtiondena.
Nya bestämmelser är på väg och konsekvenserna bör studeras eftersom Arktis är en av
jordens mest orörda och känsliga regioner, där ökad sjöfartsaktivitet kan leda till betydande
miljöpåverkan.

Nyckelord: Aerosolpartiklar, blandfasmoln, fartygsutsläpp, Arktis, sjöfartsregler
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1
Background

1.1 Aerosol Particles, Clouds and their Impact on the Cli-
mate System

In the context of atmospheric science the term "aerosol particle" refers to particu-
late matter (PM) suspended in Earth’s atmosphere. Atmospheric aerosol particles can have
both natural and anthropogenic sources. Natural sources include, for example, wind-driven
suspension of salt particles from the ocean, dust particles from deserts and biological parti-
cles, such as spores, or secondary organic aerosol formed from gaseous precursors emitted
by different types of vegetation or human activity. Aerosol particles from anthropogenic
sources include combustion-related particles, such as black carbon (BC), also referred to
as soot, and sulfate particles formed from traffic- and industry-related SO2 emissions and
volcanoes. The size of these particles typically ranges from a few nm to several µm and
depends on how they were formed and emitted into the atmosphere. PM concentrations
have large spatial and temporal variability. In urban areas with a high density of anthro-
pogenic activity concentrations are generally much greater than in remote regions and show
distinct temporal patterns, with peak concentrations often around commuting hours. One
remote region with comparatively low particle concentrations is the Arctic, where number
concentrations are usually around or below a few hundred particles per cm3 and show
distinct seasonal variability linked to sea ice cover and biological activity.1 Nevertheless,
recent studies have shown that Arctic background aerosol concentrations are increasing
due to, for example, climate-driven changes in air mass transport2 and enhanced particle
formation from biological activity in the marine surface microlayer.3

Not only do aerosol particles have a substantial impact on local air quality and
thus, affect human health, they also play key role(s) in atmospheric processes and have
a substantial impact on Earth’s radiative budget and its climate.4 Aerosol particles are
necessary for cloud formation. At any given time, clouds cover about two-thirds of the
Earth’s surface and consist of liquid cloud droplets and/or ice crystals, depending on
atmospheric conditions. Cloud droplets, which generally have diameters of a few tens of

1
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volcanoes. The size of these particles typically ranges from a few nm to several µm and
depends on how they were formed and emitted into the atmosphere. PM concentrations
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necessary for cloud formation. At any given time, clouds cover about two-thirds of the
Earth’s surface and consist of liquid cloud droplets and/or ice crystals, depending on
atmospheric conditions. Cloud droplets, which generally have diameters of a few tens of
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µm, are formed when aerosol particles interact with surrounding water molecules in the
atmosphere and grow in size due to molecular adsorption. Aerosol particles that serve as
embryos for cloud droplets are also referred to as cloud condensation nuclei (CCN). Similar
to liquid droplet formation, the formation of ice crystals most often requires preexisting
aerosol particles or solution droplets. A particle can serve as an ice nucleating particle
(INP) at temperatures well below 0 ○C.

Both aerosol particles and clouds impact Earth’s radiative budget. Aerosol particles
are considered to be short-lived climate forcers, which are physically and chemically reac-
tive compounds with atmospheric lifetimes of typically less than two decades (for aerosol
particles typically on the order of a few days). In the atmosphere aerosol particles interact
with electromagnetic radiation, for example, by scattering, reflecting and/or absorbing in-
coming solar radiation. The interaction is determined by physicochemical properties that
determine whether the particles exert positive or negative radiative forcing and its magni-
tude. Collectively, aerosol particles have a net cooling effect (negative radiative forcing) on
Earth’s climate. However, this cooling is a sensitive balance between negative forcing by
brighter, more reflective particles, like sulfate, and darker, absorbing particles like soot.4

Clouds can also have cooling and warming effects on the climate system via inter-
actions with short- and long-wave radiation. The overall effect is determined by different
factors, such as the cloud altitude, its phase and optical properties. For example, high alti-
tude clouds tend to absorb outgoing, longwave radiation and re-emit it at lower temperatures
(energy), leading to a reduction in outgoing energy compared to clear sky conditions, which
creates a net warming effect. Low-level clouds, on the other hand, have a greater tendency
to reflect incoming solar radiation, preventing it from reaching Earth’s surface, which has a
net cooling effect. Globally averaged, clouds have a net cooling effect on climate, but since
the pre-industrial era contributions from human activities have been altering atmospheric
conditions, which also has implications for the climate effect of clouds. How clouds will
change in the future and what this implies for Earth’s climate system, is subject to major
uncertainties. Properties of clouds may change in different ways and a lot of processes are
locally constrained and thus not well resolved in global climate models. Projected changes
in general cloud properties include rising high-level cloud altitudes, which could enhance
their tendency to trap longwave radiation, and a general shift towards the liquid phase for
ice-containing clouds, making them optically thicker and hence, prone to reflect more solar
radiation.5 In a warm enough climate reduced low-level clouds over subtropical oceans
and land may lead to a positive radiative feedback.4,6

Aerosol particles and clouds also interact with each other. The observed increase in
aerosol concentrations since the pre-industrial era, has had effects on cloud properties and
thus, on the global radiative budget. Two major interaction pathways are often identified
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regarding the effects of increased aerosol particle concentrations on cloud properties.
Increased aerosol number concentrations will, in most cases, simultaneously lead to an
increase in CCN concentrations and thus, increase the number of cloud droplets (Nc).
If the liquid water content of a cloud remains constant, an increase in Nc will cause a
reduction in cloud drop effective radius (re), therefore increasing the cloud albedo and
have a cooling effect. This aerosol-cloud interaction process is also known as the Twomey
effect.7 Smaller cloud droplets may also suppress precipitation due to deceleration of
droplet coalescence and thus, increase the liquid water path (LWP; vertically integrated
total amount of liquid cloud water) and extend the cloud lifetime.4,8 According to the latest
IPCC report, aerosol-cloud interactions have a net cooling effect with a -1 W m−2 radiative
forcing. These interactions make up to 75-80% of the total aerosol effect on climate,
equivalent to an estimated cooling of ≈-0.5 ○C. This emphasizes why it is important
to improve our understanding of the underlying mechanisms and how changes in future
atmospheric aerosol concentrations may impact Earth’s climate system. Especially, since
worldwide air pollution policies will likely reduce total anthropogenic aerosol emissions
in the future, resulting in a diminished cooling effect.4

1.1.1 Cloud Condensation Nuclei and κ-Köhler Theory

In order to form atmospheric cloud droplets, the presence of solid or liquid aerosol
particles is required. A particle’s ability to bind water molecules, grow in size and form
a liquid droplet, is also referred to as hygroscopicity. Water molecules can condense or
deposit onto particle surfaces or be absorbed into the bulk of a solution droplet. The
relative humidity (RH) plays a crucial role in aerosol particle droplet formation. Without
the presence of CCN, liquid droplet formation would require unrealistically high super-
saturations (SS; RH > 100%) and would therefore not be possible.9 The SS required for
droplet growth activation strongly depends on the initial size and the physicochemical
properties of the CCN.10 For water-insoluble particles generally supersaturated conditions
are required to form liquid droplets. Once onset conditions for droplet formation are met,
water molecules will continue to condense onto particles and grow to be become cloud
droplets. This droplet growth process is known as droplet activation and the corresponding
SS required to activate particles into droplets, is referred to as the critical supersaturation
(SSc). When water vapor interacts with water-soluble particles, solution droplets already
form at subsaturated conditions (RH < 100%). This process is known as deliquescence and
the substance-specific relative humidity, at which a particle becomes a saturated solution
droplet, is referred to as the deliquescence relative humidity (DRH). Nevertheless, the sol-
vation process of water-soluble particles is generally initiated at RH <DRH. Deliquescence
is typically observed for salt particles, which are abundant in the atmosphere, especially in

3
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marine environments.9

The transition from a dry aerosol particle into a liquid droplet is described by the
Köhler equation that equates the saturation ratio (s), which is the ratio between the actual
vapor pressure of gas (p) and its saturation vapor pressure at a given temperature (p0), to a
function of droplet diameter (D),

s =
p
p0
= aw(D) ∗ K(D) . (1.1)

Note that s and SS are directly related,

SS = (s − 1) × 100% . (1.2)

Equation 1.1 consists of a water activity or Raoult’s term (aw) and a Kelvin term (K).
A majority of particles in the atmosphere contain soluble material such as salts. Once
condensation of water molecules occurs and a liquid phase is formed, soluble material will
dissolve and solute molecules will dissociate to form an ion containing aqueous solution.
At small droplet sizes, when the ionic concentration is relatively high, the ions promote
condensation of water molecules and lower the vapor pressure. This solute effect is
quantified as the aw term and is vital during the early stages of droplet activation. Once
the droplet grows in size due to further condensation of water molecules, the aqueous
solution becomes more dilute and hence, the solute effect becomes less dominant. The
water activity of a solution droplet can be approximated as

aw(D) = (1 +
6 jImsMw

MsρwπD3 )

−1

, (1.3)

where jI is the number of dissociation products, ms is the mass of the solute, Mw is the
molecular weight of water, Ms is the molecular weight of the solute and ρw is the density
of water.9,11

The second term of Equation 1.1, the Kelvin term, also known as the curvature effect,
describes how the vapor pressure over a curved interface differs from the vapor pressure of
the same substance over a flat surface, and for an atmospheric droplet is given by,

K(D) = exp(
4σs/aMw

RT ρwD
) , (1.4)

where σs/a is the surface tension at surface-air interface, R is the universal gas constant
and T is the temperature. It describes the relationship between the energy, necessary for
a molecule to transition from liquid phase to the gas phase, and the size- or curvature-
dependent surface tension of the liquid/air interface. The vapor pressure of a liquid surface
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is determined by the energy necessary to separate a molecule from the attractive forces
exerted by its neighbors and to bring it into the gas phase (evaporation). In a small droplet
with a curved surface, a molecule is less strongly bound to neighboring molecules than
on a flat surface. Given surrounding molecules exert less attractive forces, it is easier for
a molecule on a curved surface to escape into the vapor phase. As a result, the vapor
pressure over a convexly curved interface is greater than that over a planar surface. The
vapor pressure over a curved surface increases with decreasing D, i.e., as the curvature
increases with smaller droplet diameter.

Intercomparison of CCN activity for various aerosol particles across the literature can
be achieved by utilizing an alternative expression of aw , represented by the dimensionless
hygroscopicity parameter, κ. The κ-parameter was introduced by Petters and Kreidenweis 10

and is based on a modification of the Köhler equation, which relates aw to the fraction
between the volume of the dry aerosol particle and the droplet volume. κ describes the
water uptake of dry aerosol particles based on their physicochemical properties. According
to κ-Köhler theory the saturation ratio over an aqueous solution droplet (Equation 1.1) is
alternatively,

s(D) =
D3 − D3

p

D3 − D3
p(1 − κ)

exp(
4σs/aMw

RT ρwD
)

−1

, (1.5)

where Dp is the diameter of the dry particle.10 The second term in Equation 1.5 is identical
to Equation 1.4. The critical supersaturation, SSc , of a given dry particle diameter is equal
to the maximum of Equation 1.5. If the initial dry particle diameter is known and its cor-
responding SSc is experimentally determined, for example, by using a cloud condensation
nuclei counter (CCNc), one can alternatively, determine κ with the approximation,

κ =
4A3

27D3
pln2SSc

where A =
4σs/aMw

RT ρw
, (1.6)

which is valid for κ > 0.2, but holds for less hygroscopic particles (κ ≳ 0.001) with minor
numerical inaccuracies.10 The κ values of atmospherically relevant aerosol species strongly
depend on their chemical compositions. In general, soluble aerosol particles, such as salts
and certain acids, have the largest κ values. Atmospherically important salts include, for
example, NaCl and (NH4)2SO4 with κ values of 1.28 and 0.61, respectively. Sulfuric
acid, H2SO4, which is formed from combustion-related processes, has an estimated κ
value of 0.90.10 Less hygroscopic aerosol encountered in the atmosphere are, for example,
SOA and soot particles. Whereas SOA typically has κ values of ≤ 0.2, pure, insoluble,
carbonaceous soot particles are generally hydrophobic and require very high SS and are
therefore, rather poor CCN.12–14 Nevertheless, chemical processing and atmospheric aging
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of soot particles, which can increase the amount of water soluble material on the particle
surface, can significantly facilitate CCN activity. It has been shown that H2SO4 coatings
on soot particles lower SSc 12,13 and that soot particles, which are exposed to UV radiation
to simulate photochemical aging in the atmosphere, facilitate droplet formation. This is
postulated to occur due to condensation of photochemically formed SOA, which condenses
onto the soot, or due to oxidation of organic material already present in the particle phase.14

1.1.2 Ice Nucleating Particles

At temperatures below freezing, clouds can exist in the liquid and/or ice phase.
Atmospheric ice formation or nucleation can occur through different mechanisms which
often require the presence of aerosol particles. Homogeneous ice nucleation describes the
formation of ice from freezing of supercooled solution droplets without the presence of in-
soluble aerosol particles. Homogeneous freezing occurs at temperatures below ≈-38○C.15

Nevertheless, a large fraction of clouds in the atmosphere are mixed-phase clouds (MPC)
and exist at temperatures between -38○C and the melting point.16 At these temperatures,
other ice nucleation mechanisms are required to facilitate ice formation. Studies have found
that certain particles can initiate ice nucleation at temperatures well above homogeneous
freezing conditions. Insoluble or partially soluble particles, which facilitate ice formation,
are known as INP. Ice nucleation mechanisms which involve INP are referred to as hetero-
geneous ice nucleation, that are often described phenomenologically as different pathways
or modes.

Certain heterogeneous ice nucleation modes require the presence of supercooled
liquid, i.e., immersion freezing, condensation freezing and contact freezing. Immersion
freezing occurs when an aerosol particle is immersed in a droplet and subsequently freezes
at temperatures below 0○C. Likewise, condensation freezing describes an aerosol particle
initially acting as a CCN below the melting point of ice and subsequent droplet freez-
ing. Deposition freezing, on the other hand, describes the nucleation of ice, when water
molecules in supersaturated conditions deposit on an INP without forming bulk liquid. Ice
crystals can also form when a supercooled INP, upon contact with the air-water interface of
a liquid droplet, initiate freezing at temperatures below 0○C.17 Lastly, secondary ice forma-
tion processes, such as rime splintering, also known as the Hallett-Mossop process,18 have
been able to explain to some extent discrepancies between observed INP and ice crystal
number concentrations, which are often observed to be larger than those of INP.19

The physicochemical properties of aerosol particles are key in determining whether
or not a particle is an efficient INP. One important factor is the particle size, or more
precisely, the surface area of an aerosol particle. Larger particle surface areas, can increase
the probability that some site on the particle surface triggers ice formation and enhances
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kinetics governing intermolecular interactions. For mineral and desert dust, ice nucleation
above homogeneous freezing temperature (Thom ≳ −38○C) is mostly observed for larger,
supermicron particles. Nevertheless, at temperatures below -38○ C, dust particles can
form ice at relative humidities below liquid water saturation.20 Some primary biological
aerosol particles, or bioaerosol, such as bacteria and fungal spores, have been observed
to be efficient at nucleating ice, even enabling ice formation at temperatures greater than
-10○C.21 Carbonaceous soot particles, on the other hand, are rather poor ice nucleators.
Although, fresh soot particles have been reported to nucleate ice in the cirrus regime
between -40 and -50○C,22,23 at warmer temperatures, or in the mixed-phase cloud regime,
soot mostly nucleates ice close to liquid water saturation.24,25 The ability of soot particles to
form ice strongly depends on its physicochemical properties. Similar to the CCN activity of
soot, its ice nucleation behavior may significantly change when the particles are chemically
and physically altered. Several laboratory studies have shown both chemical treatment,
involving sulfuric acid and organics, and physical treatment improved soot particles’ ice
forming abilities compared to unprocessed soot.26–29

1.2 Maritime Shipping - A Source of Airborne Pollutants
In 2022 roughly 12 billion tons of freight were shipped via maritime trade, including

containerized cargo, gas and crude oil. The total world fleet, contributing to the trade,
is estimated to consist of nearly 105,000 ships.30 Despite rapid technological advances
in the general transport sector, the global shipping fleet has been aging, with the excep-
tion of bulk carriers. Uncertainties in future fuel costs and technologies, carbon prices,
maritime regulations and other technological developments, cause ship owners to delay
investments.30

Most ships utilize compression-ignition, i.e., diesel, engines for power generation.
Meaning the power is directly related to the chemical energy contained in the fuel. Conven-
tional marines fuels are produced from crude oil and consist of mixtures of hydrocarbons,
typically ≈86% carbon and ≈14% hydrogen (weight %), but also contain other elements
such as sulfur and metals.31 While a majority of the maritime fleet still operates on residual
fuel oils, byproduct(s) from the production of distillate fuels, other fuels such as low sulfur
distillate fuels, biodiesel, liquefied natural gas (LNG), methanol and ammonia are gaining
more traction as alternative fuels in the maritime shipping sector.30

During the diesel combustion process, a distillate or heated residual fuel oil is directly
injected and aerosolized into the engine cylinder at the end of the compression stroke.
High pressure and temperature conditions cause the air-fuel mixture to self-combust. The
combustion between the fuel hydrocarbons and O2 in the air releases energy, causing the
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air in the cylinder to expand and pushes the cylinder’s piston into motion, generating
mechanical power. Under stochiometric combustion conditions, the carbon in the fuel
reacts with O2 to produce H2O and CO2. Nevertheless, different factors, such as variations
in combustion conditions and in the chemical composition of the fuel, as well as fuel
impurities, generally lead to co-emission of combustion byproducts. Important byproducts
include nitrogen oxides (NOx; NO and NO2), PM, and a variety of hydrocarbons, including
polyaromatic hydrocarbons (PAH).31 Combinations of trace elements present in the fuel
and, when sufficient sulfur is present in the fuel, sulfur dioxide (SO2) can also be major
constituents of exhaust emissions.31

NOx is strongly linked to air pollution due to its potential for tropospheric ozone
(O3) and secondary organic aerosol formation.32 Similarly, SO2 can be partially converted
to SO3, which can react with water vapor to form sulfuric acid droplets31 and lead to
the formation of sulfate particles. PM emitted from diesel engines are often products
of incomplete hydrocarbon combustion and thermal decomposition. The hydrocarbons
undergo a series of physicochemical processes, resulting in the nucleation of carbonaceous
exhaust particles, which are often referred to as soot. These particles are initially formed
in the high temperature regions of the combustion flame and continue to grow as exhaust
cools and both, organic and inorganic species, such as SO2 and sulfuric acid, condense onto
the particles.31,33 The bulk of exhaust particle emissions consist of soot and sulfate, while
others, including mineral, ash, carbonaceous char and organic carbon particles, originating
from unburned fuel and lubrication oil, are often co-emitted.34,35 PM emissions from
ships are heavily influenced by a variety of parameters such as engine type and operating
conditions, lubricating oil as well as fuel type and composition.36,37

PM, SO2, NOx and other ship related exhaust emissions are strongly linked to air
pollution and can therefore have a substantial impact on human health, especially near
coastal areas or along major trade routes where a significant fraction of maritime shipping
occurs.38–40 Directly emitted primary or secondary particles, formed from emitted gaseous
precursors, can be inhaled by human beings and cause respiratory and cardiopulmonary
diseases.38 Studies have shown that worldwide, tens of thousands of premature deaths can
be attributed to shipping related exhaust emissions. Regions that are especially affected,
include Europe and East Asia, where high population densities coincide with large con-
tributions of ship-related PM concentrations. The high number of premature deaths are
not only attributed to direct inhalation of PM but also to enhanced ozone pollution which
is associated with NOx emissions.39 Moreover, shipping-related SO2 emissions and their
strong potential to form airborne particles, play a significant role in health-related issues.40

8

1.2 Maritime Shipping - A Source of Airborne Pollutants

1.2.1 Regulations In the Shipping Sector Targeting SOx Emission Reductions

The International Maritime Organization (IMO) is the United Nations agency re-
sponsible for safety and security of shipping and the prevention of pollution from ships.
In 1973, the IMO adopted the International Convention for the Prevention of Pollution
from Ships (MARPOL), which represents the legal framework addressing environmental
pollution from ship operation and accidents. Initially, MARPOL focused on oil spills
and leaks from ships, but over time protocols were adjusted and new regulations adopted,
incorporating various issues related to environmental pollution from shipping activity. In
1997 Annex VI was adopted and came into force in 2005. Annex VI was established to
prevent air pollution from ships. It sets limits on sulfur oxides (SOx) and NOx emissions,
and prohibits deliberate emissions of ozone depleting substances.41

To address issues of maritime air pollution and diminish the impact of ship exhaust
particle emissions on human health, the IMO has implemented international regulations
which aim to reduce ship exhaust emissions of SOx and thus, indirectly those of PM.
Principally, the IMO’s regulatory framework limits the sulfur content of marine fuels, and
therefore, mandates ship owners and operators to use higher-grade or alternative fuels with
reduced fuel sulfur content (FSC) or to use exhaust aftertreatment-systems such as wet
scrubbers, which are designed to remove SOx from exhaust.

1.2.1.1 Fuel Sulfur Content Reduction

Exhaust particle removal in maritime shipping by, for example, diesel particulate
filters is not as straightforward as in road traffic, due to on-board space limitations, additional
fuel consumption used for regeneration, particle removal efficiencies depending on fuel
types, the corrosive nature of sulfur-containing species and the lack of strict regulations
being in place. A way to indirectly limit PM emissions, is to reduce exhaust emissions
of SOx and thus, prevent formation of secondary sulfur-containing particles, which can
make up a large fraction of PM emissions from ships. Consequently, IMO regulations were
adopted that limit the maximum allowed FSC of marine fuels and distinguish between
FSC caps for global ship traffic and shipping in designated sulfur emission control areas
(SECA). Since January 2020 ships worldwide are not allowed to operate on marine fuels
with FSCs exceeding 0.5 wt % (from here on %). In SECAs, which include the Baltic and
North Sea area; designated coastal areas of the United States and Canada; and the United
States Caribbean Sea area, stricter rules apply. There, the FSC is limited to 0.1% and has
been since 2015.41 In 2025 the entire Mediterranean Sea will also become a SECA.42

While historically vessels have utilized sulfur-rich residual fuel oils, commonly
known as heavy fuel oil (HFO), they must now use low FSC or alternative fuels, which
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FSC caps for global ship traffic and shipping in designated sulfur emission control areas
(SECA). Since January 2020 ships worldwide are not allowed to operate on marine fuels
with FSCs exceeding 0.5 wt % (from here on %). In SECAs, which include the Baltic and
North Sea area; designated coastal areas of the United States and Canada; and the United
States Caribbean Sea area, stricter rules apply. There, the FSC is limited to 0.1% and has
been since 2015.41 In 2025 the entire Mediterranean Sea will also become a SECA.42

While historically vessels have utilized sulfur-rich residual fuel oils, commonly
known as heavy fuel oil (HFO), they must now use low FSC or alternative fuels, which
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1 Background

usually contain little to no sulfur, such as LNG, biofuels or methanol. The transition
towards higher grade or alternative fuels comes at an economic cost. The market price for
compliant fuels can be two to five times that of conventional fuels with higher FSC and are
often not economically viable for stakeholders within maritime shipping.30,43 As a result,
the transition towards alternative fuels is not as rapid as one would have hoped for and other
more economical options are sought. The global fleet of ships operating on alternative fuels
is slowly increasing. Yet, carriers have been reluctant towards associated investments due
to more looming environmental regulations, fuel prices and technological developments.30

More than 90% of the operational fleet is still utilizing conventional fuels. Nevertheless,
new orders show an increasing percentage of alternative fuel ship engines (16%), with LNG
being the most common alternative fuel type.43 An alternative that provides greater market
flexibility involves adapting marine vessels with dual-fuel systems. These systems are
already in place in most LNG and methanol fueled ships for safety and technical reasons,
and also offer increased flexibility in fuel utilization and enable swift adaptation to varying
circumstances.

Shifting towards higher grade fuels with lower FSC or alternative fuels, has indeed
led to a reduction in particle exhaust emissions from ships, as has been shown by several
recent studies. In the Baltic Sea, for example, Zetterdahl et al. 44 compared emissions
of two ships and measured exhaust particle mass reductions of about 67% but found no
significant reduction in number emissions upon introduction of the 2015 0.1% FSC cap.
On the other hand, Seppälä et al. 45 observed particle number reductions of around 32%
and a reduction in the geometric mean diameter of measured size distributions during ship
plume measurements in the Baltic Sea. Similarly, Yu et al. 46,47 reported a significant
reduction in particulate mass emissions due to much lower emissions of particulate sulfate
for ships utilizing fuels with FSC below 0.5% in Western Europe. A study conducted
around coastal areas of North America by Anastasopolos et al. 48 reported reductions of
particle mass concentrations by up to 37%, as well as reductions in PM-related vanadium
and nickel concentrations, caused by the introduction of the 0.1% FSC cap. While fuel
switching policies can lead to PM concentration reductions, they were also found to increase
emissions of volatile organic compounds (VOC), which can lead to enhanced secondary
aerosol formation and ground-level ozone pollution and thus, have other detrimental effects
on human health.49 IMO regulations associated with FSC reductions are estimated to
lead to a reduction of ship-related premature mortality and morbidity by 34% and 54%,
respectively, compared to business-as-usual scenarios, where FSC regulations are not in
place.50 Nevertheless, exhaust particle emissions from ships will remain a significant source
of anthropogenic PM,51 especially, in major port areas.52 Moreover, some alternative fuels,
such as LNG, are associated with other unwanted side-effects. With LNG, methane, which
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is a potent greenhouse gas, is often co-emitted into the atmosphere.53–55

1.2.1.2 Exhaust Wet Scrubbing

IMO regulations open alternative compliance pathways, which allow ships to operate
on cheaper residual fuel oils with FSCs exceeding global and SECA limits. These include
the use of exhaust aftertreatment systems which reduce SOx exhaust emissions, such as
wet scrubbers (WS). SOx emissions from ships typically consist of ≈95% SO2 with the
remaining ≈5% emitted as SO3.56 In a wet scrubber, exhaust gas is introduced into an
absorption section, where it is exposed to a mist, typically consisting of seawater droplets.
Reactions between SO2 in the exhaust and seawater can be summarized by SO2 solvation
and subsequent reactions in liquid water.56–58 Initially, SO2 is dissolved in water,

SO2(g) ��→←�� SO2(aq) , (1.7)

and subsequently, reacts with H2O and ionizes to form bisulfite (HSO –
3 ) and sulfite (SO 2–

3 )

SO2 +H2O��→←�� HSO −
3 +H+ , (1.8)

HSO −
3 ��→←�� SO 2−

3 +H+ . (1.9)

When the oxygen content in the seawater is high enough, SO 2–
3 will be further oxidized

to sulfate, SO 2–
4 ,

SO 2−
3 +

1
2

O2 ��→ SO 2−
4 . (1.10)

Similarly, when gaseous SO3 is absorbed into the aqueous phase, it will produce bisulfate
(HSO –

4 ), and sulfate ions (SO 2–
4 ),

SO3(g) +H2O(aq) ��→←�� HSO −
4 +H+ , (1.11)

HSO −
4 ��→←�� SO 2−

4 +H+ . (1.12)

Reactions 1.8, 1.9, 1.11 and 1.12 generate excess H+ ions, that are neutralized by the
buffer capacity of the scrubbing water, which is determined by its alkalinity. Alkaline
species, which are naturally present in seawater, include carbonate (CO 2–

3 ) and bicarbonate
(HCO –

3 ). Thus, the neutralization can proceed as,

HCO −
3 +H+ ��→ CO2 +H2O , and/or (1.13)

CO 2−
3 + 2 H+ ��→ CO2 +H2O . (1.14)
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1 Background

Before exiting a wet scrubber and being emitted into the atmosphere, scrubbed
exhaust gas is passed through a section containing demisters, to remove droplets and
prevent subsequent emission into the atmosphere. Wet scrubbing technologies are broadly
classified as open- and closed-loop systems. Open-loop scrubbers use seawater as scrubbing
liquid and utilize its natural alkalinity and salinity to bind SOx in the exhaust. In open-loop
systems seawater is directly pumped into the wet scrubber and sprayed into the exhaust
gas. Afterwards it can be stored and chemically treated before being released back into
the sea.59 The IMO Exhaust Gas Cleaning System Guidelines60 outline quality criteria
for wet scrubber wash-/discharge water. These state that the pH value should be ≥6.5,
that the concentrations of PAHs should not exceed 50 µg L−1 and that the turbidity, which
is a proxy for suspended particulate matter, should be ≤25 NTU (nephlometric turbidity
units). 60 Because the alkalinity and salinity of seawater depends on location, open-loop
wet scrubbing efficiency can vary as a ship travels. In areas where the salinity and thus,
the abundance of ions, that bind SO2 and SO3, is relatively low, open-loop scrubbing
may prove to be inefficient. Such areas include coastal regions where seawater blends
with the outflow of rivers to form brackish water or, for example, the Baltic Sea.56 In
these instances, better results can be achieved by utilizing closed-loop scrubbing systems.
For closed-loop systems seawater is replaced by freshwater with added sodium hydroxide
(NaOH) as a scrubbing agent. The NaOH increases the SOx uptake of the freshwater. In
contrast to open-loop systems, the washwater is not discharged into the sea but instead
is transferred into processing tanks, where it is cleaned, and eventually recirculated into
the wet scrubber. Only small amounts of treated washwater are discharged into the sea
to prevent accumulation of sodium sulfate crystal precipitate in the water, which reduces
scrubbing efficiency.59 Wet scrubbing, in general, has gained negative attention over the
past years due to environmental concerns. One focus point is the potential hazardous impact
of the washwater on marine lifeforms and ecosystems. A number of studies have shown
that while, washwater quality criteria exist, open-loop scrubbing can lead to concentrated
emissions of PAHs and metals and introduce new contaminants, such as chromium, into the
marine environment.61,62 Due to environmental concerns, open-loop scrubbing and related
washwater discharges have therefore been banned or restricted by a number of countries,
including many major ports.63 Thus, closed-loop scrubbers pose an attractive alternative
for ships operating in waters of low alkalinity and/or where they face regulatory constraints.
Hybrid-mode scrubbers, which allow switching between open- and closed-loop scrubbing,
provide flexibility for ship operators but are also more complex in their design.59 Today,
around 5,000 ships are equipped with wet scrubbers, which represents ≈4.8% of the global
fleet. The largest fraction of ships with wet scrubbers are bulk carriers and container ships.
Moreover, around 82% of wet scrubbers continue to be open-loop systems.43
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Particulate matter removal efficiency is another concern, which is indirectly a goal
of the IMO emissions regulations. Recent studies that quantify exhaust particle removal
efficiency by wet scrubbing, yield varying results. Large particle emissions reductions
were observed by Fridell and Salo 64 and Winnes et al. 65 Fridell and Salo 64 found total
particle number concentrations to decrease by approximately 92% after a scrubber. Winnes
et al. 65 observed wet scrubbing to significantly reduce total number emissions but found
no clear reduction in the solid fraction of PM. Other studies have only shown moderate
reductions in total particle number concentrations53 or only found exhaust particle removal
to be efficient for particle sizes above 1 µm.66 Moderate reductions were also observed
by Yang et al., 67 who reported particulate matter below 2.5 µm to be reduced by about
10% but found sulfate particles to be more or less unaffected. More recently, studies
investigating the implementation of a wet electrostatic precipitator after a scrubber, were
able to efficiently remove up to 98% of particulate matter from marine engine exhaust.68,69

Wet scrubbing has also been shown to affect the size, mixing state and chemical
composition of particles. In Jeong et al., 68 the authors report that the dominant sulfate
particle mode shifts towards larger sizes upon scrubbing and concluded, that the shift was
caused by particle coagulation. Lieke et al. 70 found mixing state and chemical composition
to be significantly impacted. They reported that the relative abundance of sulfate and
salt in the particulate phase increased, whereas the abundance of soot decreased, after
scrubbing.70 Shifts in particle size distributions and changes to their respective mixing
states can have important implications for atmospheric processes such as cloud formation.

1.2.2 Climate Impact of Shipping Emissions

Exhaust emissions from ships affect the climate system in a variety of ways. As a
country, the shipping sector would rank eighth among the largest sovereign greenhouse gas
emitters.71 During the 2022 COP27 United Nations Climate Change conference several
countries and stakeholders accepted the Green Shipping Challenge (GSC), whose goal is
to significantly reduce carbon emissions from ships and to reach net-zero emissions by
2050.71 This sparked the IMO to adopt the 2023 IMO GHG Strategy in July 2023 that aims
to reduce GHG emissions from ships as outlined by the GSC.72 At COP28 in December
2023, a second GSC event was hosted and included implementation of IMO’s 2023 GHG
Strategy for developing countries and new private commitments.71 That said, as shown
in Section 1.2, ships emit a variety of substances to the atmosphere, with impacts that
are much more complicated than simple greenhouse forcing. The heterogeneity of air
exhaust emissions, makes it challenging to quantify the overall climate impact of shipping.
Aerosol particles can contribute to radiative forcing due to direct and indirect processes and
their net impact depends on their physicochemical properties, including particle size and
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1 Background

chemical composition (see also Section 1.1). Whereas sulfate particles scatter shortwave
radiation and thus, lead to radiative cooling, soot particles lead to net warming due to
absorption. Moreover, sulfate and soot particles, which are major constituents of ship
exhaust emissions, possess different abilities to interact with clouds (Section 1.1.1).

Ship particulate emissions interact with atmospheric processes in a variety of ways.
A prominent effect of ship aerosol-cloud interactions, is the formation of ship tracks,
which are long-lived, linear marine stratiform cloud formations with increased albedo
that are visible in satellite imagery.73,74 Major factors that contribute to the occurrence
and intensity of ship tracks’ formation is the amount of water soluble material in the
particle phase, the size of the emitted exhaust particles and the aerosol particle background
state.73–75 Often, the brightest ship tracks are observed during cleaner conditions, when
the level of background ambient aerosol particles is low.73,75

Studies that attempt to quantify the overall impact of ship exhaust emissions on the
radiative budget, generally find them to have a net cooling effect and highlight the impor-
tance of SO2 and sulfate aerosol emissions, which generally outweigh the warming effects
of CO2 and soot emissions.76–79 While sulfate aerosol itself has a cooling effect, the most
significant contributor to the net negative radiative effect are aerosol-cloud interactions.
These correspond to up to 39% of the total indirect effect of anthropogenic aerosols.76 In
fact, projections for 2050 were estimated to cause a net cooling and a change in global-mean
temperature of up to -0.33○C, despite implementation of IMO FSC regulations.78 While
most studies agree on the overall near-term cooling effect of ship exhaust emissions, some
stress that atmospheric lifetimes77 and emission reduction policies77,79 must also be taken
into account, and that these may alter the net long-term radiative effect.

Given the importance of ship sulfate aerosol particles acting as cloud seeds and
the impact of SOx emission reduction policies, it is of importance to investigate, how
related compliance measures secondarily influence clouds and climate. Reductions in
CCN emissions when switching to lower FSC fuels have been observed, which is attributed
to emissions of comparatively smaller particles and a reduction in the more hygroscopic
particle fraction.46,47,80 The global 0.5% FSC limit has resulted in reduced observations
of ship tracks and subsequently, was estimated to reduce the climate cooling effect from
emitted aerosol particles.81–83 Investigations cite sulfate aerosol as the dominant component
governing the net radiative impact of shipping emissions. The detection of ship tracks also
depends on the aerosol background state. Higher background aerosol concentrations can
blur the impact of the additional ship aerosol, thus making their detection more problematic,
which can lead to an underestimate of the indirect radiative effect.81,83,84 Diamond 85 found
a decrease in cloud brightening after implementation of the 2020 FSC cap, resulting in
reduced indirect radiative forcing within a major shipping corridor in the southeastern
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Atlantic. It has also been shown that the magnitude of SOx emission reductions can be
substantially larger compared to detectable corresponding ship-track frequencies, adding to
the uncertainty regarding underlying processes.83 In light of uncertainties regarding future
fuel type usage and possible future marine regulations, investigating ship aerosol-cloud
interactions and aiming to assess their climatic impact, remains an important task.

1.3 The Arctic
The Arctic does not have strict geographical boundaries, yet, it is often defined as

the region north of the Arctic Circle, i.e., 66.5○N. Arctic climate is characterized by a low
thermal energy state and strong couplings between the land, ocean and atmosphere. The
Arctic Ocean occupies most of the area north of the Arctic Circle. One of its striking
geographical features, is its direct connection to both, the Pacific Ocean through the Bering
Strait and its link to the North Atlantic Ocean through the seas surrounding Greenland and
Norway. The ocean’s surface is characterized by a thin veneer of floating sea ice, which is
strongly coupled with the atmosphere’s energy budget and circulation, the energy budget
at Earth’s surface and the hydrologic budget. The year to year areal extent of sea ice cover
ranges on average from ≈15 million km2 in March to ≈8 million km2 in September. A
majority of Arctic land and the sea ice surface is covered by snow for at least 6 to 8 months of
the year, which has implications for the surface energy balance. Snow has a relatively high
albedo, typically between 0.8 and 0.9 for fresh snow, an insulating effect on underlying land
and sea ice surfaces, and a capability to store precipitation over terrestrial regions. Surface
air temperatures over the Arctic Ocean are subject to large spatial variability. Whereas
January temperatures over the central part of the Arctic ocean reach values between -25○C
and -32○C, temperatures around the seas of Iceland stay near 0○C during the same period,
owing to strong couplings between atmosphere of oceanic circulation. During the summer
months temperatures over snow-free land typically reach values between 10○C to 20○C.
Over the Arctic Ocean a substantial amount of solar radiation is used to melt ice and thus,
air surface temperatures are close to the freezing point.86

Clouds play an important role in the Arctic climate system, as cloud cover usually
ranges between 60% and 80% for the summer and winter months respectively. As described
in Section 1.1, clouds have the ability to reflect incoming solar radiation and to trap and
re-emit longwave radiation. The latter is an important process during the polar nights,
when solar radiation becomes insignificant. Thus, the magnitude of cloud-induced cooling
and warming on surface air temperatures is strongly coupled to the respective seasons.87,88

A large fraction of Arctic clouds are low-level stratus mixed-phase clouds, consisting of
both supercooled liquid droplets and ice crystals.86,89 In comparison to MPCs encountered
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January temperatures over the central part of the Arctic ocean reach values between -25○C
and -32○C, temperatures around the seas of Iceland stay near 0○C during the same period,
owing to strong couplings between atmosphere of oceanic circulation. During the summer
months temperatures over snow-free land typically reach values between 10○C to 20○C.
Over the Arctic Ocean a substantial amount of solar radiation is used to melt ice and thus,
air surface temperatures are close to the freezing point.86

Clouds play an important role in the Arctic climate system, as cloud cover usually
ranges between 60% and 80% for the summer and winter months respectively. As described
in Section 1.1, clouds have the ability to reflect incoming solar radiation and to trap and
re-emit longwave radiation. The latter is an important process during the polar nights,
when solar radiation becomes insignificant. Thus, the magnitude of cloud-induced cooling
and warming on surface air temperatures is strongly coupled to the respective seasons.87,88

A large fraction of Arctic clouds are low-level stratus mixed-phase clouds, consisting of
both supercooled liquid droplets and ice crystals.86,89 In comparison to MPCs encountered
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at lower latitudes, Arctic MPCs can persist for several days.89 The longevity of these clouds
is remarkable given that the co-existence of supercooled liquid droplets and ice crystals
is thermodynamically unstable. Generally, at subfreezing temperatures the mixed-phase
state is driven towards the ice phase. This is due to the lower equilibrium saturation
vapor pressure of H2O vapor over ice compared to over liquid water. As a result, ice
crystals grow at the expense of liquid droplets. This glaciation process is also referred to
as the Wegener-Bergeron-Findeisen process, which can transform MPCs into ice clouds
within the span of a few hours. The reason for the persistence of Arctic MPCs is a
complex feedback of interlinked dynamical and microphysical processes. Those include
cloud-top radiative cooling driven by supercooled droplets, which produces turbulence and
maintains the cloud layer in a well-mixed state, the cloud leading to enhanced radiative
surface heating, which increases vertical moisture fluxes, and resupply of water vapor
via sublimation of precipitating ice.90,91 Certain cloud structures are sustained, where
supercooled liquid droplets are encountered in the top part of the cloud and hydrometeors
related to the ice-phase are concentrated near the cloud bottom.90

Anthropogenic activity and associated climate warming are impacting the Arctic
substantially. Climate projections and observations over the past decades show enhanced
warming rates in the Arctic region compared to the global average. These temperature
trends will have significant impacts on ecosystems, the cryosphere and further amplify
effects on the Arctic climate system.

1.3.1 Arctic Amplification and Decline in Sea-Ice Extent

The northern polar region has been experiencing a warming rate of about 1.36○C
per century between 1875 and 2008. That rate is almost twice the northern hemisphere
average. Moreover, amplified temperature anomalies are observed in recent decades.92

The elevated warming rates are strongly linked to radiative greenhouse gas forcing and
reductions in sea-ice cover and thickness, which has pronounced surface air temperature
warming effects during autumn and winter.93 Projections in the latest IPCC report show
that by the end of 21st century the Arctic will on average warm by at least 3○C compared
to a period from 1995 to 2014,4 which is more than the projected global average. This
phenomenon of enhanced Arctic warming as a response to radiative forcing is also known
as Arctic Amplification (AA) and is an emergent feature displayed in most climate model
projections.4

Arctic Amplification is characterized by a complex web of local and regional process
interactions within the cryo-, hydro- and atmosphere under greenhouse gas forcing. One
of the most prominent impacts of AA is undoubtedly the continuous decline in Arctic
sea-ice extent and thickness. The Fifth Assessment Report by the IPCC stated that annual

16

1.3 The Arctic

mean Arctic sea-ice extent decreased by up to 4.1% per decade between 1979 and 2012,
with summer sea-ice extent being reduced by as much as 13.6%.94 The most amplified
Arctic warming is generally observed during winter months, when heat fluxes from the
ocean warm the near surface air. This warming can be further enhanced by the presence
of low-level clouds, which trap outgoing longwave radiation.

While a lot of processes governing the effects of AA are locally constrained to
the Arctic, others can occur on much larger spatial scales, such as changes in poleward
atmospheric and oceanic heat transport due to greenhouse gas forcing. The ice-albedo
effect describes how enhanced ice and snow melting exposes surfaces with lower albedo(s),
which absorb more radiation and thus, enhance surface warming. Over land, this process
is straightforward, i.e., enhanced warming leads to earlier melt onsets and therefore darker
surfaces are exposed earlier in the year. This leads to increased absorption of solar radiation
and thus, to a warmer surface and surface air temperatures, further amplifying melting.
Higher temperatures also extend and intensify sea-ice melt seasons, exposing larger areas
of comparatively dark ocean surface. This leads to an increase in Arctic ocean surface
warming, but contrary to land surfaces, a significant portion of the absorbed energy is
used for further ice melting and added sensible heat flux into the upper layer of the ocean,
thus reducing the feedback on air temperature over the ocean.95 An increase in open ocean
surfaces does result in increased abundance of atmospheric moisture and cloud cover which
influences downwelling longwave radiation. Clouds in the Arctic form at low altitudes and
co-vary with the underlying sea ice cover.4 While low-level clouds typically have a cooling
effect due to reflection of incoming shortwave radiation, in the Arctic they tend to augment
the re-emission of longwave radiation to the surface and therefore, for most of the year have
a warming effect.87,88,95 It has been shown that the intensified and extended sea ice melting
periods can lead to an increase in low-level cloud formation during early fall, which can
be linked to enhanced warming during the latter parts of the year.96 Nevertheless, it has
been found that while cloud-sea-ice feedback has a warming effect, it is of low magnitude
compared to the surface albedo effect.97,98 Schmale et al. 99 highlight how the impacts of
AA most likely affect the abundance and composition of Arctic aerosol particles, which
may alter cloud properties and therefore, impact cloud optical properties, precipitation and
lifetimes.

The complexity of interacting feedback processes make projections of the magnitude
of AA challenging and there is larger variability and uncertainty compared with global
and tropical warming, which are mostly dominated by cloud feedbacks. Furthermore,
many polar feedbacks are coupled to warming processes at lower latitudes, which them-
selves are influenced by other regional processes, increasing the uncertainty in future AA
projections.4
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1.4 Increased Shipping Activity in the Arctic

With the ongoing climatic changes observed in the Arctic, it is projected that the
natural background state will drastically change, most notably caused by projected reduc-
tions in snow and ice cover. These changes will also affect the natural background state of
Arctic aerosol particles. As the Arctic generally has low ambient aerosol concentrations
deprived of CCN and therefore, relatively small perturbations in this natural state may
induce significant changes in cloud formation and properties.100 A decline in Arctic sea
ice extent is associated with an increase in sea spray aerosol, increased microbial activity
in the sea surface microlayer, leading to enhanced emissions of VOCs, dimethyl sulfide
and bioaerosols, which lead to enhanced new particle formation.3 Additionally, local an-
thropogenic aerosol emissions are projected to increase, due to increased socioeconomic
activities.99

One anthropogenic activity, that has been gaining a substantial amount of attention
from the scientific community for its projected impact on the Arctic climate system,
is the likely increase in Arctic shipping activity. The reduction in sea ice extent and
thickness increases ships’ access to the Arctic, yielding opportunities for establishing new
and shorter trading routes, for exploration and extraction of natural resources and provides
easier accessibility for tourist travel. As an example, the Northern Sea Route, which follows
the Northern coast line of the Eurasian continent, is projected to increase its navigation
season by 80 to 90 days per year (previously 20 to 30 days), and for marine vessels with
ice-breaking capabilities by approximately 150 days, by 2080.101 Shorter transportation
routes yield large economic benefits, because such routes reduce fuel consumption and
save time. Although, there exists some ambiguity as to whether Arctic shipping routes are
economically feasible for stakeholders compared to more traditional trade routes via the
Suez and Panama Canal.102 Nonetheless, even short time periods of ice-free Arctic Ocean
conditions would likely yield significant traffic increases.

Increased Arctic shipping may result in a variety of socioeconomic and environmental
challenges which need to be addressed. These include, for example, uncertainties about
sovereignty over shipping routes and natural resources, growing conflicts between users of
the relatively narrow waterways and a potential increase in number of shipping accidents
due to challenging navigation in Arctic seas. In other words, more risk for oil spills and other
environmental catastrophes related to shipping accidents.101 A recent study has shown how
sea-ice reduction also leads to increased sea fog frequency along projected Arctic shipping
routes, which could impact navigational safety and cause significant delays.103 Therefore,
international regulations should focus on improving marine safety and protection of the
environment in the near-future.101
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1.4 Increased Shipping Activity in the Arctic

Ship emissions of climate forcers related to Arctic transit shipping and shipping
activity related to gas and oil production, are projected to increase to varying degrees until
mid century.104–106 It is obvious that the uncertainty envelope of emission factors predicted
for Arctic shipping strongly depends on the methodological approaches and emission
databases used for the projections. Nevertheless, shipping activity is universally anticipated
to increase substantially until the mid-century. The spread in estimates is highlighted in a
review by Theocharis et al. 107 Moreover, projections suggest that international regulations,
that aim to reduce emissions of short-lived climate forcers, may be counteracted by the
general growth in shipping volume. And this will likely, in fact, lead to significantly
enhanced emissions of soot and other pollutants by the year 2050.105

Projecting the volume of future Arctic shipping activity is difficult in the context
of prevailing uncertainties in climate-relevant processes, such as the extent and decrease
in Arctic sea ice cover. Moreover, global and Arctic-related socioeconomic issues, as
well as on-going developments in the maritime shipping sector, including developments in
propulsion technologies, will further increase uncertainties in future projections.

1.4.1 Climate Impact of Shipping in the Arctic

While Arctic shipping activity bears a lot of potential socioeconomic and environ-
mental risks, in terms of climatic impacts, researchers often highlight two key processes.
The first, is deposition of black carbon onto snow and ice surfaces. Due to the hydrophobic
nature of soot, it mostly contributes to climate forcing by absorbing shortwave radiation,
both in the atmosphere but also, once deposited onto surfaces, on land. Research indicates
soot emitted from anthropogenic sources in the Arctic, including ships, when deposited
onto snow and ice, contributes to reductions of surface albedo and subsequently, enhances
melting and amplifies surface warming.108 It is believed that while ship exhaust soot de-
position will contribute to some extent to regional warming, its effect is, to first order, very
regionally dependent and also quite small in magnitude compared to other soot sources,
which are transported to the Arctic from lower latitudes.109 Namazi et al. estimated a
radiative forcing of 0.45 W m−2 for black carbon deposition on snow in the Arctic.110

How ship aerosol will influence Arctic mixed-phase clouds in the future is still
subject to significant uncertainty. Studies have found that the magnitude of the effect
depends on emissions scenarios, mixed-phase cloud background state and how it might
change in the future, and also the methods used to investigate these processes. Ship
aerosol pollution may cause cloud phase to shift towards the ice phase, which has been
shown to reduce precipitation and increase cloud albedo.111,112 Possner et al. 112 also
found significant increases in LWP when emitted ship CCN exceeded concentrations of
1000 cm−3. Simultaneously, these changes were found to be of much smaller magnitude
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than similar aerosol perturbations in warmer, liquid phase clouds. Yet, these studies do
not provide a conclusive picture, as to whether ship aerosol perturbations are sufficient
to affect radiative cooling or heating, or to affect overall Arctic warming rates.111,112

While the aforementioned studies were performed using satellite data111 and a large-eddy
simulation (LES) model,112 Gilgen et al. 113 used a global model and found ship aerosol
perturbations to only significantly affect cloud properties, when exaggerated future Arctic
ship emission inventories are used. Similar, to the aforementioned studies, the effect
of increased shipping emissions was much more pronounced in liquid phase clouds. In
contrast, Stephenson et al. 114 found trans-Arctic shipping to be able to slow down Arctic
warming and calculated a shipping-induced cooling of about 1○C. It is, however, important
to note, that the authors of the latter study did not take current IMO FSC regulations into
account in their model, which has significant implications for hygroscopicities of emitted
PM and gaseous compounds.114 Another important aspect that should be considered, is
that not only will aerosol emissions change in the Arctic, but also the background state of
Arctic (mixed-phase) clouds. Changes in atmospheric conditions caused by the enhanced
Arctic warming rates, will ultimately affect the radiative properties of Arctic clouds.115

Whereas the aerosol effect of ship emissions on Arctic mixed-phase clouds may offset
to some extent surface warming during the summer, it is unlikely that it will counteract
warming rates over the span of a full year.111,112,115

In order to reduce black carbon emissions from ships in the Arctic and mitigate
environmental impacts, the IMO has adapted regulations, which particularly address Arctic
shipping. One of those regulations prohibits carriers and ship owners from utilizing marine
fuels which exceed densities and kinematic viscosities of 900 kg m−3 and 150 mm2 s−1

respectively.116 This regulation will most likely have a significant impact on the fuel
types used in Arctic shipping and therefore, impact the physicochemical state of exhaust
emissions, which adds to the uncertainty envelope when quantifying the climatic impact
of ship emissions in the Arctic.
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2
Thesis Motivation and Outline

The objectives of this thesis are to enhance understanding as to how increased
ship emissions can lead to further climatic feedbacks in the Arctic, taking into account
international maritime fuel policies, that affect properties of exhaust particle emissions.

Laboratory engine experiments presented in this study (Paper I, 117 Paper II118 and
Paper III), contextualize recent changes in the shipping sector with respect to marine fuel
regulations that aim to reduce emissions of SOx and indirectly, those of PM.41 Here, we
focus on two possible pathways to comply with regulations, FSC reduction and exhaust wet
scrubbing. The aim of the laboratory results was to investigate the impact of compliance
measures on physicochemical properties of exhaust particles and their influence on the
particles’ cloud activity. Several engine measurement campaigns were conducted using
different fuel types and a laboratory wet scrubber. Results from the experiments are not
only useful to improve our understanding as to how maritime policies may affect exhaust
particle properties and what this implies for health- and climate-related issues, but they are
also essential to perform simulation studies on how ship exhaust emissions affect Arctic
mixed-phase cloud properties. Individual goals of these laboratory experiments were:

1. How do fuel sulfur content reduction and exhaust wet scrubbing impact the physico-
chemical properties of exhaust particles, including particle size distributions, particle
densities and chemical mixing states? (Paper I to Paper III)

2. How is the cloud activity of the exhaust particles, i.e., their ability to form liquid
droplets and ice crystals, affected by compliance pathways? (Paper II and Paper
III)

3. Quantify exhaust particle and CCN emissions from test engines. What does this
imply for human health and climate? (Paper I to Paper III)

One way that ship activity might impact the Arctic climate is via aerosol-cloud in-
teractions, i.e., ship exhaust particle emissions change the properties of Arctic clouds and
consequently, affect the radiative budget. Having characterized the effects of FSC reduction
and exhaust wet scrubbing on the properties of exhaust particles in laboratory experiments,
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results have been implemented into a cloud-resolving model (Paper IV). Using the MIM-
ICA LES model, an Arctic mixed-phase cloud, which was based on observations from an
Arctic field campaign, is simulated and used as a reference case.119,120 The reference case
was subsequently perturbed by adding aerosol data based on Papers I to III and impacts on
cloud properties were studied. The aims of the LES study (Paper IV) are:

1. Characterization of the Arctic mixed-phase cloud simulation, which is used as a
reference case to ship perturbation experiments.

2. How can results from Paper I to III be synthesized and implemented into the MIMICA
LES model?

3. What is the impact of ship aerosol perturbations on the micro- (distribution of
hydrometeors) and macrophysical cloud properties (cloud albedo, precipitation and
net surface radiation)?

4. How do the observations vary with ship exhaust particle properties (particle size,
hygroscopicity etc.) and what does this imply for future Arctic shipping emissions?
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3
Methods

3.1 Laboratory Engine Experiments
Laboratory studies presented in Paper I, II and III were based on three measurement

campaigns conducted at two different laboratories using different engines and fuels. The
following sections describe instrumentation and setups used during the campaigns and
highlight key differences. A schematic experimental setup is illustrated in Figure 3.1,
which is based on measurements from Paper III and shows the various instruments used
during the campaigns.
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Figure 3.1: Schematic of a typical test-bed engine experiment setup. Experiments reported in
Paper I excluded the CCNc, PINCii, STXM and EDXRF analysis techniques (see Figure 1, Paper I).
Experiments reported in Paper II excluded the AAC, PINCii and EDXRF instruments (see Figure 1,
Paper II). Reproduced from Paper III.
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2 Thesis Motivation and Outline

results have been implemented into a cloud-resolving model (Paper IV). Using the MIM-
ICA LES model, an Arctic mixed-phase cloud, which was based on observations from an
Arctic field campaign, is simulated and used as a reference case.119,120 The reference case
was subsequently perturbed by adding aerosol data based on Papers I to III and impacts on
cloud properties were studied. The aims of the LES study (Paper IV) are:

1. Characterization of the Arctic mixed-phase cloud simulation, which is used as a
reference case to ship perturbation experiments.

2. How can results from Paper I to III be synthesized and implemented into the MIMICA
LES model?

3. What is the impact of ship aerosol perturbations on the micro- (distribution of
hydrometeors) and macrophysical cloud properties (cloud albedo, precipitation and
net surface radiation)?

4. How do the observations vary with ship exhaust particle properties (particle size,
hygroscopicity etc.) and what does this imply for future Arctic shipping emissions?
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Methods

3.1 Laboratory Engine Experiments
Laboratory studies presented in Paper I, II and III were based on three measurement

campaigns conducted at two different laboratories using different engines and fuels. The
following sections describe instrumentation and setups used during the campaigns and
highlight key differences. A schematic experimental setup is illustrated in Figure 3.1,
which is based on measurements from Paper III and shows the various instruments used
during the campaigns.
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Paper II). Reproduced from Paper III.
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3 Methods

3.1.1 Engines, Fuels and the Model Wet Scrubber

Paper I and II are based on measurement campaigns performed between May 2019
and June 2020 at the Chalmers University of Technology’s Marine Engine Laboratory in
Gothenburg, Sweden. The lab features a turbocharged Volvo Penta D3-110 marine diesel
test-bed engine, employing a four-stroke design with five cylinders and a common rail fuel
injection system. It can achieve a peak crankshaft power of 81 kW, capable of reaching
3000 rpm. During measurements, the engine ran at a 32% load, determined by operational
speed and torque. Notably, cruising and ocean-bound vessels often demand loads exceeding
60%, while coastal, port, and ice-affected ship operations commonly handle loads as low
as 30%.121

For Paper III, measurements were conducted between May and June 2022 at Chalmers
University of Technology in Gothenburg, Sweden. This study utilized a Volvo D13K540
Euro 6 common rail diesel engine, featuring six cylinders with a 131 mm bore and 158
mm stroke. Experimental operations were maintained at 1200 rpm, yielding peak torque
of 2600 Nm and a maximum power output of 349 kW. To simulate various ship operational
scenarios and explore engine load’s impact on particle exhaust emissions, we conducted
measurements at three distinct load points: 50% (≈168 kW) and 70% (≈245 kW) rep-
resenting cruising conditions, and 25% (≈85 kW) simulating maneuvering, such as port
operations. Engine loads were determined based on the ratios between measured torque at
1200 rpm and maximum torque.

To study the effects of IMO FSC regulations on ship exhaust particulate emissions a
variety of fuels were used. In Paper I and II, heavy gas oil (HGO), a marine distillate fuel
with a FSC of 0.86%, served as a proxy for fuels that do not meet IMO FSC compliance
(global and SECA). Two low FSC fuels (≤ 0.03%) were used during the same experiments.
Both Marine gas oil (MGO) and hydrotreated vegetable oil (HVO) are compliant with IMO
FSC regulations on global and SECA levels. Marine gas oil is widely used in shipping
for medium- and high-speed engines and HVO is a biodiesel, which has the lowest density
and aromatic content of the three tested fuels. For Paper III, two fuels were used which
correspond to HGO and MGO of the previous campaigns. To avoid confusion, fuels
are named differently between campaigns. Here, the baseline case (no compliance) is a
marine distillate fuel with a FSC of 0.63% (HiS). The compliant, low FSC fuel used during
experiments was marine gas oil (here referred to as LoS) which had a FSC of 0.041%
and was therefore SECA compliant. In contrast to HFO, both, HGO and HiS have lower
viscosities and densities, and thus, do not need to be heated prior to combustion. This
is expected to affect emitted particle number concentrations36 and the physicochemical
properties of the exhaust particles.122 However, the engines were not suitable or equipped
to operate with HFO. Physical and chemical characteristics of the fuels used during the
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Table 3.1: Properties of fuels used in the laboratory experiments.

Paper I + II Paper III

HGO MGO HVO HiS LoS

Density at 15○C [kg/m3] 865.3 847.4 780.0 865.7 837.3

Heat of Combustion [MJ/kg]
Gross Heat of Combustion 45.02 45.60 46.57 45.10 45.73
Net Heat of Combustion 42.30 42.79 43.55 - -

Carbon content [%] 86.4 86.5 85.2 - -
Sulfur content [%] 0.86 <0.03 <0.03 0.63 0.041

Aromatic content [vol. %]
Total aromatics 27.4 23.6 0.2 32.5 22.3
Mono-aromatics 20.2 20.5 0.2 20.8 18.3
Di-aromatics 6.46 2.60 <0.1 10.2 3.5
Poly aromatics (Tri+) 0.71 0.43 <0.02 1.5 0.5

Additive and Wear Metals [mg/kg]
Cu 1.81 <0.1 <0.1 <0.1 <0.1
K 0.4 0.27 0.25 0.29 0.60
B - - - 0.17 <0.1
Al, Ca, Cr, Fe, Pb, Ni, Na, V, Zi, Zn <0.1 <0.1 <0.1 <0.1 <0.1

experiments are summarized in Table 3.1.
The laboratory-scale WS used in these experiments, whose design is based on those

deployed on-board ships, was built at Chalmers University of Technology, with its primary
purpose being the reduction of SO2 emissions in exhaust. The stainless steel scrubber
measures approximately 50 cm in length and has an inner diameter of 40 cm. Six water
nozzles are evenly positioned around the inner wall, forming a concentric pattern, while
an additional seventh nozzle is suspended in the center and directed towards the exhaust
inlet (Figure 3.2). A pressure pump controls the water flow from a storage tank to the
spray nozzles, which maintained a flow of 1.5 to 2 liters per minute during experiments.
Demister plates inside the WS separate large water droplets from the exhaust gas. For Paper
III experiments additional packing material was positioned between the demister plates to
increase surface interactions with the exhaust and thus, enhance the particle and droplet
removal efficiency. Seawater used for the scrubber was either sourced from University
of Gothenburg’s Kristineberg Center for Marine Research and Innovation located on the
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Figure 3.2: Internal view of the laboratory wet scrubber (WS) displaying the internal water nozzles
(6 concentrically and one centrally mounted) and rear demister plates. Reproduced from Paper I.

Gullmar fjord in western Sweden, which has access to a seawater system with an intake
depth of 32 m (Paper I to III); or from surface water near the southern archipelago of
Gothenburg (Paper I and II). Seawater scrubbing cases are referred to as SWS (Paper I
and Paper II) and WS (Paper III). Moreover, to investigate the effect of water salinity on
the particulate emissions, freshwater provided by the municipality of Gothenburg was also
used for wet scrubbing (FWS; Paper I and II). The wet scrubber was mainly operated using
the high FSC fuels, HGO and HiS.

Guidelines for exhaust gas cleaning systems outlined by the IMO mandate that ships
utilizing exhaust wet scrubbers must not exceed certain SO2/CO2 emission ratio limits.
Outside of SECAs, where the FSC is limited to 0.5%, the ratio between emitted SO2 (in
ppm) and CO2 (in %) may not exceed 21.7. In SECAs, where FSC is limited to 0.1%,
this ratio needs to be below 4.3.60 During wet scrubber experiments emission limits were
continuously monitored by comparing SO2 and CO2 concentrations in the raw exhaust
measured by the raw exhaust gas analyzers (Figure 3.1). In Paper I and II, the WS was able
to achieve SECA compliance during all experiments which were performed at an engine
load of ≈32%. For Paper III, when experiments were conducted using an engine with larger
power output, the WS was only capable of reliably reducing the ratio below SECA limits
for engine loads of ≈25%. For higher engine loads, the ratio varied between 4.3 and 8.2,
and thus, compliance was achieved on global but not on SECA levels.
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3.1 Laboratory Engine Experiments

3.1.2 Gas Instrumentation

While this study focuses on properties of exhaust particles, it is also essential to
monitor emissions of gaseous species which are relevant for engine combustion processes.
For Papers I to III a variety of gas measurement instruments were used (see the publica-
tions for detailed information), which measured different compounds in the undiluted raw
exhaust as well as downstream of the dilution unit. Measured raw exhaust gas species
included O2, CO2, CO, NOx and SO2 and were monitored using different instruments for
individual measurement campaigns. Some of the particle analysis instruments used during
the experiments are sensitive to particle number concentrations, it is therefore necessary
to dilute the sample gas using an appropriate unit. Dilution of raw exhaust also serves to
mimic atmospheric dilution, which naturally occurs when the engine exhaust is emitted
into the atmosphere. The result of dilution is that the temperature of the exhaust gas
and concentrations of various components are substantially reduced, which can also have
impacts on secondary particle formation. During the campaigns a 2-stage dilution system
(FPS-4000, Dekati Ltd.) was used, which consisted of a first-stage temperature-controlled
porous tube diluter, followed by an ejector diluter. In order to determine the actual dilution
factors, it is necessary to measure a relatively inert gas species before and after the dilution
step. Here, diluted CO2 was monitored using different analyzers (see Papers I to III for
details) and corrected for background CO2 concentrations in the dilution air. Dilution
factors were determined using the ratio between CO2 concentrations in the raw and diluted
exhaust gas.

3.1.3 General Aerosol Measurements

Exhaust or aerosol particles within the sample gas were analyzed downstream of the
dilution unit (Figure 3.1). In some cases, for example, when measuring the cloud activity
of the exhaust particles, sample aerosol was dried using silica gel diffusion dryers before
reaching the respective analysis instruments. Condensation particle counters (CPC) were
used to determine the total number of particles in the sample gas. In these instruments, a
flow of submicron aerosol particles is exposed to supersaturated conditions with respect to
either liquid water or butanol (depending on the instrument model). Sample gas is passed
through growth sections, where vapors diffuse and condense onto the particles, which serve
as condensation nuclei. This leads to rapid growth of the immersed particles into enlarged
droplets, which are detected and counted by optical systems. Electrostatic classifiers
allow size-selection of naturally polydisperse aerosol sample and generate monodisperse
aerosol streams of given mobility diameters (dmo). These classifiers use charging sources,
to establish a known bipolar particle charge distribution. The charged particles then
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pass through a differential mobility analyzer (DMA), which separates the particles based
on their electrical mobility. Within the DMA, the sample flow together with a sheath
air flow pass through the annular DMA chamber where the charged aerosol particles
experience an electric field. In this section, consisting of two concentric electrodes,
particles are either attracted by the outer electrode (negative charge), are removed with the
sheath air flow (neutral charge) or are carried axially downward with the sheath airflow
while also being attracted by the inner electrode (positive charge). Depending on the
electrode settings, particles within a narrow band of electrical mobility are able to exit
the DMA as a quasi-monodisperse aerosol flow, from which they can be passed to other
instruments. This method allows selection of a monodisperse aerosol in the range of ≈2 to
≈1000 nm (depending on the DMA model). Before entering the classifier, aerosol particles
larger than the upper limit of the DMA’s size range are removed by an impactor. If an
electrostatic classifier is coupled and synchronized with a CPC, it can be used as scanning
mobility particle sizer (SMPS), which automates repeated changes in the electric field of
the DMA, allowing for continuous measurements of particle size distributions (PSD) of
the polydisperse aerosol flow.123

3.1.4 Effective Density Measurements and Calculations

The particle mobility (B) is a measure of the ease of producing steady particle motion
and is the ratio between the settling velocity of the particle and the force producing this
steady motion. It follows that,

B =
Cc(dmo)

3πµdmo
, (3.1)

where Cc(dmo) is the size-dependent Cunningham slip correction factor and µ is the viscos-
ity of the carrier gas.124 Whereas a DMA size-selects particles based on dmo, instruments,
such as the aerodynamic aerosol classifier (AAC), select particles based on a relaxation
time (τ). 125 This τ describes the time required for a particle to adjust its velocity to new
conditions,

τ ≡ Bm =
Cc(dae)ρ0d2

ae
18µ

. (3.2)

It is defined as the product between B and the mass of the respective particle (m), where
ρ0 is the standard density (1 g cm−3), and dae is the aerodynamic diameter, defined as the
diameter of a sphere with standard density and the same settling velocity as the particle
of interest. 124 If dmo and dae are known, as can be measured with coupled AAC-SMPS
or DMA-AAC systems, then Equations 3.1 and 3.2 can be used to derive the mass of a
particle,126
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m =
πρ0

6
Cc(dae)d2

aedmo

Cc(dmo)
. (3.3)

The effective density (ρeff) of a particle,

ρeff =
6m
πd3

mo
= ρ0

Cc(dae)d2
ae

Cc(dmo)d2
mo
, (3.4)

is by definition the particle mass divided by a sphere of the particle’s mobility diameter.
During experiments ρeff was determined from tandem measurements using an AAC

(Cambustion Ltd., UK) and a SMPS or DMA. One of the instruments was used for size-
selecting the polydisperse aerosol, while the other instrument determined the corresponding
equivalent diameter by scanning the monodisperse aerosol downstream. These measure-
ments were repeated for sizes between 50 and 250 nm and allowed for determination of
ρeff over a wide size range.

While for spherical, homogeneous particles the effective density equals the material
density. This is not the case for irregularly-shaped particles. For example, soot agglom-
erates in diesel engine exhaust often become less dense with increasing size, resulting
in decreasing ρeff. That often follows a power-law function and is referred to as the
mass-mobility relationship,

ρeff, MB =
6k
π

dDm−3
mo , (3.5)

where k is a constant pre-factor and Dm is the mass-mobility exponent, which is indicative
of the shape of a particle.127

3.1.5 Energy Dispersive X-Ray Fluorescence

Energy Dispersive X-ray Fluorescence (EDXRF) is an analytical technique used for
elemental analysis for either solid or liquid samples. This method relies on the re-emission
of characteristic X-rays from elements when exposed to high-energy X-rays. Hereby,
samples are exposed to a beam of X-rays generated from a X-ray tube. Upon exposure,
atoms in the sample will interact with photons. If the energy of the incident photon is
large enough to create a vacancy in the atom’s inner shells, it may lead to the emission of
characteristic, element-specific fluorescence radiation. The result is an emission spectrum
of fluorescence radiation, which serves as chemical fingerprint of the sample.

Fluorescence radiation is caused by the difference in binding energies, when electrons
in higher shells transition into the vacancy spot of the lower shell. When atoms of lower
atomic number are excited, the probability increases that Auger electrons are emitted instead
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mass-mobility relationship,

ρeff, MB =
6k
π

dDm−3
mo , (3.5)

where k is a constant pre-factor and Dm is the mass-mobility exponent, which is indicative
of the shape of a particle.127

3.1.5 Energy Dispersive X-Ray Fluorescence

Energy Dispersive X-ray Fluorescence (EDXRF) is an analytical technique used for
elemental analysis for either solid or liquid samples. This method relies on the re-emission
of characteristic X-rays from elements when exposed to high-energy X-rays. Hereby,
samples are exposed to a beam of X-rays generated from a X-ray tube. Upon exposure,
atoms in the sample will interact with photons. If the energy of the incident photon is
large enough to create a vacancy in the atom’s inner shells, it may lead to the emission of
characteristic, element-specific fluorescence radiation. The result is an emission spectrum
of fluorescence radiation, which serves as chemical fingerprint of the sample.

Fluorescence radiation is caused by the difference in binding energies, when electrons
in higher shells transition into the vacancy spot of the lower shell. When atoms of lower
atomic number are excited, the probability increases that Auger electrons are emitted instead
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of fluorescence radiation. This is because electrons in smaller atoms have lower binding
energies compared to those of larger atoms.128 This limits the fluorescence detection of
elements of smaller atomic numbers. The smallest atomic number detected with our
lab-based EDXRF was Mg.

EDXRF measurements were utilized to measure trace-element concentrations of
exhaust particles and are reported in Paper III. Samples of PM2.5 (particulate matter
smaller than 2.5 µm) were collected on filters, using a cyclone impactor with a 50%
efficiency cut-off diameter of 2.5 µm. EDXRF analysis was performed with a SPECTRO
XEPOS analyzer (SPECTRO Analytical Instruments GmbH, Germany) and controlled
with the XRF Analyzer Pro software (AMETEK, USA). Filters were repeatedly analyzed
and all results were corrected for elemental background concentrations using a blank filter
membrane. Element-specific emission factors were derived from the data output, after
normalizing for sampling duration, dilution ratio, and fuel consumption specific to each
sample.

3.1.6 Scanning Transmission X-Ray Microscopy and Near-Edge X-Ray Absorption
Fine Structure

Scanning transmission X-ray microscopy (STXM) in combination with near-edge
X-ray absorption fine structure spectroscopy (NEXAFS) allows for chemical analysis and
morphological examination of individual aerosol particles. The combined approach allows
for characterization of functional groups, the assessment of mixing states, and the investi-
gation of the structure and morphology of collected particles. Aerosol particle samples are
collected on transmission electron microscopy (TEM) grids and are exposed to soft X-rays
of tunable energy at STXM endstations in synchrotron facilities. At energies close to an
atom’s ionization threshold, photons with sufficient energy can cause inner-shell electrons
to be ejected from the atom or transition to higher unoccupied orbitals. This phenomenon
is observed in X-ray absorption spectroscopy as an absorption edge. Absorption edges are
specific to both the element and energy level and thus can be used to identify the chemical
composition of samples, including the detection of specific functional groups.129 These
techniques were utilized in analyses reported in Paper II and Paper III.

Sample collection onto standard TEM copper mesh grids (Ted Pella Inc.) was
conducted using the Zurich Electron Microscope Impactor (ZEMI;23 Paper II) and a
Sioutas five-stage cascade impactor (Paper III). Measurements for Paper II and III were
conducted at the BL4U beamline at the UVSOR Synchrotron Facility in Okazaki, Japan
and at the SoftiMAX beamline at MAX IV laboratory in Lund, Sweden. These synchrotron
facilities cover energy ranges from 75 eV to 1 keV and from 275 eV to 2.5 keV respectively.
This enables measurements at the carbon (280-300 eV), nitrogen (393-425 eV), oxygen
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(525-550 eV) and sodium (1068-1095 eV; only at MAX IV) K-edges as well as the sulfur
L-edge (159-196 eV; only at UVSOR).

Data was processed using aXis 2000130 and included image alignment, correction
for background signals and conversion of flux data to optical densities.

3.1.7 Cloud Condensation Nuclei Measurements

Measuring exhaust particles proclivity to form liquid droplets under supersaturated
conditions, their CCN activity, was an integral part of the laboratory experiments. In our
experiments we used a DMT Cloud Condensation Nuclei Counter (CCNc; CCNC-100,
DMT) which is a cylindrical continuous-flow thermal-gradient diffusion chamber.131 The
CCNc consists of a vertical cylindrical column with wetted walls to which a streamwise
increasing thermal gradient is applied. This section is also referred to as the growth
chamber. Sample flow, which is surrounded by a particle free annular sheath flow to
minimize wall interactions, enters the growth chamber at its top, from where it flows
downstream and is exposed to a thermal gradient and supersaturated conditions with
respect to liquid water. Water vapor supersaturation in the sample flow region is achieved
due to the different diffusion coefficients for heat in air (0.21 cm2 s−1) and mass, i.e., water
vapor in air, (0.25 cm2 s−1) at 294 K and a pressure of 1 atm. The supersaturation at the
centerline of the chamber, to which the sample aerosol is exposed, is a function of axial
temperature gradient and flow rate of the sample gas. As a result, the supersaturation
inside the growth chamber of the CCNc can be varied by either adjusting the sample
flow rate (Q) or the stream-wise temperature gradient (∆T). A detailed description of
the working principal and thermodynamic model is described in Roberts and Nenes.131

Depending on the size and chemical composition of the individual particles, once exposed
to supersaturated conditions, particles will start to grow due to condensation of water vapor
molecules onto their surfaces. This process will lead to a growth in size until particles are
activated into liquid droplets, which are detected by an optical particle counter (OPC) at
the outlet of the CCNc.

During laboratory experiments (Paper II and III) CCN activity of size-selected ex-
haust particles was determined using the single column CCNc. Before reaching the CCNc,
exhaust particles were dried using silica gel diffusion dryers and size-selected by a DMA
(Model 3080L, TSI Inc., USA), which selected dmo between 50 nm and 250 nm. To mea-
sure the total number of particles entering the CCNc (NP) and derive activated fractions
(AF), the ratio between activated particles and the total amount of particles, a CPC (Model
3775, TSI Inc., USA) was operated parallel to the CCNc.

In order to perform continuous measurements of SS spectra for size-selected particles,
the CCNc was operated in Scanning Flow CCN Analysis (SFCA) mode.132 In this method,
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of fluorescence radiation. This is because electrons in smaller atoms have lower binding
energies compared to those of larger atoms.128 This limits the fluorescence detection of
elements of smaller atomic numbers. The smallest atomic number detected with our
lab-based EDXRF was Mg.

EDXRF measurements were utilized to measure trace-element concentrations of
exhaust particles and are reported in Paper III. Samples of PM2.5 (particulate matter
smaller than 2.5 µm) were collected on filters, using a cyclone impactor with a 50%
efficiency cut-off diameter of 2.5 µm. EDXRF analysis was performed with a SPECTRO
XEPOS analyzer (SPECTRO Analytical Instruments GmbH, Germany) and controlled
with the XRF Analyzer Pro software (AMETEK, USA). Filters were repeatedly analyzed
and all results were corrected for elemental background concentrations using a blank filter
membrane. Element-specific emission factors were derived from the data output, after
normalizing for sampling duration, dilution ratio, and fuel consumption specific to each
sample.

3.1.6 Scanning Transmission X-Ray Microscopy and Near-Edge X-Ray Absorption
Fine Structure

Scanning transmission X-ray microscopy (STXM) in combination with near-edge
X-ray absorption fine structure spectroscopy (NEXAFS) allows for chemical analysis and
morphological examination of individual aerosol particles. The combined approach allows
for characterization of functional groups, the assessment of mixing states, and the investi-
gation of the structure and morphology of collected particles. Aerosol particle samples are
collected on transmission electron microscopy (TEM) grids and are exposed to soft X-rays
of tunable energy at STXM endstations in synchrotron facilities. At energies close to an
atom’s ionization threshold, photons with sufficient energy can cause inner-shell electrons
to be ejected from the atom or transition to higher unoccupied orbitals. This phenomenon
is observed in X-ray absorption spectroscopy as an absorption edge. Absorption edges are
specific to both the element and energy level and thus can be used to identify the chemical
composition of samples, including the detection of specific functional groups.129 These
techniques were utilized in analyses reported in Paper II and Paper III.

Sample collection onto standard TEM copper mesh grids (Ted Pella Inc.) was
conducted using the Zurich Electron Microscope Impactor (ZEMI;23 Paper II) and a
Sioutas five-stage cascade impactor (Paper III). Measurements for Paper II and III were
conducted at the BL4U beamline at the UVSOR Synchrotron Facility in Okazaki, Japan
and at the SoftiMAX beamline at MAX IV laboratory in Lund, Sweden. These synchrotron
facilities cover energy ranges from 75 eV to 1 keV and from 275 eV to 2.5 keV respectively.
This enables measurements at the carbon (280-300 eV), nitrogen (393-425 eV), oxygen
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(525-550 eV) and sodium (1068-1095 eV; only at MAX IV) K-edges as well as the sulfur
L-edge (159-196 eV; only at UVSOR).

Data was processed using aXis 2000130 and included image alignment, correction
for background signals and conversion of flux data to optical densities.

3.1.7 Cloud Condensation Nuclei Measurements

Measuring exhaust particles proclivity to form liquid droplets under supersaturated
conditions, their CCN activity, was an integral part of the laboratory experiments. In our
experiments we used a DMT Cloud Condensation Nuclei Counter (CCNc; CCNC-100,
DMT) which is a cylindrical continuous-flow thermal-gradient diffusion chamber.131 The
CCNc consists of a vertical cylindrical column with wetted walls to which a streamwise
increasing thermal gradient is applied. This section is also referred to as the growth
chamber. Sample flow, which is surrounded by a particle free annular sheath flow to
minimize wall interactions, enters the growth chamber at its top, from where it flows
downstream and is exposed to a thermal gradient and supersaturated conditions with
respect to liquid water. Water vapor supersaturation in the sample flow region is achieved
due to the different diffusion coefficients for heat in air (0.21 cm2 s−1) and mass, i.e., water
vapor in air, (0.25 cm2 s−1) at 294 K and a pressure of 1 atm. The supersaturation at the
centerline of the chamber, to which the sample aerosol is exposed, is a function of axial
temperature gradient and flow rate of the sample gas. As a result, the supersaturation
inside the growth chamber of the CCNc can be varied by either adjusting the sample
flow rate (Q) or the stream-wise temperature gradient (∆T). A detailed description of
the working principal and thermodynamic model is described in Roberts and Nenes.131

Depending on the size and chemical composition of the individual particles, once exposed
to supersaturated conditions, particles will start to grow due to condensation of water vapor
molecules onto their surfaces. This process will lead to a growth in size until particles are
activated into liquid droplets, which are detected by an optical particle counter (OPC) at
the outlet of the CCNc.

During laboratory experiments (Paper II and III) CCN activity of size-selected ex-
haust particles was determined using the single column CCNc. Before reaching the CCNc,
exhaust particles were dried using silica gel diffusion dryers and size-selected by a DMA
(Model 3080L, TSI Inc., USA), which selected dmo between 50 nm and 250 nm. To mea-
sure the total number of particles entering the CCNc (NP) and derive activated fractions
(AF), the ratio between activated particles and the total amount of particles, a CPC (Model
3775, TSI Inc., USA) was operated parallel to the CCNc.

In order to perform continuous measurements of SS spectra for size-selected particles,
the CCNc was operated in Scanning Flow CCN Analysis (SFCA) mode.132 In this method,
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SS inside the growth chamber is continuously adjusted by ramping the sample flow rate
QCCNc from 0.2 to 1.0 l min−1 over 120 s, while a constant∆T is maintained. The minimum
and maximum flow rates were kept constant for 30 s. To avoid large pressure variations in
the sampling line due to adjustments of the QCCNc, which could influence measurements
of other instruments, a mass flow controller (MFC) was operated in parallel to the CCNc
and kept the total flow rate (QCCNc +QMFC) at 1.0 l min−1. Measurements of SS spectra
were performed at ∆T = 4, 10 and 18○C, covering a SS range of about 0.07 - 2.4%. These
values were determined by calibration measurements using ammonium sulfate (NH4)2SO4
particles of the different sizes. These measurements allowed SSc , defined as the SS
where 50% of the size-selected singly charged particle population are activated into liquid
droplets, to be determined. Values of SSc were calculated by fitting sigmoidal functions to
the measured activation curves following Moore and Nenes,132

NCCN

NP
= a0 +

a1 − a0

1 + (QCCNc/Q50)−a2
, (3.6)

where a0, a1, a2 and Q50 are the minimum, maximum, slope, and inflection point re-
spectively. Q50 values were converted to SSc using instrument calibration data (see e.g.,
Figure S2 in Paper II). The resulting SSc values were subsequently converted into κ values
using,

κ =
4A3

27d3
moln2(1 + SSc/100%)

, with A =
4σwMw

RT ρw
, (3.7)

where experimentally determined SSc is given in %, σw = 71.99 mN m−1 is the surface
tension of water at 25○C, Mw is the molar mass of water, R is the universal gas constant, T
is the absolute temperature and ρw is the density of water at 25○C (0.997 g cm−3). 10

3.1.8 Ice Nucleation Measurements

Ice nucleation experiments (Paper III) were conducted using the Portable Ice Nucle-
ation Chamber II (PINCii), a newly developed continuous flow diffusion chamber (CFDC)
described in detail by Castarède et al. 133 The measurement principals of CFDCs are similar
to those of the CCNc but adjusted to enable studying ice formation at temperatures as low as
≈-50○C.134–136 Here, the operational and measurement principal is briefly explained based
on the design of PINCii. For detailed descriptions of the instrument, including instru-
ment dimensions, components and instrument characterization experiments, see Castarède
et al. 133

The centerpiece of PINCii is the main chamber, a 1 m long growth chamber, con-
nected to a 0.42 m long evaporation section. Both sections consist of parallel, individually
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temperature-controlled wall plates. During initialization of freezing experiments the main
chamber is continuously flushed with filtered ambient air at a flow rate of 10 l min−1.
Simultaneously, all wall sections are cooled to -15○ C. Once the wall temperatures have
stabilized at this set point temperature, the chamber is filled with distilled water from its
outlet and immediately drained once the water reaches the top of the main chamber. The
wall temperatures cause water to freeze and form a thin layer of ice (≈1 mm), which is
sufficiently thick to provide the chamber with water vapor via sublimation for at least 4
to 5 operational hours. The freezing process also causes wall temperatures to rise due to
the release of latent heat, approaching 0○ C. Subsequently, the wall sections are re-cooled
to -5○ C and further cooled in 5○ C steps until experimental temperature set points are
reached. Once these set points are reached, a sample flow of 1 l min−1, which is confined
between two particle-free sheath air flows of 4.5 l min−1 respectively, is introduced to the
growth chamber. For freezing experiments the growth section plates are set to different
temperatures, resulting in horizontal temperature and humidity gradients. The ice coated
walls ensure that at each wall the vapor pressure is at the relevant equilibrium saturation
vapor pressure. The gradient and again the differential diffusion of heat and vapor cause
the aerosol flow to be exposed to supersaturated conditions with respect to ice and/or liq-
uid water. The value of supersaturation to which the aerosol is exposed, depends on the
magnitude of the temperature gradient. Depending on the aerosol particle type, different
T and RH might induce liquid droplet activation and freezing, which both result in particle
growth. Since chamber conditions can induce both ice crystal and liquid droplet nucleation,
the sample flow is guided through an evaporation section, where both wall plates are set
to one temperature. Thus, the vapor pressure in the evaporation section is uniformly the
equilibrium saturation vapor pressure over ice at the chosen temperature, and therefore
subsaturated with respect to liquid water. This causes liquid droplets to evaporate and
shrink in size, which makes it possible to discriminate them from ice crystals. At the outlet
of the main chamber, particle concentrations are detected by a size-discriminating OPC
(Model Remote 3104, Lighthouse Worldwide Solutions, USA).

Ice nucleation measurements, which were conducted only in conjunction with the
50% load experiments, were performed by doing ramps of relative humidity with respect
to ice (RHi) for three to four constant lamina temperatures. During these ramps or scans
wall temperatures are continuously adjusted to maintain a constant lamina temperature
but increase the RHi in the lamina from ≈110% to 160%. Experiments were performed
at temperatures between -26○C and -50○C. From the five size channel OPC, signals for
particles >3 µm were used as the criterion for ice crystals detection. Between each lamina
temperature change, PINCii’s inlet valve was switched to sample filtered ambient air for
15 minutes to obtain information on background ice crystal number concentrations, which
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SS inside the growth chamber is continuously adjusted by ramping the sample flow rate
QCCNc from 0.2 to 1.0 l min−1 over 120 s, while a constant∆T is maintained. The minimum
and maximum flow rates were kept constant for 30 s. To avoid large pressure variations in
the sampling line due to adjustments of the QCCNc, which could influence measurements
of other instruments, a mass flow controller (MFC) was operated in parallel to the CCNc
and kept the total flow rate (QCCNc +QMFC) at 1.0 l min−1. Measurements of SS spectra
were performed at ∆T = 4, 10 and 18○C, covering a SS range of about 0.07 - 2.4%. These
values were determined by calibration measurements using ammonium sulfate (NH4)2SO4
particles of the different sizes. These measurements allowed SSc , defined as the SS
where 50% of the size-selected singly charged particle population are activated into liquid
droplets, to be determined. Values of SSc were calculated by fitting sigmoidal functions to
the measured activation curves following Moore and Nenes,132
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where a0, a1, a2 and Q50 are the minimum, maximum, slope, and inflection point re-
spectively. Q50 values were converted to SSc using instrument calibration data (see e.g.,
Figure S2 in Paper II). The resulting SSc values were subsequently converted into κ values
using,

κ =
4A3

27d3
moln2(1 + SSc/100%)

, with A =
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where experimentally determined SSc is given in %, σw = 71.99 mN m−1 is the surface
tension of water at 25○C, Mw is the molar mass of water, R is the universal gas constant, T
is the absolute temperature and ρw is the density of water at 25○C (0.997 g cm−3). 10

3.1.8 Ice Nucleation Measurements

Ice nucleation experiments (Paper III) were conducted using the Portable Ice Nucle-
ation Chamber II (PINCii), a newly developed continuous flow diffusion chamber (CFDC)
described in detail by Castarède et al. 133 The measurement principals of CFDCs are similar
to those of the CCNc but adjusted to enable studying ice formation at temperatures as low as
≈-50○C.134–136 Here, the operational and measurement principal is briefly explained based
on the design of PINCii. For detailed descriptions of the instrument, including instru-
ment dimensions, components and instrument characterization experiments, see Castarède
et al. 133

The centerpiece of PINCii is the main chamber, a 1 m long growth chamber, con-
nected to a 0.42 m long evaporation section. Both sections consist of parallel, individually
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temperature-controlled wall plates. During initialization of freezing experiments the main
chamber is continuously flushed with filtered ambient air at a flow rate of 10 l min−1.
Simultaneously, all wall sections are cooled to -15○ C. Once the wall temperatures have
stabilized at this set point temperature, the chamber is filled with distilled water from its
outlet and immediately drained once the water reaches the top of the main chamber. The
wall temperatures cause water to freeze and form a thin layer of ice (≈1 mm), which is
sufficiently thick to provide the chamber with water vapor via sublimation for at least 4
to 5 operational hours. The freezing process also causes wall temperatures to rise due to
the release of latent heat, approaching 0○ C. Subsequently, the wall sections are re-cooled
to -5○ C and further cooled in 5○ C steps until experimental temperature set points are
reached. Once these set points are reached, a sample flow of 1 l min−1, which is confined
between two particle-free sheath air flows of 4.5 l min−1 respectively, is introduced to the
growth chamber. For freezing experiments the growth section plates are set to different
temperatures, resulting in horizontal temperature and humidity gradients. The ice coated
walls ensure that at each wall the vapor pressure is at the relevant equilibrium saturation
vapor pressure. The gradient and again the differential diffusion of heat and vapor cause
the aerosol flow to be exposed to supersaturated conditions with respect to ice and/or liq-
uid water. The value of supersaturation to which the aerosol is exposed, depends on the
magnitude of the temperature gradient. Depending on the aerosol particle type, different
T and RH might induce liquid droplet activation and freezing, which both result in particle
growth. Since chamber conditions can induce both ice crystal and liquid droplet nucleation,
the sample flow is guided through an evaporation section, where both wall plates are set
to one temperature. Thus, the vapor pressure in the evaporation section is uniformly the
equilibrium saturation vapor pressure over ice at the chosen temperature, and therefore
subsaturated with respect to liquid water. This causes liquid droplets to evaporate and
shrink in size, which makes it possible to discriminate them from ice crystals. At the outlet
of the main chamber, particle concentrations are detected by a size-discriminating OPC
(Model Remote 3104, Lighthouse Worldwide Solutions, USA).

Ice nucleation measurements, which were conducted only in conjunction with the
50% load experiments, were performed by doing ramps of relative humidity with respect
to ice (RHi) for three to four constant lamina temperatures. During these ramps or scans
wall temperatures are continuously adjusted to maintain a constant lamina temperature
but increase the RHi in the lamina from ≈110% to 160%. Experiments were performed
at temperatures between -26○C and -50○C. From the five size channel OPC, signals for
particles >3 µm were used as the criterion for ice crystals detection. Between each lamina
temperature change, PINCii’s inlet valve was switched to sample filtered ambient air for
15 minutes to obtain information on background ice crystal number concentrations, which
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were later used to correct data during analysis. Before entering PINCii, particles in the
sample flow were dried using a diffusion dryer and size-selected using a DMA (Model
3080L, TSI, USA) to generate a monodisperse aerosol of dmo = 200 nm. Similar to CCNc
operation, a CPC (Model 3010, TSI, USA), measured downstream of the DMA and in
parallel with PINCii to infer activated fractions.

3.1.9 Calculation of Emission Factors

Calculating emission factors (EF) is a standard method for normalizing emissions
of various pollutants by the amount of fuel consumed (pollutant per kg of fuel) or the
energy delivered by an engine during operation (pollutant per kWh). Using EFs enable
intercomparison of emission results between different fuel and engine types, and across
literature. In the investigations presented here, EFs were calculated using the formulation,

EFx =
QexhCx

Ai
, (3.8)

where Qexh is the exhaust gas flow in m3 h−1, Cx is the number or mass concentration
of a variable x per m3, and Ai is the load and fuel dependent engine parameter used to
normalize emissions, i.e. the fuel consumption in kg h−1 or energy output in kWh.

Particle number (PN) emission factors (EFPN), were derived from numerical integra-
tion of particle number size distributions and corrected for dilution factors and diffusional
losses. Particle mass (PM) emission factors (EFPM) were calculated by converting particle
number size distributions into mass distributions by either assuming standard density for
all particles (EFPM,ρ0 ) or using average or interpolated ρeff values for individual particle
modes (EFPM,ρeff ). While quantitative particle emissions from marine engines are often
dominated by ultrafine particles below 100 nm, particles above 1 µm in diameter are often
co-emitted and while these particles are often low in number relative to the ultrafine partic-
ulates, they can have a significant impact on the mass emissions. It is therefore important
to stress, that the method to measure particle mass emissions applied here has an upper
size limit between ≈500 and 700 nm, which leads to a systematic underestimation of mass
emissions. Exhaust particle mass emissions are often carried out by gravimetric analysis,
where exhaust particles are collected onto filters, which are later on weighed. This type of
analysis was not applied here.

In order to estimate CCN emission factors (EFCCN), a simple model was applied,
which was adopted from Kristensen et al. 137 and slightly modified in Paper II and III.
Here, κ values for the entire size range of measured particle size distributions were de-
rived by fitting exponential functions to data (Paper II) or interpolating results (Paper III)
obtained from CCNc measurements. Fitted and interpolated κ values were converted into
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size-dependent critical SS for size distributions following Petters and Kreidenweis 10 This
enables the fraction of the size distribution which activates into droplets at a given super-
saturation to be calculated. Activated fractions were then numerically integrated to derive
number concentration of CCN (NCCN). These were then converted into CCN emission
factors (EFCCN) using a modified version of Equation 3.8

EFCCN =
QexhNCCN(SS)

FC
, (3.9)

where NCCN(SS) is the number concentration of CCN as a function of SS in # m−3, Qexh is
the exhaust gas flow rate in m3 h−1 and FC is the load and fuel dependent fuel consumption
in kg h−1.

3.2 Large-Eddy Simulation Experiments
The aim in Paper IV is to investigate how ship aerosol emissions under current IMO

FSC regulations may potentially impact the properties of Arctic mixed-phase clouds. This
is achieved by utilizing experimental results from Paper I to III as input parameters in a
cloud-resolving large-eddy simulation (LES) model. The model was set up to simulate
a low-level, stratiform mixed-phase cloud, which was observed during an field campaign
in the Arctic.119,120 Cloud perturbations by ship emissions were then studied by adding
additional ship aerosol particles (experimental results from Paper I to III) to the simulated
cloud case.

3.2.1 MISU MIT Cloud and Aerosol Model (MIMICA) - Model Overview

Large-eddy simulations (LES) are useful tools for simulating atmospheric cloud and
boundary layer processes, due to their high-resolution scale. In these types of atmospheric
models turbulent structures as large as 1 km in scale are generally resolved within the
model but other subgrid scale processes, such as microphysical processes, need to be
parametrized. In Paper IV we employed the MISU MIT Cloud and Aerosol (MIMICA) LES
model. MIMICA was primarily designed to study clouds at higher latitudes and has already
been applied in a variety of cloud studies, ranging from mid-latitude, marine stratocumulus
clouds138,139 to Arctic mixed-phase clouds.140–144 Here, only a brief overview of the model
is provided. For a more detailed model description, the reader is referred to Savre et al. 138

For the simulations, a 3-D domain consisting of 96×96×128 grid cells with periodic
boundaries was used. Near the surface and within the cloud layer vertical grid spacing (dz)
was more refined. In the remaining domain, a sine-squared function calculated dz. The
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were later used to correct data during analysis. Before entering PINCii, particles in the
sample flow were dried using a diffusion dryer and size-selected using a DMA (Model
3080L, TSI, USA) to generate a monodisperse aerosol of dmo = 200 nm. Similar to CCNc
operation, a CPC (Model 3010, TSI, USA), measured downstream of the DMA and in
parallel with PINCii to infer activated fractions.

3.1.9 Calculation of Emission Factors

Calculating emission factors (EF) is a standard method for normalizing emissions
of various pollutants by the amount of fuel consumed (pollutant per kg of fuel) or the
energy delivered by an engine during operation (pollutant per kWh). Using EFs enable
intercomparison of emission results between different fuel and engine types, and across
literature. In the investigations presented here, EFs were calculated using the formulation,

EFx =
QexhCx

Ai
, (3.8)

where Qexh is the exhaust gas flow in m3 h−1, Cx is the number or mass concentration
of a variable x per m3, and Ai is the load and fuel dependent engine parameter used to
normalize emissions, i.e. the fuel consumption in kg h−1 or energy output in kWh.

Particle number (PN) emission factors (EFPN), were derived from numerical integra-
tion of particle number size distributions and corrected for dilution factors and diffusional
losses. Particle mass (PM) emission factors (EFPM) were calculated by converting particle
number size distributions into mass distributions by either assuming standard density for
all particles (EFPM,ρ0 ) or using average or interpolated ρeff values for individual particle
modes (EFPM,ρeff ). While quantitative particle emissions from marine engines are often
dominated by ultrafine particles below 100 nm, particles above 1 µm in diameter are often
co-emitted and while these particles are often low in number relative to the ultrafine partic-
ulates, they can have a significant impact on the mass emissions. It is therefore important
to stress, that the method to measure particle mass emissions applied here has an upper
size limit between ≈500 and 700 nm, which leads to a systematic underestimation of mass
emissions. Exhaust particle mass emissions are often carried out by gravimetric analysis,
where exhaust particles are collected onto filters, which are later on weighed. This type of
analysis was not applied here.

In order to estimate CCN emission factors (EFCCN), a simple model was applied,
which was adopted from Kristensen et al. 137 and slightly modified in Paper II and III.
Here, κ values for the entire size range of measured particle size distributions were de-
rived by fitting exponential functions to data (Paper II) or interpolating results (Paper III)
obtained from CCNc measurements. Fitted and interpolated κ values were converted into
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size-dependent critical SS for size distributions following Petters and Kreidenweis 10 This
enables the fraction of the size distribution which activates into droplets at a given super-
saturation to be calculated. Activated fractions were then numerically integrated to derive
number concentration of CCN (NCCN). These were then converted into CCN emission
factors (EFCCN) using a modified version of Equation 3.8

EFCCN =
QexhNCCN(SS)

FC
, (3.9)

where NCCN(SS) is the number concentration of CCN as a function of SS in # m−3, Qexh is
the exhaust gas flow rate in m3 h−1 and FC is the load and fuel dependent fuel consumption
in kg h−1.

3.2 Large-Eddy Simulation Experiments
The aim in Paper IV is to investigate how ship aerosol emissions under current IMO

FSC regulations may potentially impact the properties of Arctic mixed-phase clouds. This
is achieved by utilizing experimental results from Paper I to III as input parameters in a
cloud-resolving large-eddy simulation (LES) model. The model was set up to simulate
a low-level, stratiform mixed-phase cloud, which was observed during an field campaign
in the Arctic.119,120 Cloud perturbations by ship emissions were then studied by adding
additional ship aerosol particles (experimental results from Paper I to III) to the simulated
cloud case.

3.2.1 MISU MIT Cloud and Aerosol Model (MIMICA) - Model Overview

Large-eddy simulations (LES) are useful tools for simulating atmospheric cloud and
boundary layer processes, due to their high-resolution scale. In these types of atmospheric
models turbulent structures as large as 1 km in scale are generally resolved within the
model but other subgrid scale processes, such as microphysical processes, need to be
parametrized. In Paper IV we employed the MISU MIT Cloud and Aerosol (MIMICA) LES
model. MIMICA was primarily designed to study clouds at higher latitudes and has already
been applied in a variety of cloud studies, ranging from mid-latitude, marine stratocumulus
clouds138,139 to Arctic mixed-phase clouds.140–144 Here, only a brief overview of the model
is provided. For a more detailed model description, the reader is referred to Savre et al. 138

For the simulations, a 3-D domain consisting of 96×96×128 grid cells with periodic
boundaries was used. Near the surface and within the cloud layer vertical grid spacing (dz)
was more refined. In the remaining domain, a sine-squared function calculated dz. The
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grid possessed a uniform horizontal resolution of dx = dy = 62.5 m and variable vertical
resolution of 7.5 m ≤ dz ≤ 25 m. The total domain size was 6 km × 6 km × 1.7 km.

Within MIMICA aerosol particles were represented by lognormal distributions, de-
fined by a count median diameter (CMD), geometric standard deviation (σg) and a particle
number concentration (Np). Corresponding particle densities and κ values were assigned
to each aerosol mode and depended on the particle type. Microphysical schemes were
implemented for five hydrometeor classes, including liquid cloud droplets, raindrops, ice
crystals, graupel (rimed ice) and snow. The mass mixing ratios and number densities of each
hydrometeor class were predicted using a two-moment bulk microphysics scheme.145,146

Diffusional growth processes including condensation/evaporation of liquid drops and de-
position/sublimation of ice crystals were computed following Pruppacher and Klett 11 The
mass of cloud droplets and raindrops is affected by different processes, including auto-
conversion (cloud droplets with a radius of 25 µm are automatically converted into rain
drops), accretion (growth of raindrops due to coalescence with cloud droplets) and self-
collection (growth of cloud droplets/raindrops due to coalescence with hydrometeors of the
same class), and are modelled following Seifert and Beheng.145,146 In a similar way, these
processes also apply for ice- and mixed-phase hydrometeors.147 Cloud droplet formation
was modelled using κ-Köhler theory and is therefore, dependent on pre-existing aerosol
particles or CCN, as well as simulated supersaturations with respect to liquid water (SS). 10

While MIMICA offers options to use different heterogeneous ice nucleation parametriza-
tions, herein, a diagnostic ice crystal number concentration was used. The approach was
to simulate heterogeneous ice formation processes by assuming an ice crystal number
concentration of 200 m−3 for grid cells with temperatures below 0○C and when sufficient
supercooled cloud water is present.144

3.2.2 Mixed-Phase Cloud Case Study

The reference mixed-phase cloud case is based on observational data recorded during
the Arctic Summer Cloud Ocean Campaign (ASCOS), an field campaign conducted in
the central Arctic in 2008.119,120 The aim of the campaign was to improve the general
understanding regarding the formation and life-cycle of Arctic low-level summer clouds.
The campaign employed a wide range of instruments measuring meteorological parameters,
aerosol and CCN characteristics, and concentrations of trace gases among others. The case
employed in this study is a mixed-phase stratocumulus, which was observed between
August 30th and August 31st. 120 The same case has been used in investigations of central
Arctic clouds.140–144 Meteorological data, including temperature and humidity profiles,
were used to initialize all model runs.
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3.2.3 Implementation of Experimental Results and LES Simulation Overview

In order to investigate how ship emissions perturb the mixed-phase cloud, results
from Paper I to III were incorporated into MIMICA as additional aerosol parameters. In
each case an aerosol mode with case-specific ρeff and κ values was assigned.

All model runs were performed with hygroscopic (κ = 1), marine seaspray as back-
ground aerosol (BG). The BG aerosol was assigned to two aerosol modes, Aitken (Ait)
and accumulation mode (Acc). The reference simulation without ship aerosol is referred
to as Mix. From Paper I and II, results from HGO, MGO and SWS were adopted into the
model. For simplification these are referred to as HiS (high FSC; corresponding to HGO),
LoS (low FSC; corresponding to MGO) and WS (wet scrubber; corresponding to SWS)
in the modelling study. From Paper III results for HiS and WS measurements (not to be
confused with the newly introduced nomenclature for Paper I and II LES cases), obtained
at 50% engine load, were investigated. In these instances, only the more hygroscopic and
dominant sulfate particle mode was included in the model. Ship aerosol cases from Paper
III are labeled HiS_sul and WS_sul respectively. BG aerosol was present in all model
runs. The number concentrations Np of both BG aerosol modes was set to 30 cm−3. Ship
aerosol experiments were performed with Np,ship = 100 cm−3 and Np,ship = 1000 cm−3. In
the WS case (Paper I and II), Np,ship of both corresponding aerosol modes was adjusted to
accommodate for the particle number concentration increase, observed during laboratory
experiments. For each case, simulations with low and high Np are labeled with _lo and
_hi respectively. An overview of aerosol particle modes used in the simulations is given in
Table 3.2. Aerosol particle number concentrations were evenly distributed over the entire
domain and remained constant during the full simulation period, meaning there were no
aerosol sources and sinks during the simulations. Each case was simulated for 16 hours,
with the first four hours considered model spin-up that was excluded from the analysis.

3.2.4 Relevant Model Output Variables

All MIMICA simulations were run with the full microphysics scheme, meaning that
all five classes of hydrometeors were included. For each class, the model calculated the
mass mixing ratios and number densities, from which the respective volumetric number
(Nx) and mass concentrations (Qx) were derived, where x is replaced by c for cloud
droplets, r for raindrops, i for ice crystals, g for graupel and s for snow. Qc and Qi are also
known as liquid (LWC) and ice water content (IWC) of the cloud respectively. Together
with Nc and Ni , LWC and IWC can be used to calculate the average size of the respective
hydrometeors, which is an important parameter for initiation of precipitation and for cloud
albedo.148 The mean cloud droplet radius rv can be calculated as,
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Table 3.2: Properties of marine background (BG) and ship aerosol used as model input parameters,
including the count median diameter (CMD) and geometric standard deviation (σg) of the size
distributions, particle density (ρeff) and aerosol hygroscopicity (κ). HiS, LoS, and WS represent ship
aerosol from measurements of high (HGO) and low sulfur content fuels (MGO), and wet scrubbing
(SWS) respectively (Paper I and II). The HiS_sul and WS_sul cases represent sulfate particle modes of
high FSC fuel combustion and exhaust gas wet scrubbing from Paper III. The WS case is composed
of a bimodal distribution, hence, the two separate aerosol modes listed. For each ship exhaust
sensitivity test two sets of simulations with either low or high ship aerosol number concentrations
were performed. Corresponding simulations with low and high concentrations (Np) are additionally
labeled with _lo and _hi respectively. Reproduced from Paper IV.

Case CMD [nm] σg ρeff [g cm−3] κ Np [cm−3]
BG (Ait) 32 1.1 2.18 1 30
BG (Acc) 93 1.5 2.18 1 30

LoS 45 1.6 0.91 0.04 100/1000
HiS 45 1.6 1.02 0.11 100/1000

WS (Mode 1) 22 1.2 1.18 0.22 131.3/1313
WS (Mode 2) 64 1.3 1.09 0.16 36.7/367

HiS_sul 18 1.15 1.6 0.64 100/1000
WS_sul 39 1.22 1.6 0.64 100/1000

rv = (
3
4

Qc

πρwNc
)

1/3
, (3.10)

where Qc is the cloud liquid water content, ρw is the density of water (106 g m−3) and Nc

is the cloud droplet number concentration. The formation of precipitation is dependent on
collisions between hydrometeors (collision-coalescence). An additional aerosol particle
load (increase in CCN number concentrations) can lead to increased Nc with smaller droplet
diameters. Smaller cloud droplets reduce the collision efficiency and therefore, reduce rain
formation rates. This effect can extend the lifetime of the cloud, as it reduces the loss of
cloud water through precipitation. The effect is also known as the cloud-lifetime effect.8

Alternatively, if the liquid water content remains constant, while the cloud layer is polluted
with additional aerosol particles, an increase in Nc and reduction of their respective sizes,
may also lead to an increase in cloud albedo (α). 7

Liquid and ice water path (LWP and IWP) are the vertically integrated LWC and
IWC of the cloud. LWP is useful in deriving the cloud drop effective radius re, which is
an important parameter for precipitation and can be utilized to determine α. Freud and
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Rosenfeld 149 found that re is related to rv ,

re ∼ 1.08 rv . (3.11)

From Equation 3.11, the cloud optical depth (τ) can be derived following Stephens,150

τ =
3
2

LWP
reρw

, (3.12)

where LWP is the liquid water path in g m−2. With Equation 3.12 α is approximated as

α =
(1 − g)τ

1 + (1 − g)τ
, (3.13)

where the scattering asymmetry factor g = 0.85 for the scattering of solar radiation by
clouds.151
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4
Thesis Findings and Discussion

The ultimate goal of this research has been to investigate, whether increased ship-
ping emissions may lead to climate feedbacks in the Arctic due to changes in (radiative)
properties of Arctic mixed-phase clouds. Results presented in this thesis take into account
international shipping regulations, which aim to reduce ship exhaust emissions of SOx to
the atmosphere, and outcomes that emerge from two possible pathways to comply with the
regulation. Those are, utilization of low FSC fuels and a combination of high FSC fuel with
exhaust wet scrubbing. It is essential to first characterize how compliance measures affect
the physicochemical properties of exhaust particles. This was done in a series of controlled
laboratory engine experiments. Results from these experiments were subsequently used
in a cloud-resolving LES model to study aerosol-cloud interactions between ship exhaust
particles and an Arctic mixed-phase cloud given the presented compliance scenarios.

4.1 Laboratory Studies - Impacts of Compliance Mea-
sures on Exhaust Particle Emissions

Aims of the laboratory engine experiments were to characterize impacts of FSC
reduction and wet scrubbing on exhaust particle properties using different laboratory diesel
engines and different fuels of varying FSC. Particle size distributions give an overview of
the bulk physical exhaust particle characteristics, yield insight into possible formation
mechanisms and allow for comparison with other relevant studies. More detailed exhaust
particle information, such as the effective density, illuminate particle composition(s) and the
amount of condensed material in the particle phase. Moreover, combined with spectroscopy
we learn about the structure and morphology of the particles. Chemical characterization
of exhaust particles is fundamental to understanding particle formation processes and their
sources. In addition, it allows us to understand the potential role of the exhaust particles in
the climate system. Finally, the CCN and ice nucleation (IN) activity of exhaust particles
are measured, which give us direct insight into how they might impact cloud formation and
properties. Calculation of PN, PM and CCN emission allows us to estimate the potential
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4 Thesis Findings and Discussion

health and climate impacts of the investigated compliance measures.
Paper I and II present data from initial laboratory engine experiments utilizing fuel

types of varying FSC and exhaust wet scrubbing. In Paper I and II a variety of aerosol
and gas instrumentation was used to measure particle size distributions, ρeff, chemical
compositions and hygroscopicities of exhaust particles under a single engine load.

Paper III was both a consolidation and enhancement of the initial studies with key
extensions in the experimental setups and investigation regimes. First, the engine employed
during experiments described in Paper III had significantly greater power output, which
has potential implications for exhaust emissions. Moreover, the impact of three different
engine loads on physicochemical properties of exhaust particles was investigated. Chemical
characterization of exhaust particles was expanded with EDXRF analysis. Lastly, the IN
activity of exhaust particles was investigated, alongside their CCN activities.

4.1.1 Particle Size Distributions

Fuels used across all laboratory experiments shared similar properties (Table 3.1).
That said, PSDs were significantly affected by individual test-bed engines. The results
presented in Paper I and II (Figure 4.1), demonstrate that for all fuels tested (HGO, MGO
and HVO) the measured PSDs were quite similar. In all three instances, PSDs possess
unimodal distributions centered around 50 nm. While these observations generally concur
with those measured for other ship engines, exhaust particle emissions presented in other
studies often also display a smaller particle mode in the range of 10 to 20 nm, formed from
sulfurous or other inorganic and organic compounds.36,152–155 Results for HGO, MGO and
HVO displayed larger variability in connection with variations in combustion conditions,
as highlighted by the two distinct HGO cases. Surprisingly, no clear differences between
PSDs from combustion of HGO and the two low FSC fuels was observed.

The impact of wet scrubbing on HGO exhaust is pronounced. In both fresh- and
seawater scrubbing cases, an additional particle mode centered around ≈20 nm is observed.
Additional tests performed with the wet scrubber and a low FSC fuel, did not result in this
additional particle mode (see Supplemental Information of Paper I). Therefore, we infer
that exhaust particles in this dominant mode probably contain sulfurous compounds.

In contrast to results from Paper I, measurements reported in Paper III show a
clear difference between exhaust particle PSDs from combustion of low (LoS) and high
FSC fuels (HiS). Whereas emissions of LoS resulted in unimodal PSDs, HiS combustion
yielded a bimodal PSD, with a dominant mode (orders of magnitude larger) around 20 nm
(Figure 4.2), similar to those measured for other marine diesel engines operating on high
FSC fuels.152,153 Downstream of the scrubber, the dominant HiS particle mode was shifted
towards larger sizes and reduced in amplitude, in a similar fashion to what Jeong et al. 68
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Figure 4.1: Lognormal least squares fits representing particulate emissions for all five fuel and
aftertreatment cases retrieved from measured particle size distributions (PSD). All PSDs have been
corrected for diffusion losses and dilution factors. 117 HGO, HVO and MGO designate exhaust
particles produced from the combustion of the respective fuels, whereas FWS and SWS indicate
HGO combustion in conjunction with wet scrubbing using either sea- (SWS) or freshwater (FWS).
In both WS cases bimodal lognormal distributions have been fitted to the data points (b). Variations
in combustion conditions for HGO, FWS and SWS, characterized by changes in CO2 emissions, are
denoted by subscript l, for relatively low CO2 concentrations (HGOl) and subscript h, for relatively
high CO2 concentrations (HGOh). Fits shown in this figure are reproduced from data presented in
Paper I. Reproduced from Paper II.

observed for wet scrubber measurements. Therein, the authors concluded that this shift is
caused by coagulation of sulfate particles inside the scrubber.68

In all three cases, particle modes around 50 nm display a clear declining trend with
increasing engine load. Exhaust particles within this mode likely consist of solid, car-
bonaceous soot particles. On the other hand, smaller particle modes appear to follow an
increasing trend with increasing engine load. For LoS nucleation mode particle concen-
trations were observed to increase with increasing engine load. Similar trends were seen
for HiS and WS. Higher engine loads, generally produce larger concentrations of gaseous
SO2, which can lead to enhanced formation of sulfate particles.

4.1.2 Effective Densities

Despite being a good estimate for density and mass of exhaust particles, ρeff also
yields insight into the particle morphology. By comparing ρeff for equally sized particles,
one can derive potential differences in their chemical compositions and estimate the amount
of condensable/volatile material in the particle phase. Moreover, by assuming a homoge-
neous exhaust particle chemical composition, one can assess the shape and morphology of
the particles by determining and comparing ρeff for different particle mobility diameters. If
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Figure 4.1: Lognormal least squares fits representing particulate emissions for all five fuel and
aftertreatment cases retrieved from measured particle size distributions (PSD). All PSDs have been
corrected for diffusion losses and dilution factors. 117 HGO, HVO and MGO designate exhaust
particles produced from the combustion of the respective fuels, whereas FWS and SWS indicate
HGO combustion in conjunction with wet scrubbing using either sea- (SWS) or freshwater (FWS).
In both WS cases bimodal lognormal distributions have been fitted to the data points (b). Variations
in combustion conditions for HGO, FWS and SWS, characterized by changes in CO2 emissions, are
denoted by subscript l, for relatively low CO2 concentrations (HGOl) and subscript h, for relatively
high CO2 concentrations (HGOh). Fits shown in this figure are reproduced from data presented in
Paper I. Reproduced from Paper II.

observed for wet scrubber measurements. Therein, the authors concluded that this shift is
caused by coagulation of sulfate particles inside the scrubber.68

In all three cases, particle modes around 50 nm display a clear declining trend with
increasing engine load. Exhaust particles within this mode likely consist of solid, car-
bonaceous soot particles. On the other hand, smaller particle modes appear to follow an
increasing trend with increasing engine load. For LoS nucleation mode particle concen-
trations were observed to increase with increasing engine load. Similar trends were seen
for HiS and WS. Higher engine loads, generally produce larger concentrations of gaseous
SO2, which can lead to enhanced formation of sulfate particles.

4.1.2 Effective Densities

Despite being a good estimate for density and mass of exhaust particles, ρeff also
yields insight into the particle morphology. By comparing ρeff for equally sized particles,
one can derive potential differences in their chemical compositions and estimate the amount
of condensable/volatile material in the particle phase. Moreover, by assuming a homoge-
neous exhaust particle chemical composition, one can assess the shape and morphology of
the particles by determining and comparing ρeff for different particle mobility diameters. If
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Figure 4.2: Averaged particle size distributions measured with the SMPS for the low FSC fuel (LoS),
the high FSC fuel (HiS) and where HiS exhaust gas is passed through the wet scrubber using seawater
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a declining trend for ρeff with increasing mobility diameter is observed, it generally implies
that the particles are becoming less dense with increasing size, which is typical for freshly
emitted soot particles. On the other hand, if ρeff remains constant, one can assume that the
exhaust particles are spherical and/or liquid droplets.
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mobility power law fittings are shown as dotted lines with the resulting fractal dimensions (Dm)
given in the legend. Reproduced from Paper I.
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In Figure 4.3 ρeff measurements are shown for HVO, MGO, HGO and both wet
scrubber cases, FWS and SWS. In all cases, a declining trend with increasing particle size
is observed, which implies that exhaust particles are becoming less dense with increasing
size, which is typical for soot particles.127,156 It was, however, not possible to compare
particles ≲ 20 nm due to experimental restrictions. This small particle size range would
be of particular interest, given that they likely represent newly formed particle modes
downstream of the scrubber.

Direct comparisons between HGO and the two low FSC fuels, show that HGO
particles are in general more dense, which is likely due to the additional sulfur in the particle
phase, although other substances cannot not be excluded. Exhaust particles processed by
the wet scrubber are more dense than HGO particles. Considering the high humidity and
a strong exhaust temperature reduction from > 200○C to ≈ 40○C inside the scrubber, it is
very likely that more material condensed onto the particles.
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Figure 4.4: Measured effective densities (ρeff) for the fuels LoS and HiS and the HiS + WS case as
a function of particle mobility diameter for an engine load of (a) 25%, (b) 50% and (c) 70%. Error
bars represent ± two standard deviations. Classification into different modes was based on observed
trends in the raw data output (see Figures S7 to S9 in Paper III). Reproduced from Paper III.

The range and spread of ρeff measurements increased during the final laboratory
engine campaign, which is shown in Figure 4.4. Herein, LoS particles display similar
declining trends in ρeff to the data presented in Figure 4.3. We therefore assume, that LoS
particles in the measured PSDs mainly consist of soot particles. The multimodal character
of measured PSDs of HiS and WS are reflected in the heterogeneous ρeff data distribution.
In the HiS and WS cases, several particle types could be identified (see Paper III), which
correspond to individual PSD modes (Figure 4.2). HiS Type 2 particles (≈60 nm to 350
nm) display a similar trend to LoS particles, i.e., ρeff declines with increasing particle
size. At the same particle size, HiS and LoS display similar offsets to those between
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Figure 4.2: Averaged particle size distributions measured with the SMPS for the low FSC fuel (LoS),
the high FSC fuel (HiS) and where HiS exhaust gas is passed through the wet scrubber using seawater
(WS) are shown in panels (a) to (c). Respective panels show size distributions measured for different
engine load regimes, 25%, 50% and 70%. The shaded areas depict ± one standard deviation in
measurement uncertainty. Reproduced from Paper III.

a declining trend for ρeff with increasing mobility diameter is observed, it generally implies
that the particles are becoming less dense with increasing size, which is typical for freshly
emitted soot particles. On the other hand, if ρeff remains constant, one can assume that the
exhaust particles are spherical and/or liquid droplets.

50 100 200

d

mo

 (nm)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

e
f
f

 
 
(
g

/
c
m

3

)

(a)

HGO; D

m

= 2.62

MGO; D

m

= 2.53

HVO; D

m

= 2.51

FWS; D

m

= 2.67

SWS; D

m

= 2.66

50 100 300

d

mo

 (nm)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

e
f
f

 
 
(
g

/
c
m

3

)

(b)

Univ. Relationship (Olfert & Rogak, 2019)

0.036%; 50% Load (Park et al., 2003)

0.036%; 10% Load (Park et al., 2003)

0.036%; Idling (Park et al., 2003)

0%; Idling (Park et al., 2003)

6 ppm; HD transient (Rissler et al., 2013)

6 ppm; HD Idling (Rissler et al., 2013)

2 ppm; LD Idling (Rissler et al., 2013)

HFO; 2.33% (Corbin et al., 2018)

MGO; 0.08% (Corbin et al., 2018)

Diesel (Momenimovahed et al., 2021)

IFO; 0.8% (Momenimovahed et al., 2021)

HGO Fit

MGO Fit

HVO Fit

FWS Fit

SWS Fit

WS Usage

Switch to
Fuels with
low FSC

Figure 4.3: Effective densities (ρeff) determined for the three fuels (HGO, MGO and HVO) as well
as both WS cases using HGO and either sea- (SWS) or freshwater (FWS) plotted as a function of
mobility diameter with the measurement uncertainty given by the whiskered error bars. The mass-
mobility power law fittings are shown as dotted lines with the resulting fractal dimensions (Dm)
given in the legend. Reproduced from Paper I.
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scrubber cases, FWS and SWS. In all cases, a declining trend with increasing particle size
is observed, which implies that exhaust particles are becoming less dense with increasing
size, which is typical for soot particles.127,156 It was, however, not possible to compare
particles ≲ 20 nm due to experimental restrictions. This small particle size range would
be of particular interest, given that they likely represent newly formed particle modes
downstream of the scrubber.

Direct comparisons between HGO and the two low FSC fuels, show that HGO
particles are in general more dense, which is likely due to the additional sulfur in the particle
phase, although other substances cannot not be excluded. Exhaust particles processed by
the wet scrubber are more dense than HGO particles. Considering the high humidity and
a strong exhaust temperature reduction from > 200○C to ≈ 40○C inside the scrubber, it is
very likely that more material condensed onto the particles.
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The range and spread of ρeff measurements increased during the final laboratory
engine campaign, which is shown in Figure 4.4. Herein, LoS particles display similar
declining trends in ρeff to the data presented in Figure 4.3. We therefore assume, that LoS
particles in the measured PSDs mainly consist of soot particles. The multimodal character
of measured PSDs of HiS and WS are reflected in the heterogeneous ρeff data distribution.
In the HiS and WS cases, several particle types could be identified (see Paper III), which
correspond to individual PSD modes (Figure 4.2). HiS Type 2 particles (≈60 nm to 350
nm) display a similar trend to LoS particles, i.e., ρeff declines with increasing particle
size. At the same particle size, HiS and LoS display similar offsets to those between
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HGO and MGO/HVO particles (Figure 4.3). Meaning that HiS soot particles appear to
be more dense compared to those from low FSC fuel combustion. HiS Type 1 particles
display a less clear trend. First, ρeff of Type 1 particles is significantly larger than values
of Type 2 particles, reaching a maximum value of 1.78 g cm−3. The differences in trends
of Type 1 particles for the different engine loads makes it difficult to assess, whether these
particles are more spherical or more fractal-like particles, which become less dense with
increasing size. From the data analysis we could identify a third particle mode, which
had ρeff value of ≈1.98 g cm−3. For reference, sulfuric acid has a material density of
1.83 g cm−3 and pure soot is estimated to have a density of ≈1.83 g cm−3.157 It is therefore
possible, that these particles consist of sulfate particles, sulfuric acid droplets and/or coated
soot particles. Nevertheless, results for Type 3 particles exert a bias that cannot be fully
explained. Identified WS particle types display similar behaviors. The values of Type
1 WS particles coincide with Type 1 HiS particles but diverge at sizes above 80 nm and
display an increasing trend in ρeff with particle size. It is noteworthy that ρeff of ≈34 nm
HiS and WS particles are nearly identical, suggesting that the same type of particles are
being emitted. Only a few data points for Type 2 WS particles could be identified. The ρeff
values of these particles are substantially lower than those of Type 1 particles.

4.1.3 Chemical Characterization

Two methods were used to determine the chemical compositions of exhaust parti-
cle emissions. Scanning transmission X-ray microscopy coupled with NEXAFS is used
to obtain detailed information on chemical bonding, structure and morphology of single
particles. Energy dispersive X-ray fluorescence, on the other hand, yields chemical finger-
prints of bulk aerosol properties collected on filters. Results presented here and obtained
from STXM and NEXAFS analysis that are reported in Paper III, match those published
in Paper II. EDXRF measurements were only conducted and presented for comparison in
Paper III.

In general, combustion of low FSC fuels resulted in emissions of mostly carbona-
ceous, soot particles (Paper II and III). Figure 4.5 shows a STXM image and corresponding
carbon and oxygen K-edge NEXAFS spectra of an exemplary soot particle emitted from
LoS combustion (Paper III). The particle displays distinct morphological soot character-
istics, such as a fractal-like structure and a fluffy texture (Figure 4.5 a). In Figure 4.5 b
the absorption peak around 285.4 eV corresponds to carbon-carbon double bonds (C=C),
which are characteristic for black carbon.129,158 The broader absorption peak above 291 eV
likely corresponds to carbon-carbon single bonds (C-C).129 The oxygen K-edge exhibits
absorption features, associated with the carbonyl group (C=O; Figure 4.5 c).129,159

Exhaust particles from high FSC combustion exhibit more compositional heterogene-
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Figure 4.5: A scanning transmission X-ray microscopy (STXM) image and corresponding near-edge
absorption fine structure (NEXAFS) spectra of a typical LoS exhaust particle. (a) A X-ray microscopy
image taken of the respective particle at the oxygen K-edge at 534.5 eV. NEXAFS spectra acquired
for the particle at (b) the carbon K-edge and (c) the oxygen K-edge. The blue shaded areas in
panel (b) and (c) mark absorption features related to different functional groups displayed over the
corresponding areas. The range for the shaded areas were visually estimated from Moffet et al. 129

Reproduced from Paper III.
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Figure 4.6: STXM image and NEXAFS spectra from HiS exhaust particles. (a) STXM images taken
at 540 eV showing a sulfate-type and soot particle. NEXAFS spectra at (b) the oxygen K-edge, (c) the
nitrogen K-edge and (d) the sulfur L-edge. Spectra shown in panels (b) to (d) represent the average
of whole particles, although during the analysis process all particles were inspected for spectral
heterogeneity. Reproduced from Paper III.
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HGO and MGO/HVO particles (Figure 4.3). Meaning that HiS soot particles appear to
be more dense compared to those from low FSC fuel combustion. HiS Type 1 particles
display a less clear trend. First, ρeff of Type 1 particles is significantly larger than values
of Type 2 particles, reaching a maximum value of 1.78 g cm−3. The differences in trends
of Type 1 particles for the different engine loads makes it difficult to assess, whether these
particles are more spherical or more fractal-like particles, which become less dense with
increasing size. From the data analysis we could identify a third particle mode, which
had ρeff value of ≈1.98 g cm−3. For reference, sulfuric acid has a material density of
1.83 g cm−3 and pure soot is estimated to have a density of ≈1.83 g cm−3.157 It is therefore
possible, that these particles consist of sulfate particles, sulfuric acid droplets and/or coated
soot particles. Nevertheless, results for Type 3 particles exert a bias that cannot be fully
explained. Identified WS particle types display similar behaviors. The values of Type
1 WS particles coincide with Type 1 HiS particles but diverge at sizes above 80 nm and
display an increasing trend in ρeff with particle size. It is noteworthy that ρeff of ≈34 nm
HiS and WS particles are nearly identical, suggesting that the same type of particles are
being emitted. Only a few data points for Type 2 WS particles could be identified. The ρeff
values of these particles are substantially lower than those of Type 1 particles.

4.1.3 Chemical Characterization

Two methods were used to determine the chemical compositions of exhaust parti-
cle emissions. Scanning transmission X-ray microscopy coupled with NEXAFS is used
to obtain detailed information on chemical bonding, structure and morphology of single
particles. Energy dispersive X-ray fluorescence, on the other hand, yields chemical finger-
prints of bulk aerosol properties collected on filters. Results presented here and obtained
from STXM and NEXAFS analysis that are reported in Paper III, match those published
in Paper II. EDXRF measurements were only conducted and presented for comparison in
Paper III.

In general, combustion of low FSC fuels resulted in emissions of mostly carbona-
ceous, soot particles (Paper II and III). Figure 4.5 shows a STXM image and corresponding
carbon and oxygen K-edge NEXAFS spectra of an exemplary soot particle emitted from
LoS combustion (Paper III). The particle displays distinct morphological soot character-
istics, such as a fractal-like structure and a fluffy texture (Figure 4.5 a). In Figure 4.5 b
the absorption peak around 285.4 eV corresponds to carbon-carbon double bonds (C=C),
which are characteristic for black carbon.129,158 The broader absorption peak above 291 eV
likely corresponds to carbon-carbon single bonds (C-C).129 The oxygen K-edge exhibits
absorption features, associated with the carbonyl group (C=O; Figure 4.5 c).129,159

Exhaust particles from high FSC combustion exhibit more compositional heterogene-
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Figure 4.5: A scanning transmission X-ray microscopy (STXM) image and corresponding near-edge
absorption fine structure (NEXAFS) spectra of a typical LoS exhaust particle. (a) A X-ray microscopy
image taken of the respective particle at the oxygen K-edge at 534.5 eV. NEXAFS spectra acquired
for the particle at (b) the carbon K-edge and (c) the oxygen K-edge. The blue shaded areas in
panel (b) and (c) mark absorption features related to different functional groups displayed over the
corresponding areas. The range for the shaded areas were visually estimated from Moffet et al. 129
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Figure 4.6: STXM image and NEXAFS spectra from HiS exhaust particles. (a) STXM images taken
at 540 eV showing a sulfate-type and soot particle. NEXAFS spectra at (b) the oxygen K-edge, (c) the
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ity. During STXM analyses, two distinct particle types, soot (Paper II and III) and sulfate
particles (Paper III) were observed. One key difference in the composition of soot particles
from low and high FSC combustion, was the presence of sulfates in the particle phase
(Paper II and III). Figure 4.6 shows a STXM image of HiS combustion soot and sulfate
particles side by side. The sulfur L-edge spectra of the sulfate particle (Figure 4.6 d) shows
absorption features characteristic of atmospherically-relevant sulfate particles.160 We were
able to conclude from direct comparisons between oxygen K-edge spectra obtained for
the LoS soot particle and, the HiS soot and sulfate particle, as well as a comparison with
literature,161 that sulfate is present in the HiS soot particle (Paper III).

a b c

285.8 eV 

8 µm

1071 - 1065 eV 

8 µm

537.5 - 530.5 eV 

8 µm

Figure 4.7: STXM images of particles from wet scrubber exhaust taken at different energies. (a)
Single energy image around the carbon K-edge (285.8 eV) showing different particle types present
on the grid. (b) Differential energy image at the sodium K-edge (1071 eV − 1065 eV) where different
shades of green indicate the intensity of measured Na signal. (c) Differential energy image at the
oxygen K-edge (537.5 eV− 530.5 eV), where hues of red indicate presence of oxygen-rich sulfates and
mineral particles and bluish hues highlight oxygen-containing soot particles. In (b) and (c) images
taken within the same absorption edge were pixel-aligned and background corrected signals of the
lower (pre-edge) energies were subtracted from signals obtained around absorption peaks (higher
energy values). The choice of the two respective energy values were based on carbon and sodium
NEXAFS spectra typical for the respective particle types. Reproduced from Paper III.

Wet scrubbing was found to lead to significant changes in exhaust particles’ mixing
states (Paper II and III). Alongside soot and sulfate particles, wet scrubbing led to emissions
of oxygen and calcium containing mineral particles as well as sodium chloride particles.
Figure 4.7 shows WS particle clusters where mixtures of salt, soot and mineral are displayed.

The key results from EDXRF measurements (Paper III) are summarized in Table 4.1.
The main finding is that wet scrubbing leads to enhanced emissions of sulfur in the particle
phase, as well as to minor increases in chlorine, potassium and iron, when compared to
HiS and LoS results. These results support the hypothesis that the dominant particle mode
measured during the measurement outlined in Paper III (Figure 4.2), consists of sulfate
particles and that the shift in CMD and σg of the corresponding mode, was likely due to

48

4.1 Laboratory Studies - Impacts of Compliance Measures on Exhaust Particle Emissions

Table 4.1: Summary of particulate matter related emission factors measured for the three different
cases and engine loads normalized by load-dependent fuel consumption. Emission factors of S,
Cl, K, Ca and Fe were derived from filter-based EDXRF measurements of PM2.5 sampled using a
cyclone impactor. The uncertainties are given as ± two standard deviations. Reproduced form Paper
III.

Case Load S Cl K Ca Fe
µg kg−1 µg kg−1 µg kg−1 µg kg−1 µg kg−1

LoS
25 0.92 ± 0.32 0.10 ± 0.07 0.03 ± 0.02 0.19 ± 0.10 0.33 ± 0.18
50 0.36 ± 0.13 0.00 ± 0.01 0.00 ± 0.00 0.04 ± 0.02 0.13 ± 0.07
70 0.18 ± 0.07 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.06 ± 0.04

HiS
25 23.13 ± 5.98 0.03 ± 0.01 0.02 ± 0.01 0.15 ± 0.09 0.33 ± 0.23
50 20.71 ± 5.89 0.00 ± 0.00 0.05 ± 0.02 0.30 ± 0.10 0.50 ± 0.20
70 24.91 ± 6.29 0.01 ± 0.01 0.00 ± 0.00 0.09 ± 0.04 0.40 ± 0.14

WS
25 38.63 ± 9.45 1.25 ± 0.32 0.14 ± 0.09 0.51 ± 0.17 0.51 ± 0.25
50 38.23 ± 9.70 0.95 ± 0.28 0.32 ± 0.10 0.66 ± 0.19 0.62 ± 0.18
70 31.14 ± 8.39 0.60 ± 0.16 0.07 ± 0.04 0.31 ± 0.09 0.93 ± 0.29

coagulation of sulfate particles.

4.1.4 CCN Activity

Fuel sulfur reduction and wet scrubbing effects on physicochemical properties of
exhaust particles are reflected in the CCN activity results. In the previous sections it was
shown that exhaust particles from high FSC fuel combustion consist of sulfate particles
and soot particles with traces of sulfates. When exhaust particles from low FSC fuel
combustion were analyzed, we found exclusively carbonaceous soot particles, which were
also less dense compared to HiS soot particles and had no detectable amounts of sulfate. Wet
scrubbing affected the mixing state of exhaust particles significantly. Alongside soot and
sulfate particles, sodium chloride and mineral particles were emitted. Moreover, scrubbed
soot particles were more dense than HiS particles, which suggests that more condensable
material partitioned into the particle phase. These observations have implications for the
hygroscopicity of the particles.

In Figure 4.8 κ values of HGO, MGO and SWS, and FWS, particles are shown. We
show that the two investigated compliance measures have opposing effects on the CCN
activity of ship engine exhaust particles. These observations also agree with the results
shown in the previous sections. As shown in Figure 4.8, the CCN activity is substantially
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ity. During STXM analyses, two distinct particle types, soot (Paper II and III) and sulfate
particles (Paper III) were observed. One key difference in the composition of soot particles
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Figure 4.7: STXM images of particles from wet scrubber exhaust taken at different energies. (a)
Single energy image around the carbon K-edge (285.8 eV) showing different particle types present
on the grid. (b) Differential energy image at the sodium K-edge (1071 eV − 1065 eV) where different
shades of green indicate the intensity of measured Na signal. (c) Differential energy image at the
oxygen K-edge (537.5 eV− 530.5 eV), where hues of red indicate presence of oxygen-rich sulfates and
mineral particles and bluish hues highlight oxygen-containing soot particles. In (b) and (c) images
taken within the same absorption edge were pixel-aligned and background corrected signals of the
lower (pre-edge) energies were subtracted from signals obtained around absorption peaks (higher
energy values). The choice of the two respective energy values were based on carbon and sodium
NEXAFS spectra typical for the respective particle types. Reproduced from Paper III.

Wet scrubbing was found to lead to significant changes in exhaust particles’ mixing
states (Paper II and III). Alongside soot and sulfate particles, wet scrubbing led to emissions
of oxygen and calcium containing mineral particles as well as sodium chloride particles.
Figure 4.7 shows WS particle clusters where mixtures of salt, soot and mineral are displayed.

The key results from EDXRF measurements (Paper III) are summarized in Table 4.1.
The main finding is that wet scrubbing leads to enhanced emissions of sulfur in the particle
phase, as well as to minor increases in chlorine, potassium and iron, when compared to
HiS and LoS results. These results support the hypothesis that the dominant particle mode
measured during the measurement outlined in Paper III (Figure 4.2), consists of sulfate
particles and that the shift in CMD and σg of the corresponding mode, was likely due to
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Table 4.1: Summary of particulate matter related emission factors measured for the three different
cases and engine loads normalized by load-dependent fuel consumption. Emission factors of S,
Cl, K, Ca and Fe were derived from filter-based EDXRF measurements of PM2.5 sampled using a
cyclone impactor. The uncertainties are given as ± two standard deviations. Reproduced form Paper
III.

Case Load S Cl K Ca Fe
µg kg−1 µg kg−1 µg kg−1 µg kg−1 µg kg−1

LoS
25 0.92 ± 0.32 0.10 ± 0.07 0.03 ± 0.02 0.19 ± 0.10 0.33 ± 0.18
50 0.36 ± 0.13 0.00 ± 0.01 0.00 ± 0.00 0.04 ± 0.02 0.13 ± 0.07
70 0.18 ± 0.07 0.02 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.06 ± 0.04

HiS
25 23.13 ± 5.98 0.03 ± 0.01 0.02 ± 0.01 0.15 ± 0.09 0.33 ± 0.23
50 20.71 ± 5.89 0.00 ± 0.00 0.05 ± 0.02 0.30 ± 0.10 0.50 ± 0.20
70 24.91 ± 6.29 0.01 ± 0.01 0.00 ± 0.00 0.09 ± 0.04 0.40 ± 0.14

WS
25 38.63 ± 9.45 1.25 ± 0.32 0.14 ± 0.09 0.51 ± 0.17 0.51 ± 0.25
50 38.23 ± 9.70 0.95 ± 0.28 0.32 ± 0.10 0.66 ± 0.19 0.62 ± 0.18
70 31.14 ± 8.39 0.60 ± 0.16 0.07 ± 0.04 0.31 ± 0.09 0.93 ± 0.29

coagulation of sulfate particles.

4.1.4 CCN Activity

Fuel sulfur reduction and wet scrubbing effects on physicochemical properties of
exhaust particles are reflected in the CCN activity results. In the previous sections it was
shown that exhaust particles from high FSC fuel combustion consist of sulfate particles
and soot particles with traces of sulfates. When exhaust particles from low FSC fuel
combustion were analyzed, we found exclusively carbonaceous soot particles, which were
also less dense compared to HiS soot particles and had no detectable amounts of sulfate. Wet
scrubbing affected the mixing state of exhaust particles significantly. Alongside soot and
sulfate particles, sodium chloride and mineral particles were emitted. Moreover, scrubbed
soot particles were more dense than HiS particles, which suggests that more condensable
material partitioned into the particle phase. These observations have implications for the
hygroscopicity of the particles.

In Figure 4.8 κ values of HGO, MGO and SWS, and FWS, particles are shown. We
show that the two investigated compliance measures have opposing effects on the CCN
activity of ship engine exhaust particles. These observations also agree with the results
shown in the previous sections. As shown in Figure 4.8, the CCN activity is substantially
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Figure 4.8: κ values of fresh exhaust particles obtained for mobility diameters of 50 nm, 90 nm and
150 nm. HGO and MGO designate exhaust particles produced from the combustion of the respective
fuels, whereas FWS and SWS indicate HGO combustion in conjunction with wet scrubbing using
either sea- (SWS) or freshwater (FWS). The CCN activity was below the detection limit for HVO
particles, and therefore HVO related data points are not present in the figure. Data points are
calculated mean values with whiskers indicating measurement uncertainties given by ± one standard
deviation. Reproduced from Paper II.

reduced when switching to low FSC fuels, as can be seen from direct comparisons between
κ values of HGO and MGO particles. This can be explained by the relative absence of
sulfates and other water soluble compounds in the particle phase. Values for HVO particles
are missing in the figure because no CCN activity was observed for HVO particles. A key
fuel composition difference between MGO and HVO, was the substantially higher aromatic
content in MGO. We therefore hypothesize that the aromatic content of the fuel affects
the particle composition and can to a degree facilitate droplet activation. Wet scrubbing,
strongly facilitated CCN activation, as is seen from the high κ values compared to those of
HGO particles. Considering the previously observed impacts of wet scrubbing on exhaust
particle emissions, i.e., particles with more condensed/water soluble material and enhanced
mixing with salt particles, one would expect that these changes increase CCN activity.

In Paper III similar observations were made, albeit changes in CCN activity between
HiS and WS are less pronounced compared to Paper II (Figure 4.9). Similar to Paper II,
low FSC fuel combustion, which resulted predominantly in emissions of soot particles
absent sulfates, reduced the hygroscopicity across the inspected size range. The effect of
wet scrubbing on the CCN activity is most pronounced in the 50 nm to 100 nm size range,
which coincides with the observed shifts of the dominant particle mode. Comparing κ
values of 50 nm WS and HiS particles and, taking into account similarities in ρeff and
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Figure 4.9: CCN activity expressed as the mean hygroscopicity parameter (κ) value for particle
mobility diameters between 50 and 250 nm. LoS represents combustion of low FSC fuel, HiS of
non-compliant high FSC fuel and in WS, HiS exhaust was processed by the wet scrubber. Panels (a)
to (c) show results for engine loads ranging from 25% to 70% (as indicated). The error bars represent
± two standard deviations of measurement uncertainty. Reproduced from Paper III.

results obtained from STXM/NEXAFS analysis, we hypothesize that 50 nm particles share
the same chemical composition. No immediate correlation between engine load and CCN
activity was found for any of the cases.

4.1.5 IN Activity

For Paper III the IN abilities of the exhaust particles were also investigated. Given the
fact, that compliance measures had distinct impacts on CCN activity, one might expect to
observe similar results for IN. In Figure 4.10 the freezing onset conditions for 200 nm LoS,
HiS and WS exhaust particles are shown. The data show at which temperature and RHi 1%
of the total size-selected particle population is activated into ice crystals. At temperatures
between -35 and -50○ C particles only exhibited ice nucleation onsets close to liquid water
saturation or around homogeneous freezing conditions. At higher temperatures no apparent
ice nucleation was observed from any of the three cases. It has been previously shown
that sulfuric acid and organic coatings on soot particles can influence IN activity, either by
filling pores and thus, inhibiting pore condensation freezing, or by facilitating water uptake
due to the addition of more hygroscopic material. 28 While ship plumes have previously
been found to enhance INP concentrations,162 our results show that FSC reduction and
wet scrubbing have no apparent influence on the exhaust particles’ freezing abilities. That
said, we cannot exclude that long-term atmospheric aging processes could affect particles
in different ways.26
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150 nm. HGO and MGO designate exhaust particles produced from the combustion of the respective
fuels, whereas FWS and SWS indicate HGO combustion in conjunction with wet scrubbing using
either sea- (SWS) or freshwater (FWS). The CCN activity was below the detection limit for HVO
particles, and therefore HVO related data points are not present in the figure. Data points are
calculated mean values with whiskers indicating measurement uncertainties given by ± one standard
deviation. Reproduced from Paper II.

reduced when switching to low FSC fuels, as can be seen from direct comparisons between
κ values of HGO and MGO particles. This can be explained by the relative absence of
sulfates and other water soluble compounds in the particle phase. Values for HVO particles
are missing in the figure because no CCN activity was observed for HVO particles. A key
fuel composition difference between MGO and HVO, was the substantially higher aromatic
content in MGO. We therefore hypothesize that the aromatic content of the fuel affects
the particle composition and can to a degree facilitate droplet activation. Wet scrubbing,
strongly facilitated CCN activation, as is seen from the high κ values compared to those of
HGO particles. Considering the previously observed impacts of wet scrubbing on exhaust
particle emissions, i.e., particles with more condensed/water soluble material and enhanced
mixing with salt particles, one would expect that these changes increase CCN activity.

In Paper III similar observations were made, albeit changes in CCN activity between
HiS and WS are less pronounced compared to Paper II (Figure 4.9). Similar to Paper II,
low FSC fuel combustion, which resulted predominantly in emissions of soot particles
absent sulfates, reduced the hygroscopicity across the inspected size range. The effect of
wet scrubbing on the CCN activity is most pronounced in the 50 nm to 100 nm size range,
which coincides with the observed shifts of the dominant particle mode. Comparing κ
values of 50 nm WS and HiS particles and, taking into account similarities in ρeff and
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Figure 4.9: CCN activity expressed as the mean hygroscopicity parameter (κ) value for particle
mobility diameters between 50 and 250 nm. LoS represents combustion of low FSC fuel, HiS of
non-compliant high FSC fuel and in WS, HiS exhaust was processed by the wet scrubber. Panels (a)
to (c) show results for engine loads ranging from 25% to 70% (as indicated). The error bars represent
± two standard deviations of measurement uncertainty. Reproduced from Paper III.

results obtained from STXM/NEXAFS analysis, we hypothesize that 50 nm particles share
the same chemical composition. No immediate correlation between engine load and CCN
activity was found for any of the cases.

4.1.5 IN Activity

For Paper III the IN abilities of the exhaust particles were also investigated. Given the
fact, that compliance measures had distinct impacts on CCN activity, one might expect to
observe similar results for IN. In Figure 4.10 the freezing onset conditions for 200 nm LoS,
HiS and WS exhaust particles are shown. The data show at which temperature and RHi 1%
of the total size-selected particle population is activated into ice crystals. At temperatures
between -35 and -50○ C particles only exhibited ice nucleation onsets close to liquid water
saturation or around homogeneous freezing conditions. At higher temperatures no apparent
ice nucleation was observed from any of the three cases. It has been previously shown
that sulfuric acid and organic coatings on soot particles can influence IN activity, either by
filling pores and thus, inhibiting pore condensation freezing, or by facilitating water uptake
due to the addition of more hygroscopic material. 28 While ship plumes have previously
been found to enhance INP concentrations,162 our results show that FSC reduction and
wet scrubbing have no apparent influence on the exhaust particles’ freezing abilities. That
said, we cannot exclude that long-term atmospheric aging processes could affect particles
in different ways.26
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Figure 4.10: Summary of 200 nm particle freezing experiments from −26○C to −50○C. The freezing
onset was defined as the point where the activated fraction, i.e., the ratio between the concentration
of ice crystals exceeding 3 µm and the total particle concentration measured with the CPC, exceeded
1%. The solid blue line indicates water saturation, the dashed blue line represents the homoge-
neous freezing threshold for 200 nm particles according to Koop et al. 15 (calculated with a water
activity (∆aw) of 0.2946) and the grey dashed line represents the experimentally determined droplet
breakthrough conditions for PINCii. 133 Reproduced from Paper III.

4.1.6 Emission Factors

Particle number (EFPN), particle mass (EFPM), and CCN emission factors (EFCCN)
from Paper I, II and III, reveal dependencies on engine type and load (Table 4.2). One
key finding is that switching to low FSC generally decreased both number and mass
emissions of exhaust particles. While this relationship is less pronounced in Paper I, where
particle exhaust emissions were subject to less stable combustion conditions, it is very
clear for results reported in Paper III. Results in Paper III show that FSC reduction was
characterized by an absence of sulfate particles, which dominated PN emissions from HiS
fuel combustion. For wet scrubbing the net impact on EFPN and EFPM emissions depended
strongly on the engine type. In Paper I, wet scrubbing led to the formation of an additional
ultrafine particle mode, which resulted in increased EFPN. As wet scrubbing was found to
mostly affect exhaust particles in size ranges, which contribute only little to the total mass,
the impact on EFPM was less pronounced (Paper I). In Paper III, wet scrubbing shifted the
HiS sulfate mode (increase in CMD) and reduced its amplitude. This led to a reduction
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in EFPN but, due to the shift in size, to an increase in EFPM. Engine load dependencies
are less clear. While the soot mode was observed to be reduced with increasing engine
load for all cases, the impact on smaller, non-soot particles is less clear (Paper III). In
summary, we observe a reduction in both EFPN and EFPM, when high FSC is replaced by
SECA-compliant low FSC fuels. Reducing the sulfur content of marine fuels is therefore
a viable solution to reducing PM emissions from ships. Our observations regarding the
impact of wet scrubbing on exhaust particle emissions, mirror those of other studies, where
large variability in terms of particle removal efficiency is seen (see Section 1.2.1). While
wet scrubbing helps in reducing SO2 emissions and thus, inhibits formation of secondary
aerosol, it might not be the most favorable solution in mitigating primary exhaust particle
emissions.

The impact of compliance measures on CCN emissions can have significant impli-
cations for atmospheric processes and the net impact of shipping activity on the climate
system. In our measurements we found that combustion of low FSC fuels led in general
to a decrease in CCN number emissions, due to emissions of mostly hydrophobic soot
particles. This reduction was especially pronounced when high FSC fuel combustion was
accompanied by abundant sulfate particle emissions (Paper III). On the other hand, wet
scrubbing increased CCN emissions in most cases. Observed EFCCN increases were caused
by a general increase in particle hygroscopicity (Paper II and III) and by shifts in particle
size distributions towards larger sizes, possibly caused by coagulation of particles inside
the scrubber. These CCN emissions results highlight that investigated compliance mea-
sures have the potential to impact the (Arctic) climate system in different ways. While BC
deposition on snow and ice surfaces might play a larger role in low FSC fuel combustion,
wet scrubber emissions have a stronger potential to impact cloud formation and properties,
which may lead to alterations in radiative processes.
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onset was defined as the point where the activated fraction, i.e., the ratio between the concentration
of ice crystals exceeding 3 µm and the total particle concentration measured with the CPC, exceeded
1%. The solid blue line indicates water saturation, the dashed blue line represents the homoge-
neous freezing threshold for 200 nm particles according to Koop et al. 15 (calculated with a water
activity (∆aw) of 0.2946) and the grey dashed line represents the experimentally determined droplet
breakthrough conditions for PINCii. 133 Reproduced from Paper III.

4.1.6 Emission Factors

Particle number (EFPN), particle mass (EFPM), and CCN emission factors (EFCCN)
from Paper I, II and III, reveal dependencies on engine type and load (Table 4.2). One
key finding is that switching to low FSC generally decreased both number and mass
emissions of exhaust particles. While this relationship is less pronounced in Paper I, where
particle exhaust emissions were subject to less stable combustion conditions, it is very
clear for results reported in Paper III. Results in Paper III show that FSC reduction was
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fuel combustion. For wet scrubbing the net impact on EFPN and EFPM emissions depended
strongly on the engine type. In Paper I, wet scrubbing led to the formation of an additional
ultrafine particle mode, which resulted in increased EFPN. As wet scrubbing was found to
mostly affect exhaust particles in size ranges, which contribute only little to the total mass,
the impact on EFPM was less pronounced (Paper I). In Paper III, wet scrubbing shifted the
HiS sulfate mode (increase in CMD) and reduced its amplitude. This led to a reduction
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in EFPN but, due to the shift in size, to an increase in EFPM. Engine load dependencies
are less clear. While the soot mode was observed to be reduced with increasing engine
load for all cases, the impact on smaller, non-soot particles is less clear (Paper III). In
summary, we observe a reduction in both EFPN and EFPM, when high FSC is replaced by
SECA-compliant low FSC fuels. Reducing the sulfur content of marine fuels is therefore
a viable solution to reducing PM emissions from ships. Our observations regarding the
impact of wet scrubbing on exhaust particle emissions, mirror those of other studies, where
large variability in terms of particle removal efficiency is seen (see Section 1.2.1). While
wet scrubbing helps in reducing SO2 emissions and thus, inhibits formation of secondary
aerosol, it might not be the most favorable solution in mitigating primary exhaust particle
emissions.

The impact of compliance measures on CCN emissions can have significant impli-
cations for atmospheric processes and the net impact of shipping activity on the climate
system. In our measurements we found that combustion of low FSC fuels led in general
to a decrease in CCN number emissions, due to emissions of mostly hydrophobic soot
particles. This reduction was especially pronounced when high FSC fuel combustion was
accompanied by abundant sulfate particle emissions (Paper III). On the other hand, wet
scrubbing increased CCN emissions in most cases. Observed EFCCN increases were caused
by a general increase in particle hygroscopicity (Paper II and III) and by shifts in particle
size distributions towards larger sizes, possibly caused by coagulation of particles inside
the scrubber. These CCN emissions results highlight that investigated compliance mea-
sures have the potential to impact the (Arctic) climate system in different ways. While BC
deposition on snow and ice surfaces might play a larger role in low FSC fuel combustion,
wet scrubber emissions have a stronger potential to impact cloud formation and properties,
which may lead to alterations in radiative processes.
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Table 4.2: Summary of particulate matter and CCN related emission factors normalized by fuel
consumption. Particle number (EFPN) and particle mass emission factors (EFPM) are derived from
integration of measured particle size distributions. EFPM are calculated using the average ρeff for
individual particle modes (EFPM,ρeff ). The uncertainties are given as ± two standard deviations. Data
reproduced from Paper I, II and III.

Case Load EFPN EFPM,ρeff EFCCN,0.3% EFCCN,0.7%
(%) 1014 # kg−1 mg kg−1 1013 # kg−1 1013 # kg−1

HVO 32 3.73 ± 0.16 58.07 ± 2.78 - -
MGO 32 4.98 ± 0.39 128.26 ± 14.33 0.01 0.11
HGOl 32 4.08 ± 0.29 88.35 ± 9.04 0.07 0.83
HGOh 32 5.48 ± 0.14 161.80 ± 8.00 0.15 1.66
FWSl 32 7.67 ± 0.68 79.85 ± 12.99 0.07 0.79
FWSh 32 7.29 ± 0.57 202.02 ± 12.33 0.27 2.11
SWSl 32 6.91 ± 0.17 70.99 ± 2.35 0.07 1.25
SWSh 32 8.57 ± 0.65 94.37 ± 3.93 0.09 1.57

LoS
25 1.18 ± 0.04 62.49 ± 2.36 0.20 1.13
50 0.73 ± 0.23 34.70 ± 10.50 0.18 0.75
70 0.33 ± 0.33 11.08 ± 2.16 0.08 0.29

HiS
25 69.90 ± 8.90 198.23 ± 32.08 7.19 51.76
50 80.68 ± 14.55 126.01 ± 28.73 3.22 33.27
70 77.52 ± 30.11 164.58 ± 44.30 1.76 77.32

WS
25 26.93 ± 5.11 388.36 ± 105.96 43.22 146.75
50 23.44 ± 2.73 333.14 ± 31.17 38.77 136.26
70 28.19 ± 4.83 358.92 ± 30.05 45.41 166.25
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4.2 Mixed-Phase Cloud Responses Induced by Ship
Aerosol Perturbations

The laboratory engine studies enabled us to construct a good overview of impacts of
FSC reduction and wet scrubbing on the exhaust particle properties. The results yielded
essential information for implementation of ship exhaust particle information into the cloud-
resolving LES model MIMICA. This allowed us to investigate the overarching research
question of this study, that is, how ship particle exhaust emissions in the Arctic might
impact mixed-phase cloud properties. We investigated the impacts on microphysical cloud
properties, i.e., the impact on distribution of different hydrometeors in the cloud. Using
these results we could further explore how IMO regulation policies impact macrophysical
cloud properties, including radiative properties that give us insight into possible climate
effects.

4.2.1 Impact of FSC Reduction and Wet Scrubbing on Liquid and Ice Water Path

The time evolution of the domain-averaged LWP and IWP are shown in Fig. 4.11
and compared to ASCOS observations. The general overestimate in LWP compared to
observational data is due to the use of prescribed aerosol particle concentrations, which was
found to yield a larger LWP compared to using interactive aerosol concentrations.140,142

In ship cases with sufficiently large particle number concentrations (≥ 1000 cm−3; HiS_hi,
WS_hi, and WS_sul_hi), the LWP was found to be increased compared to the reference
Mix case (Figure 4.11 a and b). This agrees with a similar model study by Possner et al., 112

where ship-related CCN emissions were also found to increase LWP. In contrast to Paper IV,
Possner et al. 112 utilized prescribed aerosol specifications of ship emissions based on ?,
which did not take into account different compliance measures and assume exhaust particles
to have a soluble fraction of 0.62%. The LWP increase is absent in LoS_hi and HiS_sul_hi,
suggesting that in these cases ship exhaust particles were too hydrophobic (LoS_hi; κ=0.04)
or too small (HiS_sul_hi; CMD=18 nm) to induce this effect.

In contrast to results for the LWP, no effect on the modeled IWP was observed
(Figure 4.11 c and d). This is mainly due to the implementation of prognostic Ni , which
excludes direct effects by additional ship aerosol particles. Here, ship exhaust perturbations
can only impact graupel and snow by influencing the availability of water vapor and
accretion efficiency of the hydrometeors.
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Table 4.2: Summary of particulate matter and CCN related emission factors normalized by fuel
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question of this study, that is, how ship particle exhaust emissions in the Arctic might
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these results we could further explore how IMO regulation policies impact macrophysical
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and compared to ASCOS observations. The general overestimate in LWP compared to
observational data is due to the use of prescribed aerosol particle concentrations, which was
found to yield a larger LWP compared to using interactive aerosol concentrations.140,142

In ship cases with sufficiently large particle number concentrations (≥ 1000 cm−3; HiS_hi,
WS_hi, and WS_sul_hi), the LWP was found to be increased compared to the reference
Mix case (Figure 4.11 a and b). This agrees with a similar model study by Possner et al., 112

where ship-related CCN emissions were also found to increase LWP. In contrast to Paper IV,
Possner et al. 112 utilized prescribed aerosol specifications of ship emissions based on ?,
which did not take into account different compliance measures and assume exhaust particles
to have a soluble fraction of 0.62%. The LWP increase is absent in LoS_hi and HiS_sul_hi,
suggesting that in these cases ship exhaust particles were too hydrophobic (LoS_hi; κ=0.04)
or too small (HiS_sul_hi; CMD=18 nm) to induce this effect.

In contrast to results for the LWP, no effect on the modeled IWP was observed
(Figure 4.11 c and d). This is mainly due to the implementation of prognostic Ni , which
excludes direct effects by additional ship aerosol particles. Here, ship exhaust perturbations
can only impact graupel and snow by influencing the availability of water vapor and
accretion efficiency of the hydrometeors.
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Figure 4.11: Time evolution of the simulated domain-averaged (a and b) liquid water path (LWP)
and (c and d) ice water path (IWP). Mix refers to the reference case with background aerosol only.
Mix refers to the reference case with seaspray background aerosol only. HiS, LoS, and WS represent
ship aerosol from measurements of high and low sulfur content fuels and wet scrubbing respectively
(Paper I and Paper II). The HiS_sul and WS_sul cases represent sulfate particle modes of high FSC
fuel combustion and exhaust gas wet scrubbing from Paper III. The label additions _lo and _hi
signify the ship aerosol concentrations used in the individual model runs. The blue shaded area
refers to the retrieved LWP and IWP from microwave radiometer measurements (median over the
observation period; the corresponding dashed lines are the 25th/75th percentiles) during the ASCOS
campaign.119,120 The first four hours are considered a spin-up period of the model and are removed
from the figures. Reproduced from Paper IV.

4.2.2 Impact of FSC Reduction and Wet Scrubbing on Hydrometeors

In accordance with results reported for LWP and IWP, ship perturbations were mostly
found to affect cloud droplet (Nc) and raindrop concentrations (Nr ; Figure 4.12). When
ship aerosol particles were added into the model domain, generally, more smaller cloud
droplets (Figure 4.12 a and f) and less larger raindrops were formed (Figure 4.12 b and g).
Similar to results shown in Figure 4.11, this model response was largely dependent on the
ship exhaust particle concentrations, CMD and κ. The WS_sul_lo case was the only low
concentration sensitivity case able to induce a moderate cloud response with respect to
hydrometeor concentrations. Moreover, we found that the CMD of ship exhaust particles
had a stronger influence on the cloud than larger hygroscopicities, as can be seen when
comparing LoS_1k (CMD = 45 nm; κ = 0.04) and HiS_sul_1k (CMD = 18 nm; κ = 0.64).
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This agrees with similar model responses reported by Christiansen et al. 141 who found
particle hygroscopicity to be of smaller importance when Acc mode aerosol particles are
present for the same cloud case.

Ship exhaust cases that affected Nc were also found to induce a delay in rain formation
onsets alongside general reductions in Nr . With larger numbers of cloud droplets, the
amount of water vapor available for condensation per particle is reduced. This limits the
growth of droplets and therefore, their auto-conversion rates, i.e., conversion into raindrops.
Cloud drop effective radii re are reduced by additional ship exhaust particles (Table 4.3),
agreeing with observed reductions in Nr due to reduced droplet coalescence.

As ice crystals are mainly prescribed (Ni), ship exhaust particles were only found
to exert moderate impacts on graupel (Ng; Figure 4.12 d and i) and snow concentrations
(Ns; Figure 4.12 e and j). All simulations showed similar cloud depths and evolutions (Fig-
ure 4.12, although, data indicate that ship perturbations induced moderate cloud deepening.
Cloud depths ranged between 535 m (Mix) and 570 m (WS_sul_hi).

Table 4.3: Overview of mean LWP, IWP, surface precipitation, net longwave radiation at the surface
(Net LW), cloud effective radius (re) and cloud albedo (α) over the last four hours of simulation time.
The label additions _lo and _hi signify the ship aerosol concentrations used in the individual model
runs. Reproduced from Paper IV.

Case LWP IWP Surface precipitation Net LW at surface re α

[g m−2] [g m−2] [mm d−1] [W m−2] [µm]
Mix 139.3 5.5 0.06 -14.6 3.52 0.90
LoS_lo 140.7 5.3 0.06 -14.5 3.51 0.90
LoS_hi 143.6 5.5 0.05 -14.4 3.43 0.90
HiS_lo 142.5 5.1 0.06 -14.5 3.50 0.90
HiS_hi 152.8 5.6 0.03 -14.2 3.29 0.91
WS_lo 145.4 5.1 0.06 -14.4 3.46 0.91
WS_hi 158.6 5.9 0.02 -13.9 3.16 0.92
HiS_sul_lo 141.0 5.0 0.07 -14.6 3.53 0.90
HiS_sul_hi 139.8 5.4 0.06 -14.6 3.52 0.90
WS_sul_lo 144.6 5.4 0.05 -14.4 3.44 0.91
WS_sul_hi 158.0 6.2 0.02 -14.0 3.16 0.92

4.2.3 Impact of FSC Reduction and Wet Scrubbing on Macrophysical Cloud Prop-
erties

The results discussed in the previous two sections show that ship exhaust perturba-
tions had the tendency to generate optically thicker clouds and to reduce rain formation.
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Figure 4.11: Time evolution of the simulated domain-averaged (a and b) liquid water path (LWP)
and (c and d) ice water path (IWP). Mix refers to the reference case with background aerosol only.
Mix refers to the reference case with seaspray background aerosol only. HiS, LoS, and WS represent
ship aerosol from measurements of high and low sulfur content fuels and wet scrubbing respectively
(Paper I and Paper II). The HiS_sul and WS_sul cases represent sulfate particle modes of high FSC
fuel combustion and exhaust gas wet scrubbing from Paper III. The label additions _lo and _hi
signify the ship aerosol concentrations used in the individual model runs. The blue shaded area
refers to the retrieved LWP and IWP from microwave radiometer measurements (median over the
observation period; the corresponding dashed lines are the 25th/75th percentiles) during the ASCOS
campaign.119,120 The first four hours are considered a spin-up period of the model and are removed
from the figures. Reproduced from Paper IV.

4.2.2 Impact of FSC Reduction and Wet Scrubbing on Hydrometeors

In accordance with results reported for LWP and IWP, ship perturbations were mostly
found to affect cloud droplet (Nc) and raindrop concentrations (Nr ; Figure 4.12). When
ship aerosol particles were added into the model domain, generally, more smaller cloud
droplets (Figure 4.12 a and f) and less larger raindrops were formed (Figure 4.12 b and g).
Similar to results shown in Figure 4.11, this model response was largely dependent on the
ship exhaust particle concentrations, CMD and κ. The WS_sul_lo case was the only low
concentration sensitivity case able to induce a moderate cloud response with respect to
hydrometeor concentrations. Moreover, we found that the CMD of ship exhaust particles
had a stronger influence on the cloud than larger hygroscopicities, as can be seen when
comparing LoS_1k (CMD = 45 nm; κ = 0.04) and HiS_sul_1k (CMD = 18 nm; κ = 0.64).
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This agrees with similar model responses reported by Christiansen et al. 141 who found
particle hygroscopicity to be of smaller importance when Acc mode aerosol particles are
present for the same cloud case.

Ship exhaust cases that affected Nc were also found to induce a delay in rain formation
onsets alongside general reductions in Nr . With larger numbers of cloud droplets, the
amount of water vapor available for condensation per particle is reduced. This limits the
growth of droplets and therefore, their auto-conversion rates, i.e., conversion into raindrops.
Cloud drop effective radii re are reduced by additional ship exhaust particles (Table 4.3),
agreeing with observed reductions in Nr due to reduced droplet coalescence.

As ice crystals are mainly prescribed (Ni), ship exhaust particles were only found
to exert moderate impacts on graupel (Ng; Figure 4.12 d and i) and snow concentrations
(Ns; Figure 4.12 e and j). All simulations showed similar cloud depths and evolutions (Fig-
ure 4.12, although, data indicate that ship perturbations induced moderate cloud deepening.
Cloud depths ranged between 535 m (Mix) and 570 m (WS_sul_hi).

Table 4.3: Overview of mean LWP, IWP, surface precipitation, net longwave radiation at the surface
(Net LW), cloud effective radius (re) and cloud albedo (α) over the last four hours of simulation time.
The label additions _lo and _hi signify the ship aerosol concentrations used in the individual model
runs. Reproduced from Paper IV.

Case LWP IWP Surface precipitation Net LW at surface re α

[g m−2] [g m−2] [mm d−1] [W m−2] [µm]
Mix 139.3 5.5 0.06 -14.6 3.52 0.90
LoS_lo 140.7 5.3 0.06 -14.5 3.51 0.90
LoS_hi 143.6 5.5 0.05 -14.4 3.43 0.90
HiS_lo 142.5 5.1 0.06 -14.5 3.50 0.90
HiS_hi 152.8 5.6 0.03 -14.2 3.29 0.91
WS_lo 145.4 5.1 0.06 -14.4 3.46 0.91
WS_hi 158.6 5.9 0.02 -13.9 3.16 0.92
HiS_sul_lo 141.0 5.0 0.07 -14.6 3.53 0.90
HiS_sul_hi 139.8 5.4 0.06 -14.6 3.52 0.90
WS_sul_lo 144.6 5.4 0.05 -14.4 3.44 0.91
WS_sul_hi 158.0 6.2 0.02 -14.0 3.16 0.92

4.2.3 Impact of FSC Reduction and Wet Scrubbing on Macrophysical Cloud Prop-
erties

The results discussed in the previous two sections show that ship exhaust perturba-
tions had the tendency to generate optically thicker clouds and to reduce rain formation.
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Figure 4.12: Vertical profiles of horizontally averaged (a and f) Nc , (b and g) Nr , (c and h) Ni , (d
and i) Ng and (e and j) Ns averaged over the last four simulation hours. averaged over the last four
simulation hours. The light blue, dashed line represents the average cloud bottom and top height
calculated for the reference case (Mix). HiS, LoS, and WS represent ship aerosol from measurements
of high and low sulfur content fuels and wet scrubbing respectively from Paper I and II. The HiS_sul
and WS_sul cases represent sulfate particle modes of high FSC fuel combustion and exhaust gas wet
scrubbing from Paper III. The label additions _lo and _hi signify the ship aerosol concentrations used
in the individual model runs. Reproduced from Paper IV.

These results have implications for cloud radiative effects and processes at the surface,
which help in identifying potential climate impacts from shipping in the Arctic.

Ship exhaust particles generally led to reductions in rain drop formation (Figure 4.12)
and in re (Table 4.3). Consequently, surface precipitation was also reduced for ship exhaust
cases with high particle number concentrations (Table 4.3 and Figure 4.13 a and b). These
results suggest that ship exhaust emissions may sustain the cloud for longer times compared
to the unperturbed reference case, although longer simulation durations are required in order
to draw definitive conclusions. The shipping-induced increases in LWP and reductions in
re also resulted in increased α (Table 4.3). In general, larger α values lead to increased
reflection and scattering of incoming solar radiation and can therefore play a substantial
role on the surface radiative balance during the Arctic summer months. Here, only small
adjustments in α were observed from ship exhaust perturbations (0.90 to 0.92), which
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was likely due to the already high α value in Mix. It is important to note though, that
the magnitude of shortwave (SW) radiative cooling from cloud albedo adjustments also
depends on the properties of underlying surfaces. When the surface is covered by ice,
clouds lead to lower contrast compared to open sea or land surfaces and therefore, cloud
albedo effects are of smaller importance in the Arctic.

Net fluxes of SW and longwave (LW) radiation at the surface were calculated by
subtracting net upwelling fluxes from net downwelling fluxes. Negative values imply net
upwelling radiation, hence, radiative surface cooling. Net SW radiative fluxes at the sur-
face are positive for all cases and remain mostly unaffected by ship exhaust perturbations
(Figure 4.13 e and f). This result agrees with the relatively small adjustments in α and
suggests that ship exhaust emissions may not lead to SW radiative cooling due to enhance-
ments of cloud reflectivity. It is important to note that the impact of increased ship exhaust
emissions on net SW may change substantially with cloud properties. That said, for most
cases this may not be of major importance in the Arctic climate system.

A larger impact from ship exhaust perturbations was modeled for LW radiation at the
surface (Table 4.3 and Figure 4.13 c and d). Net LW is negative in all model runs, which
implies net upwelling LW radiation. Ship cases which were found to significantly impact
the LWP of the cloud, also led to a reduction in LW radiative cooling at the surface, i.e.,
net LW became less negative. This effect is especially pronounced for wet scrubber cases
with high exhaust particle concentrations (WS_hi and WS_sul_hi). The largest difference
in net LW at the surface was modelled for WS_hi, where net radiative cooling was reduced
by 0.7 W m−2.

In conclusion, our results suggest that Arctic ship exhaust emissions may lead to
diminished radiative longwave cooling and enhanced surface warming due to an increases
in LWP, which enhances re-emission of LW radiation to the surface. Nevertheless, this
effect is mostly observed for ship exhaust cases with high particle concentrations and
strongly dependent on the CMD of exhaust particle size distributions. Here, we only tested
one specific cloud case, therefore, the impact of ship exhaust emissions may change with
ambient conditions and cloud properties.
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Figure 4.12: Vertical profiles of horizontally averaged (a and f) Nc , (b and g) Nr , (c and h) Ni , (d
and i) Ng and (e and j) Ns averaged over the last four simulation hours. averaged over the last four
simulation hours. The light blue, dashed line represents the average cloud bottom and top height
calculated for the reference case (Mix). HiS, LoS, and WS represent ship aerosol from measurements
of high and low sulfur content fuels and wet scrubbing respectively from Paper I and II. The HiS_sul
and WS_sul cases represent sulfate particle modes of high FSC fuel combustion and exhaust gas wet
scrubbing from Paper III. The label additions _lo and _hi signify the ship aerosol concentrations used
in the individual model runs. Reproduced from Paper IV.

These results have implications for cloud radiative effects and processes at the surface,
which help in identifying potential climate impacts from shipping in the Arctic.

Ship exhaust particles generally led to reductions in rain drop formation (Figure 4.12)
and in re (Table 4.3). Consequently, surface precipitation was also reduced for ship exhaust
cases with high particle number concentrations (Table 4.3 and Figure 4.13 a and b). These
results suggest that ship exhaust emissions may sustain the cloud for longer times compared
to the unperturbed reference case, although longer simulation durations are required in order
to draw definitive conclusions. The shipping-induced increases in LWP and reductions in
re also resulted in increased α (Table 4.3). In general, larger α values lead to increased
reflection and scattering of incoming solar radiation and can therefore play a substantial
role on the surface radiative balance during the Arctic summer months. Here, only small
adjustments in α were observed from ship exhaust perturbations (0.90 to 0.92), which
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was likely due to the already high α value in Mix. It is important to note though, that
the magnitude of shortwave (SW) radiative cooling from cloud albedo adjustments also
depends on the properties of underlying surfaces. When the surface is covered by ice,
clouds lead to lower contrast compared to open sea or land surfaces and therefore, cloud
albedo effects are of smaller importance in the Arctic.

Net fluxes of SW and longwave (LW) radiation at the surface were calculated by
subtracting net upwelling fluxes from net downwelling fluxes. Negative values imply net
upwelling radiation, hence, radiative surface cooling. Net SW radiative fluxes at the sur-
face are positive for all cases and remain mostly unaffected by ship exhaust perturbations
(Figure 4.13 e and f). This result agrees with the relatively small adjustments in α and
suggests that ship exhaust emissions may not lead to SW radiative cooling due to enhance-
ments of cloud reflectivity. It is important to note that the impact of increased ship exhaust
emissions on net SW may change substantially with cloud properties. That said, for most
cases this may not be of major importance in the Arctic climate system.

A larger impact from ship exhaust perturbations was modeled for LW radiation at the
surface (Table 4.3 and Figure 4.13 c and d). Net LW is negative in all model runs, which
implies net upwelling LW radiation. Ship cases which were found to significantly impact
the LWP of the cloud, also led to a reduction in LW radiative cooling at the surface, i.e.,
net LW became less negative. This effect is especially pronounced for wet scrubber cases
with high exhaust particle concentrations (WS_hi and WS_sul_hi). The largest difference
in net LW at the surface was modelled for WS_hi, where net radiative cooling was reduced
by 0.7 W m−2.

In conclusion, our results suggest that Arctic ship exhaust emissions may lead to
diminished radiative longwave cooling and enhanced surface warming due to an increases
in LWP, which enhances re-emission of LW radiation to the surface. Nevertheless, this
effect is mostly observed for ship exhaust cases with high particle concentrations and
strongly dependent on the CMD of exhaust particle size distributions. Here, we only tested
one specific cloud case, therefore, the impact of ship exhaust emissions may change with
ambient conditions and cloud properties.
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Figure 4.13: Time evolution of the simulated domain-averaged (a and b) surface precipitation, (c
and d) net longwave radiation at the surface (Net LW) and (e and f) net shortwave radiation at the
surface (Net SW) for the set of simulations. Net radiative fluxes are calculated by subtracting the
upwelling radiative flux from the downwelling flux (e.g., LWdown-LWup), hence, a negative value
implies net outgoing radiation. Mix refers to the reference case with background aerosol only. Mix
refers to the reference case with seaspray background aerosol only. HiS, LoS, and WS represent
ship aerosol from measurements of high and low sulfur content fuels and wet scrubbing respectively
(Paper I and II). The HiS_sul and WS_sul cases represent sulfate particle modes of high FSC fuel
combustion and exhaust gas wet scrubbing from Paper III. The label additions _lo and _hi signify the
ship aerosol concentrations used in the individual model runs. The first four hours are considered a
spin-up period of the model and are removed from the figures. Reproduced and modified from Paper
IV.
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5
Conclusions and Outlook

5.1 Conclusions

The aim of this work has been to contribute to understanding how international
marine fuel policies affect physicochemical properties of ship engine exhaust particles.
These results are useful for projecting how changes (increases) in Arctic shipping activity
may lead to changes in Arctic cloud properties and therefore, affect climatological feedbacks
in an environment, that is already experiencing unprecedented climate warming. The Arctic
is characterized by a very sensitive climate system, where changes in individual system
processes, may result in cascading feedbacks, that can further amplify warming. It is
therefore important that we improve our understanding of potential feedbacks including
from increased ship emissions, which might help to limit detrimental climate impacts. To
answer the research questions outlined in Section 2 we employed methods that allowed us
to investigate the topic from the nanometer scale, the typical size of ship engine exhaust
particles, to the regional scale, encompassing tens of square kilometers, representative of
the extent of Arctic mixed-phase clouds.

Given the context of current international marine fuel regulations, we focused on two
possible compliance pathways, i.e., utilization of fuels with reduced sulfur content and the
combination of high FSC fuel usage with wet scrubbing, to inhibit emissions of SOx to the
atmosphere. The experiments using multiple marine test-bed engines, different fuels and
a laboratory wet scrubber were reported in Paper I to III. Here, main findings and answers
to our main research questions are briefly summarized.

Results reported in Paper I, II and III revealed that FSC reduction and exhaust wet
scrubbing have substantial impacts on physicochemical properties of exhaust particles that
vary substantially with engine type. Whereas combustion of high FSC fuel was found to
emit a variety of exhaust particles, including soot particles with traces of sulfate and sulfate
particles, FSC reduction resulted primarily in emissions of soot particles absent of sulfate.
For wet scrubbing, the impact on properties was more varied compared to low FSC fuel
combustion and strongly engine-dependent. In the first set of experiments (Paper I), we
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Figure 4.13: Time evolution of the simulated domain-averaged (a and b) surface precipitation, (c
and d) net longwave radiation at the surface (Net LW) and (e and f) net shortwave radiation at the
surface (Net SW) for the set of simulations. Net radiative fluxes are calculated by subtracting the
upwelling radiative flux from the downwelling flux (e.g., LWdown-LWup), hence, a negative value
implies net outgoing radiation. Mix refers to the reference case with background aerosol only. Mix
refers to the reference case with seaspray background aerosol only. HiS, LoS, and WS represent
ship aerosol from measurements of high and low sulfur content fuels and wet scrubbing respectively
(Paper I and II). The HiS_sul and WS_sul cases represent sulfate particle modes of high FSC fuel
combustion and exhaust gas wet scrubbing from Paper III. The label additions _lo and _hi signify the
ship aerosol concentrations used in the individual model runs. The first four hours are considered a
spin-up period of the model and are removed from the figures. Reproduced and modified from Paper
IV.
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5.1 Conclusions

The aim of this work has been to contribute to understanding how international
marine fuel policies affect physicochemical properties of ship engine exhaust particles.
These results are useful for projecting how changes (increases) in Arctic shipping activity
may lead to changes in Arctic cloud properties and therefore, affect climatological feedbacks
in an environment, that is already experiencing unprecedented climate warming. The Arctic
is characterized by a very sensitive climate system, where changes in individual system
processes, may result in cascading feedbacks, that can further amplify warming. It is
therefore important that we improve our understanding of potential feedbacks including
from increased ship emissions, which might help to limit detrimental climate impacts. To
answer the research questions outlined in Section 2 we employed methods that allowed us
to investigate the topic from the nanometer scale, the typical size of ship engine exhaust
particles, to the regional scale, encompassing tens of square kilometers, representative of
the extent of Arctic mixed-phase clouds.

Given the context of current international marine fuel regulations, we focused on two
possible compliance pathways, i.e., utilization of fuels with reduced sulfur content and the
combination of high FSC fuel usage with wet scrubbing, to inhibit emissions of SOx to the
atmosphere. The experiments using multiple marine test-bed engines, different fuels and
a laboratory wet scrubber were reported in Paper I to III. Here, main findings and answers
to our main research questions are briefly summarized.

Results reported in Paper I, II and III revealed that FSC reduction and exhaust wet
scrubbing have substantial impacts on physicochemical properties of exhaust particles that
vary substantially with engine type. Whereas combustion of high FSC fuel was found to
emit a variety of exhaust particles, including soot particles with traces of sulfate and sulfate
particles, FSC reduction resulted primarily in emissions of soot particles absent of sulfate.
For wet scrubbing, the impact on properties was more varied compared to low FSC fuel
combustion and strongly engine-dependent. In the first set of experiments (Paper I), we
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report that wet scrubbing can lead to the formation of an additional nucleation mode. In
Paper III high FSC fuel combustion resulted in bimodal size distributions, consisting of a
sulfate mode around 20 nm and a soot mode around 45 nm. When high FSC fuel exhaust
was processed by the wet scrubber, a shift of this sulfate mode was observed (increase in
CMD), which was likely caused by coagulation of particles within the scrubber (Paper III).
Wet scrubbing was also found to increase the particle densities and substantially impact
the chemical mixing state of exhaust particles. In addition to soot and sulfate particles, wet
scrubbing led to enhanced emissions of salt and mineral particles (Paper II and III).

Fuel sulfur content reduction and wet scrubbing have opposing effects on the CCN
activity of exhaust particles. In general, the CCN activity was reduced when the sulfur
content of the fuel was reduced. Contrarily, wet scrubbing was found to facilitate liquid
droplet formation of exhaust particles. While FSC is a main driver of CCN activity of
engine exhaust particles, other fuel properties, such as aromatic content, may also play a
significant role (compare MGO and HVO in Paper II). Observations of CCN activity agreed
with results regarding the chemical composition of the particles, such as the absence of
sulfate in particles from combustion of fuels with reduced FSC and larger amounts of
water-soluble material in particle emissions from wet scrubbing. Unlike CCN activity, ice
nucleation experiments revealed that compliance measures did not affect the IN activity of
exhaust particles. In most cases, ice nucleation was only observed close to liquid water
saturation or around homogeneous freezing conditions. We can therefore say, that soot
remains a poor INP at temperatures in the mixed-phase cloud regime.

Quantification of exhaust particle and CCN emissions is essential in estimating
climate- and health-related impacts from shipping activity. In general, low FSC fuel
combustion resulted in lower PN emissions compared to equivalent emissions from high
FSC fuels. The magnitude of this reduction strongly depended on the PSDs exhibited by
the different fuel types. The strongest reductions are reported in Paper III (≥95%) due to
the absence of dominant sulfate particle modes when low FSC fuel is utilized. Particle
mass emissions were generally reduced when low FSC fuels were used, due to reduced
number emissions and lower particle effective densities. The net impact on PN and PM
emission from wet scrubbing is less obvious and varied substantially with experiments. In
Paper I and II increased PN but slightly reduced PM emissions are reported, driven by the
additional formation of 20 nm particles and slight reduction in larger soot mode particles.
On the other hand, results reported in Paper III show a reduction in PN but increase in PM
emissions due to the shift in size of the already present sulfate particle mode. It is important
to note though that our analysis focused on submicron exhaust particles. We can therefore
not say how compliance measures affect particles ≥1 µm, which are comparatively few in
numbers but can have a large impact on total mass emissions. In comparison to combustion
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of non-compliant, high FSC fuel, significant reductions in CCN number emissions for low
FSC fuels and generally, increased CCN emissions for scrubbed exhaust were observed. In
conclusion, these results suggest that FSC reduction may lead to beneficial health effects
but to diminished direct and indirect radiative cooling from exhaust particle emissions. Wet
scrubbing, on the other hand, could lead to enhanced radiative cooling due to increased
CCN emissions but the impact on health is subject to larger uncertainties as PN emissions
were found to increase and/or decrease depending on engine type.

Using different engines adds uncertainty to the results but also likely better represents
the range of realistic outputs from ocean-going vessels. It is also important to note,
that laboratory measurements are constrained by resources and operational costs. We
acknowledge that the relevant investigation of atmospheric aging of exhaust particles was
not conducted in these studies. While it is of particular relevance to the understanding
of fundamental particle formation processes and to assess the role of exhaust particles in
atmospheric processes, it was beyond the scope of this study but should be considered in
future work.

By performing the laboratory engine experiments, we were able to constrain the po-
tential range of ship particle emissions in the Arctic. Using this information in the MIMICA
LES model, we tried to assess the impact of ship exhaust particles on an Arctic mixed-phase
cloud, which is based on observations from the ASCOS icebreaker campaign.119,120

General observations made for ship exhaust-induced changes in cloud properties
included increased cloud droplet number concentrations and reduced raindrop formation,
leading to increased LWP, reduced surface precipitation and possibly, to extended cloud
lifetimes. In the context of Arctic Amplification, the most relevant impact from ship
emissions was found to be the reduction of LW radiative cooling at the surface. In our
investigations, changes in macrophysical properties led to enhanced re-emission of LW
radiation to the surface. Increased ship exhaust emissions may therefore enhance surface
warming in the Arctic. Excluding results from high FSC fuel combustion, our results
suggest that wet scrubbing has a larger potential to cause the aforementioned changes in
mixed-phase cloud properties. Low FSC fuel combustion is less likely to trigger these
changes as exhaust particles are generally more hydrophobic and PSDs are often found to
have smaller CMDs.

The magnitude of the changes in micro- and macrophysical cloud states correlated
with particle hygroscopicity and, even more strongly, with the size of emitted exhaust par-
ticles. In most cases, significant cloud perturbations were only observed for relatively high
particle concentrations, which might have real-world implications for spatially-constrained
perturbations, like ship-tracks. Cloud properties are in general also strongly depend on
ambient aerosol concentrations. Here, we simulated only one specific cloud case with
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ship exhaust particles. The properties of Arctic clouds can vary substantially, thus more
work is needed to get a more complete picture of the potential climate feedbacks from ship
emissions. While most model experiments yielded quite muted cloud responses, results
still suggest, that depending on which fuel type and/or exhaust-aftertreatment systems will
become dominant in Arctic shipping, it can have different implications for aerosol-cloud
feedbacks. In order to estimate the overall impact of future Arctic shipping, one would
have to implement future ship traffic scenarios, have better estimates for future fuel type
usage and exhaust emission characteristics and expand the area of research to a much larger
area, e.g., by using atmospheric models that cover larger spatial domains. While this was
not within the scope of this project, it is of great interest for future studies.

5.2 Future Perspectives
It should be stated, that this work does not endorse or advocate for any of the

investigated compliance measures. Here, we only explored a few potential outcomes out
of a multitude of possibilities encountered on the open sea. Both studied compliance
measures, can have advantages and disadvantages, depending on the area of focus.

Our results suggest that wet scrubber usage may reduce or increase particles number
emissions, adding to the uncertainty displayed in other studies. It is obvious that wet
scrubbing related ship exhaust emissions require more attention from the scientific com-
munity and possibly, stricter regulation, that constrain the impact(s) on particle exhaust
emissions more clearly. We found that reducing the sulfur content of marine fuels, leads to
reduction of particle number emissions, which is in agreement with previously published
results,45,51,80 and is therefore a viable option to mitigate the health impact of ship exhaust
emissions. In light of the decarbonization of the shipping sector, other alternative fuel
options should be explored. Moreover, a transition away from fossil fuels, would likely
result in the largest long-term climate benefits.

While low FSC fuels yielded reductions in PN emissions compared to wet scrubbing,
we showed that compliance measures have opposing effects on the cloud activity of exhaust
particles. Transitioning towards low FSC fuels would likely reduce radiative cooling from
ship exhaust aerosol-cloud interactions, due to emission of predominantly hydrophobic
soot particles. On the other hand, wet scrubbing may lead to enhanced shipping-induced
climate cooling, as ship exhaust emissions generally tend to have a net cooling effect on the
global climate. That said, it is important to highlight that wet scrubbing shifts a significant
fraction of the pollution from the atmosphere to the marine environment and therefore, is
far from being an ideal solution.

With the changing landscapes we face, both in a literal sense and also regarding fuel
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type utilization in the maritime shipping sector, it is necessary that more research focuses
on potential, unanticipated climatic feedbacks from ship exhaust emissions. Here, we show
that international policies trying to mitigate the burden of shipping-related air pollution on
human health, may lead to secondary, climatic responses, which are not prioritized. It would
therefore be beneficial to expand the work presented here, by implementing alternative
fuel types, that were not discussed here, and also, to expand the model simulations to
include other cloud cases. The Arctic is a unique test-ground, due to strong couplings to
process-feedbacks in the climate system and its comparably pristine atmosphere, where
ship exhaust emissions may perturb background concentrations of atmospheric constituents
substantially, thus leading to stronger feedbacks.100 Nonetheless, a majority of ship traffic
occurs at lower latitudes, where exhaust emissions also lead to perturbations in marine
low-level clouds and cause climate feedbacks, potentially with global implications.

Shipping activity in the Arctic requires attention not only from the scientific commu-
nity, but also from various stakeholders and more importantly, from policy makers. While
our modelling results are rather inconclusive with respect to whether increased ship exhaust
emissions may lead to substantial perturbations in Arctic mixed-phase clouds and whether
this may lead to enhanced climatic feedbacks, it is important to stress that this study was
performed using one specific cloud case and experimental data from two engines. Given
the wide range of observations existing in the real world, our results depict only a small
subset in a vast range of outcomes.

Increased Arctic shipping activity also bears other potential risks to the environment,
which have not been investigated here. This includes, for example, increased risks for oil
spills due to shipping accidents, the disturbance of ecosystems and increased emissions
of black carbon, which can deposit onto snow and ice, and enhance melting. The IMO
and its members are aware of related risks. As one of the first steps, MARPOL agreed
to adopt a ban on the carriage and usage of heavy fuel oils with densities and kinematic
viscosities exceeding 900 kg m−3 and 150 mm2 s−1 respectively, for ships operating in polar
waters. This will come into effect in June 2024.116 Moreover, Resolution MEPC.342(77)
urges member states to use distillate, or other cleaner fuels or propulsion methods, for
ships operating in the Arctic.163 As of now, this is not mandatory. At the 80th session
of the Marine Environment Protection Committee (MEPC), Canada outlined a potential
proposal for a Canadian Arctic Emission Control Area. The proposal would require ships,
trafficking in Arctic waters under Canadian authority, to adhere to SECA regulations and
also, to utilize exhaust after-treatments that reduce NOx emissions.164 At the same MEPC
session, the organizations Friends of the Earth International (FOEI), World Wildlife Fund
(WWF), Pacific Environment and the Clean Shipping Coalition (CSC) suggested different
BC control measures, to reduce the impact of ship BC emissions on the Arctic environment.
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The document suggests to make it mandatory for ships to use distillate or alternative fuels,
and to establish a BC emission control area for the Arctic, which would require ships to use
specified fuels and would prohibit the usage of wet scrubbers. More proposed measures
are outlined in the document.165 While suggestions like these seem like a step in the right
direction, the process of implementing such regulations can take a substantial amount of
time. The Russian Federation, for example, published a comment regarding the mandatory
use of distillate fuels for ships navigating Arctic waters, and are skeptical and believe that
more scientific proof is required, to clearly show the benefits of distillates compared to
more conventional HFO.166 It is very possible that regulatory changes may affect Arctic
shipping in the future.

The results and methods presented in this thesis may help future research, investi-
gating the impact of ship exhaust emissions on Arctic clouds and its climate system. More
extensive work is needed to gain greater insight into possible outcomes and to more accu-
rately quantify the net climate impact. Since discussed IMO regulations apply worldwide,
this thesis may also give guidance to research aiming to assess the impact of ship exhaust
emissions on the global climate.
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