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SUMMARY

Aircraft emissions at typical cruise altitude (approximately 9-13 km) comprise of a di-
verse array of chemical compounds, including aerosols and their precursor gases. Re-
cent global modelling studies have suggested that these aviation-induced aerosol par-
ticles can be transported downward to the lower atmospheric layers, where they may
influence and alter the microphysical properties of low clouds such as droplet size and
distribution and hence modify their radiative characteristics. However, before these par-
ticles are transported downward, they undergo a series of chemical and microphysical
transformations within the aircraft exhaust plume, collectively referred to as aging pro-
cesses. Due to their coarser spatial resolution (~100 km), the global aerosol-climate
models are limited in their ability to accurately represent the microphysical processes
at the subgrid-scale level, consequently resulting in large uncertainties in estimating the
aviation impact on aerosol particles generated by aircraft emissions. This especially con-
cerns the aerosol number concentration and size, which are key quantities for estimating
the aerosol indirect effect for low-level, liquid-phase clouds.

In this thesis, a double-box aircraft exhaust plume model is developed by extend-
ing the framework of the well-established MADES3 single-box model, incorporating ad-
ditional parametrisation to capture the spatial and temporal evolution of aerosol dy-
namics within the aircraft exhaust plume. The plume model is designed to explicitly
simulate the aerosol microphysics inside a gradually dispersing aircraft exhaust plume,
together with a simplified representation of the vortex regime (starting ~10 s behind the
aircraft) which simulates the interaction of aerosols with short-lived contrail ice parti-
cles. This thesis primarily focuses on sulfate (SO4) and soot aerosols, together with the
total number concentration of aerosols emitted in the exhaust plume of an aircraft. The
model is specifically designed to provide a more accurate representation of the micro-
physical processes occurring within an aircraft exhaust plume which alters the aerosol
dynamics at the plume scale. The plume model is initialised at the end of the jet phase,
approximately 10 seconds after the emission, using measured initial size distribution
parameters for standard aircraft operating conditions together with other aircraft oper-
ational and emission parameters such as fuel consumption, speed, and emission factors
of emitted species. In order to ensure the validity of the double-box plume model, I
performed different numerical and parametric tests. The numerical tests confirmed the
correct implementation of the extension from single- to double-box plume model. The
parametric study in combination with the tendency diagnostics showed that the model
reliably captures the expected sensitivity of aerosol number and size to several physical
parameters, in line with theory and with previous global applications of MADE3.

The plume model is used to quantify the aviation-induced particle number concen-
tration at the end of the dispersion regime (~46 h) by comparing the results from the
plume approach with the results obtained by the instantaneous dispersion approach
commonly applied by the global models. The difference between the plume approach
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X SUMMARY

and the instantaneous dispersion approach allows to define a plume correction: for
typical cruise conditions over the North Atlantic and typical aviation emission param-
eters, the plume correction for aviation-induced particle number concentration ranges
between -15% and —-4% as quantified for the first time in this study, depending on the
presence or absence of the short-lived contrail ice in the vortex regime, respectively.
These negative corrections indicate that the plume approach simulates a lower aviation-
induced particle number concentration than the instantaneous dispersion.

In order to understand the influence of the microphysical processes and diffusion
dynamics on the aerosol evolution inside an aircraft plume, tendency diagnostics are
implemented in the plume model to track the impact of the individual processes on the
aerosol properties. This analysis shows that the negative value of the plume correction is
due to the higher efficiency of the coagulation in the plume model, partly counteracted
by nucleation, leading to a lower number concentration of aviation-induced particles
in the plume approach. Sensitivity studies performed over different regions highlight a
large variability in the plume correction between —12% for Europe and -43% for China,
thus signifying the importance of background conditions for the plume microphysics.
Parametric studies performed on various aviation emission parameters used to initialise
the plume model further demonstrate the high relevance of short-lived contrail ice in the
vortex regime, which accounts for the aerosol-ice interaction. These interactions lead to
a considerable reduction in aviation-induced aerosol number concentrations, particu-
larly in the early stages of plume evolution. Moreover, the parametric studies show a
large sensitivity towards aviation fuel sulfur content (FSC), driving sulfur dioxide (SO3)
emissions and gas-phase sulfuric acid (H»SO4) formation, which in turn is a primary
driver for the nucleation process.

The double-box aircraft exhaust plume model MADE3 (v4.0) presented in this thesis
is ready for application in global model studies. The model configuration is highly flexi-
ble with low computational costs which means that it can be effectively implemented for
both online and offline parametrisation. The results from the plume model can be used
to better initialise the aviation emissions in global model simulations and can contribute
to arefined quantification of the climate impact of aviation-induced aerosol particles on
clouds.



SAMENVATTING

Vliegtuigemissies op typische kruishoogtes (ongeveer 9—-13 km) bestaan uit een diverse
reeks chemische verbindingen, waaronder aerosolen en hun precursor-gassen. Recente
wereldwijde modelstudies hebben gesuggereerd dat deze door de luchtvaart geindu-
ceerde aerosoldeeltjes naar de lagere atmosferische lagen kunnen worden getranspor-
teerd, waar ze de microfysische eigenschappen van lage wolken, zoals druppelgrootte
en -verdeling, kunnen beinvloeden en daardoor hun stralingskenmerken kunnen wijzi-
gen. Voordat deze deeltjes echter naar lagere lagen worden getransporteerd, ondergaan
ze een reeks chemische en microfysische transformaties binnen de uitlaatpluim van het
vliegtuig, gezamenlijk aangeduid als verouderingsprocessen. Door hun grovere ruim-
telijke resolutie (~100 km) zijn globale aerosol-klimaatmodellen beperkt in hun vermo-
gen om de microfysische processen op subgrid-schaal nauwkeurig weer te geven, wat
resulteert in grote onzekerheden bij het schatten van de impact van de luchtvaart op ae-
rosoldeeltjes die door vliegtuigemissies worden gegenereerd. Dit geldt met name voor
de aerosoldeeltjesaantallen en -grootte, die cruciale grootheden zijn voor het inschatten
van het indirecte aerosol-effect op lage, vloeibare wolken.

In dit proefschrift is een double-box model van de vliegtuigaansluitende uitlaatpluim
ontwikkeld door het bestaande MADE3 single-box model uit te breiden. Hierbij is extra
parametrisatie opgenomen om de ruimtelijke en temporele evolutie van aerosoldyna-
mica binnen de uitlaatpluim te simuleren. Het pluimmodel is ontworpen om expliciet
de aerosol-microfysica in een geleidelijk verspreidende vliegtuigaansluitende uitlaat-
pluim te simuleren, samen met een vereenvoudigde representatie van het vortexregime
(beginnende ~10 s achter het vliegtuig), dat de interactie van aerosolen met kortlevende
contrail-ijskristallen simuleert. Dit proefschrift richt zich voornamelijk op sulfaat (SO4)
en roetaerosolen, samen met de totale aantalconcentratie van aerosolen die in de uit-
laatpluim van een vliegtuig worden uitgestoten. Het model is specifiek ontworpen om
een nauwkeurigere weergave te bieden van de microfysische processen die plaatsvin-
den in een vliegtuigaansluitende uitlaatpluim, wat de aerosoldynamica op pluimschaal
beinvloedt. Het pluimmodel wordt geinitialiseerd aan het einde van de straalfase, on-
geveer 10 seconden na emissie, met gemeten initiéle grootteverdelingsparameters voor
standaard vliegoperaties, samen met andere operationele en emissieparameters van het
vliegtuig, zoals brandstofverbruik, snelheid en emissiefactoren van uitgestoten stoffen.

Om de validiteit van het double-box pluimmodel te waarborgen, zijn verschillende
numerieke en parametrische tests uitgevoerd. De numerieke tests bevestigden de cor-
recte implementatie van de uitbreiding van het single-box naar het double-box model.
De parametrische studie, in combinatie met tendensdiagnostiek, toonde aan dat het
model betrouwbaar de verwachte gevoeligheid van aerosol aantal en grootte voor ver-
schillende fysieke parameters vastlegt, in overeenstemming met theorie en eerdere glo-
bale toepassingen van MADE3.

Het pluimmodel wordt gebruikt om de door de luchtvaart geinduceerde aerosol-
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aantallen aan het einde van het verspreidingsregime (~46 h) te kwantificeren door de
resultaten van de pluim-aanpak te vergelijken met de resultaten van de instantane ver-
spreidingsaanpak die vaak door globale modellen wordt toegepast. Het verschil tussen
de pluim- en instantane verspreidingsaanpak maakt het mogelijk een pluimcorrectie te
definiéren: onder typische kruiscondities boven de Noord-Atlantische Oceaan en met
typische luchtvaarteigenschappen varieert de pluimcorrectie voor de door de luchtvaart
geinduceerde aerosol-aantallen tussen —15% en —4%, afhankelijk van de aanwezigheid
van kortlevende contrail-ijskristallen in het vortexregime. Deze negatieve correcties ge-
ven aan dat de pluim-aanpak lagere door de luchtvaart geinduceerde aerosol-aantallen
simuleert dan de instantane verspreidingsaanpak.

Om het effect van microfysische processen en diffusiedynamica op de evolutie van
aerosolen in een vliegtuigaansluitende pluim te begrijpen, zijn tendensdiagnostieken
in het pluimmodel geimplementeerd om de impact van individuele processen op de
aerosol-eigenschappen te volgen. Deze analyse toont aan dat de negatieve waarde van
de pluimcorrectie te wijten is aan de hogere efficiéntie van coagulatie in het pluimmodel,
gedeeltelijk tegengewerkt door nucleatie, wat leidt tot een lagere aantalconcentratie van
door de luchtvaart geinduceerde aerosolen in de pluim-aanpak. Gevoeligheidsstudies in
verschillende regio’s laten een grote variabiliteit zien in de pluimcorrectie, variérend van
-12% voor Europa tot -43% voor China, wat het belang van achtergrondcondities voor
de pluimmicrofysica benadrukt. Parametrische studies van verschillende emissiepara-
meters die gebruikt worden om het pluimmodel te initialiseren, tonen verder het grote
belang van kortlevende contrail-ijskristallen in het vortexregime, die verantwoordelijk
zijn voor de aerosol-ijsinteractie. Deze interacties leiden tot een aanzienlijke reductie
van de door de luchtvaart geinduceerde aerosol-aantallen, met name in de vroege sta-
dia van de pluimevolutie. Daarnaast tonen de parametrische studies een grote gevoe-
ligheid voor het zwavelgehalte van vliegtuigbrandstof, dat zwaveldioxide (SO) emissies
en gasfase zwavelzuur (H,SO,4) vormt, wat op zijn beurt een primaire drijver is voor het
nucleatieproces.

Het double-box vliegtuigaansluitende uitlaatpluimmodel MADE3 (v4.0) dat in dit
proefschrift wordt gepresenteerd, is klaar voor toepassing in globale modelstudies. De
modelconfiguratie is zeer flexibel met lage rekencapaciteit, waardoor het effectief kan
worden toegepast voor zowel online als offline parametrisatie. De resultaten van het
pluimmodel kunnen worden gebruikt om de initialisatie van vliegtuigemissies in globale
modelsimulaties te verbeteren en kunnen bijdragen aan een verfijnde kwantificering van
de klimaateffecten van door de luchtvaart geinduceerde aerosolen op wolken.



INTRODUCTION AND MOTIVATION

1.1. ATMOSPHERIC AEROSOLS AND THEIR IMPORTANCE IN THE

CLIMATE SYSTEM

Aerosols are defined as dispersed systems of particulate matter in either solid or lig-
uid phases, suspended in the atmosphere [1, 2]. Aerosol particles, including e.g. sul-
fate (SO4), nitrate (NOs), black and organic carbon (BC and OC, respectively), sea salt
and pollen, can originate from both natural sources (e.g., volcanic eruptions, deserts,
sea spray, wildfires) and anthropogenic activities (e.g., fossil fuel combustion, biomass
burning, mining, cement production). Fossil fuel combustion, for instance, accounts for
approximately 72% of global sulfur dioxide (SO;) emissions, which are the primary pre-
cursors of SO, aerosols in the troposphere [3, 4]. Between 1990 and 2015, global sulfur
emissions decreased by 32% [5-7] primarily due to a combination of regulatory policies,
technological advancements, and changes in fuel use. Model-based studies estimate the
global annual SO, reduction at 5.2% per year with regional variations [8, 9]. The most
significant reduction occurred in Europe, where emissions dropped by 54%, while North
America saw a modest decline of 7%. The reduction in Europe corresponds to an aver-
age decrease of 3.3% per year between 2000 and 2015 [8]. In contrast, sulfur emissions in
regions such as Eastern Asia and India increased by 50% during the same period [8, 9].
Based on their source of origin, aerosol particles are classified as either primary or
secondary aerosols. Primary aerosols are directly emitted from natural sources and an-
thropogenic sources, while secondary aerosols form in the atmosphere from precursor
gases. Atmospheric aerosols can be further classified based on their chemical compo-
sition and physical properties. However, characterizing aerosol particles according to
their specific chemical composition is inherently complex due to the large variety of in-
volved chemical species. To simplify this classification, aerosols are grouped into types
or species that correspond to the chemical characteristics of their sources. Examples in-
clude inorganic species (e.g., SO4, ammonium NHy4, NO3), organic species (e.g., organic
carbon or particulate organic matter (POM)), soot (carbonaceous species resulting from
incomplete combustion of biomass and fossil fuels), and biogenic aerosol species [10].



2 1. INTRODUCTION AND MOTIVATION

Furthermore, aerosol particles exhibit a range of sizes and mixing states. Their sizes vary
from a few nanometers (nm) to several tens of micrometers (um), with typical atmo-
spheric concentrations ranging from 1 to 108 cm™3. The aerosol mixing state is defined
as the distribution of chemical species across a population of particles. This can be inter-
nally mixed, when the particles consist of the same mixture of chemical species, or exter-
nally mixed when they consist of pure chemical species and have distinct compositions
[2]. The mixing state typically changes over time as a result of microphysical properties
changing the properties of the particles.

cloud
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Figure 1.1: Illustration of the key microphysical processes driving the transformation of aerosol particles in
terms of their mass, number and size in the atmosphere, often termed as aging process. This figure is taken
from https://www.global-climate-change.org.uk/6-6-1.php, last access: 03.07.2025.

Aerosols are highly complex particles, therefore to fully characterize an aerosol pop-
ulation, a detailed comprehensive data is required to understand their dynamics. This
includes information on the aerosol species mass, number concentration, size distribu-
tion, in different size ranges and mixing state. Each of these factors plays a crucial role
in understanding the particles behaviour and impact on both climate and air quality.
Aerosols are highly dynamic, and their interactions with other atmospheric components
such as gases and cloud droplets further influence their properties and affects the envi-
ronment.

The typical life-cycle of atmospheric aerosols includes the emission of primary par-
ticles and the formation of secondary particles from precursor gases. These particles are
transported through the atmosphere via advection and vertical motions. Their proper-
ties evolve through chemical and microphysical aging process, and they are eventually
removed from the atmosphere by sedimentation and scavenging to the Earth’s surface.
During the process of aging, aerosol particles are subject to several chemical and micro-
physical changes in the atmosphere (see Fig. 1.1) which can affect their size, composi-
tion and mixing state [2]. These processes include, for instance, gas-to-particle conver-
sion, condensation of low-volatile gases onto the existing particles, and coagulation of
particles while colliding with each other. Aerosol particles have different atmospheric
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Figure 1.2: Schematic representation of aerosol effects, highlighting two key mechanisms relevant to this study:
the direct effect and the indirect effect, specifically aerosol-cloud interactions. The small black dots denote
aerosol particles, while the larger open circles represent cloud droplets. This figure is taken from IPCC 4th
Assessment Report (chapter-2)[4].

lifetimes, from a few minutes to hours or days, depending on their chemical and micro-
physical properties [10].

Once airborne, aerosol particles significantly affect the global radiation budget by in-
teracting with both incoming solar radiation and outgoing terrestrial radiation through
various mechanisms [4]. These interactions can be categorized as direct effects or aerosol-
radiation interaction (ARI), and indirect effects or aerosol-cloud interactions (ACI), see
Fig. 1.2. ARI is the absorption and scattering of the incoming solar radiation by aerosols,
resulting in a warming and a cooling effect, respectively. ACI is the impact of aerosols
on the microphysical properties of the clouds, such as droplet or ice crystal number
concentration as well as liquid and ice water content, affecting cloud reflectivity and
lifetime [4, 11]. For example, aqueous-phase aerosol particles favour the formation of
cloud droplets in liquid clouds, while solid and/or crystalline particles contribute to the
formation of ice crystals in ice and mixed-phase clouds.

Among the aerosol types, SO, particles are particularly significant for both ARI and
ACI due to their optical properties, to their ability to mix with other components (e.g.,
coating of insoluble particles via condensation), and to their efficiency as cloud conden-
sation nuclei (CCNs) in liquid clouds. Clouds play a key role in regulating the Earth’s
global temperature by either cooling the atmosphere through reflection of incoming
solar radiation or warming it by absorbing and trapping terrestrial radiation [12]. The
combined effect strongly depends on the cloud type, its microphysical properties and
altitude. Ice clouds, for instance, have a net warming effect as they trap the outgoing
infrared radiation, while low clouds promote cooling by reflecting incoming solar radia-
tion, thereby enhancing Earth’s albedo [13]. Cloud droplets form after the condensation
of supersaturated water vapour on the surface of the soluble or hydrophilic aerosol par-
ticles such as sulphate, while the homogeneous droplet formation is highly unlikely in
the atmosphere as the pure water droplets require very high supersaturation to form
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without any seed [11]. Through their impact on cloud formation, albedo, and lifetime,
aerosols contribute to the radiative effects of clouds, making them pivotal in influenc-
ing the global climate. Studies also reveal that only a selected fraction of atmospheric
aerosols (generally those with diameters of approximately 0.1 um or larger) can act as
CCNs [14, 15]. However, in addition to particle size, this also depends on additional fac-
tors such as the chemical composition, mixing state and the environmental conditions
[16].

The aim of this thesis is to understand the transformation of aviation-induced aerosols
due to the subgrid-scale microphysical processes inside an aircraft plume, to help under-
standing their role in altering the microphysical properties of the low clouds and thereby
contribute to the understanding of aviation climate effects.

1.2. THE ROLE OF AVIATION-INDUCED AEROSOLS

The emitted aircraft exhaust at typical cruise altitude (9-13 km) [3] consists of a blend
of both CO; and non-CO, compounds. As for other anthropogenic sectors, CO, is one
of the prominently emitted components from aviation which persists in the atmosphere
for decades to centuries [17] and contribute significantly to the global radiation bud-
get. However, only one third of the aviation-induced climate effect is attributable to
the CO, emissions, whereas the non-CO, emissions are responsible for the remaining
two thirds [18, 19]. The latter are released in the form of gases, such as nitrogen oxides
(NOx=NO+NO,), water vapour (H,0), sulfur dioxide (SO;), volatile organic compounds
(VOQ), and aerosols, mainly sulfate (SO4) and soot (see Fig. 1.3). Water vapour and soot
particles are also associated to the formation of contrails [20]. Unlike CO», the atmo-
spheric lifetime of these emitted gases and aerosol particles is relatively short, usually
hours to days depending on the location and altitude of release, during which they con-
tribute to aviation climate effect.

The climate effect is usually expressed using a metric called effective radiative forcing
(ERF). This is defined as "the energy gained or lost by the Earth system following an
imposed perturbation (for instance in greenhouse gases, aerosols or solar irradiance)
and is determined by the change in the net downward radiative flux at the top-of-the-
atmosphere after the system has adjusted to the perturbation but excluding the radiative
response to changes in surface temperature" [21]. According to this definition, a positive
(negative) ERF represents a warming (cooling) effect. Based on a previous study [18],
the net ERF as contributed by the global aviation (CO2 + non-CO;, including contrail
cirrus, but excluding the effect of AIR) is about +0.1 Wm™2, representing about 3.7% of
the total anthropogenic ERF reported by the IPCC AR6 [21]. With an increasing demand
of commercial air transportation, the fuel consumption is expected to increase which
will eventually increase the global aviation emissions compared to the previous years
[22] and may further increase to the aviation ERE

Considering the well-known radiative properties of CO», Fig. 1.3 shows a significantly
positive forcing (+34.3 mW m~2) exerted by the aircraft CO, emissions with a high level of
confidence. Among the non-CO, emissions, contrail cirrus also exhibits a substantially
large positive forcing (+57.4 mWm~2), accompanied by a large uncertainty as a result
of the complex processes involving the formation and evolution of contrails. Aviation-
induced NOy emissions have multiple climate effect, contributing both positive and neg-
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Figure 1.3: Schematic overview of the effective radiative forcing (ERF) components attributed to the global avi-
ation emissions from 1940 to 2018, categorizing the aviation-induced climate effects as warming (red bars) and
cooling (blue bars). Here, the bars represent the best estimates, while the whiskers represent the confidence
interval of 5-95%. This figure is taken from Lee et al. [18].

ative forcings. NOy induces a reduction in methane lifetime and since methane is a
greenhouse gas this results in a net cooling effect (-21.2 mWm™2). This partly offsets
the warming effect due to NOx-induced ozone (O3) formation (+49.3 mW m~2). Further-
more, the aviation-induced NOy also contributes to an indirect reduction in the strato-
spheric water vapor y altering the CH, concentration, which eventually leads to a cool-
ing effect of about ~2.8 mWm™2. The net effect of NOy emissions, however, is positive,
although its exact magnitude is uncertain. Water vapour emissions in the stratopshere
contributes a warming of +2.0 mWm™2.

In terms of aviation emitted aerosols, the aviation soot and SO, are considered as
the predominant sources of primary and secondary aerosol particles. Soot particles
are emitted by an aircraft engine as a result of incomplete combustion. These parti-
cles are composed of a mixture of black carbon (BC) and organic carbon (OC) [23]. The
ARI of aviation soot imposes a positive ERF or warming effect on the global climate
(+2.86 mW m~2 as suggested by Lee et al. [18]), by absorbing the incoming short-wave ra-
diations and confining the terrestrial long-wave radiations [24]. The water vapour emis-
sions could lead to contrail formation on emitted soot particles [18, 25-27]. These soot
particles can also influence the properties of natural cirrus clouds, which could lead to
either a warming or a cooling effect depending on the atmospheric conditions and par-




6 1. INTRODUCTION AND MOTIVATION

ticle properties [28-33]. However, the related processes are still highly uncertain and no
best estimate of the resulting ERF is currently available.

The aviation-induced SO4, however, have a negative ERF or the cooling effect of
about-20 mW m~2 (ARI) as suggested by Lee et al. [18]. These aviation-induced SO, par-
ticles also have the potential to alter the microphysical properties of the low-level liquid
clouds by increasing their cloud droplet number concentration (CDNC), thus increasing
the cloud reflectivity and inducing a short-wave cooling [27]. Although Fig. 1.3 does not
include a best estimate for the aerosol-indirect effect, a previous study by Gettelman et
al. [27] reports a cumulative effect (both direct and indirect) of -46 mWm~2, particularly
for the SO, aerosol particles in the atmosphere. While the aviation-induced ARI shows
a net cooling effect, the aerosol-cloud interaction or the ACI remains highly uncertain
due to the uncertainties in both cloud microphysics as well as model parametrisations
which makes it difficult to assess the total climate effect of aviation-induced aerosols.
Due to these inherent complexities of ACI, some of the previous studies have reported a
wide range of uncertainties which are discussed in details in Sect. 1.3 and are the main
motivation of this thesis.

1.3. EXISTING UNCERTAINTIES AND SCIENTIFIC CHALLENGES

As discussed in the previous section, several studies [18, 29, 32, 34] demonstrate a large
range of uncertainties associated with the aviation-induced ACI resulting from several
complex factors, including limitations in observational data, complex cloud microphysics,
variability in aerosol properties and modelling parametrisations. Global climate models
are the main tools to quantify the climate effects (including the aviation-related ERFs).
Climate models are complex numerical systems representing the involved physical, chem-
ical and dynamic processes, and their impact on the Earth radiation budget. Given the
complexity of these processes and the different temporal and spatial scales on which
they act, these models need to make several assumptions and simplifications in order
to represent the aforementioned processes in a feasible way. One such simplification
concerns the way emissions (and specifically aircraft emissions) are treated in the mod-
els. Existing global climate models typically consider a homogeneous and instanta-
neous mixing of air masses in a large-scale grid box, neglecting essential processes at
the plume-scale [35-39]. This is an intrinsic limitation of global models due to their
coarse spatial resolution (~100 km), making it impossible to resolve the subgrid-scale
non-linear plume processes and transformation of emitted aerosol particles in the ex-
panding and dispersing aircraft plume [40]. This may in turn affect the simulated prop-
erties of aviation-induced particles, resulting in large uncertainties and a possible over-
estimation of their climate effect [18]. This may also explain the large diversity in the
currently available model-based estimate of the radiative forcing from the interactions
of aviation-aerosol with low-level clouds. Fig. 1.4 shows the climate effects derived from
the aviation-induced aerosols effect as calculated by the existing studies. Here, Righi
et al. [34] quantified an ERF of -15.4 mWm™2 and -69.5 mWm™2, depending on the
assumed size of emitted SO, particles, with smaller sizes (and hence higher particle
numbers) resulting in a the stronger climate effect. A similar sensitivity was found by
Gettelman and Chen [41], who reported an ERF of -164 mWm™2, -46 mWm™2 and
—23 mWm™? for an initial SO, particle size of 8 nm, 14 nm and 21 nm, respectively. Ad-



1.4. RESEARCH QUESTIONS 7

ditionally, Kapadia et al. [42] estimated an ERF of -23.6 mWm~2, also showing that the
ERF of aviation-aerosol is sensitive to the sulfur content of the jet fuel. The most recent
assessment by Righi et al. [43] quantified an ERF of -64 mWm 2,

Righi et al. (2013)
Gettelman and Chen (2013)

: LI hd l ® Kapadia et al. (2016)
—-200 —-150 -100 -50 0 50 @ Righietal. (2023)

Aviation aerosol effect [mW m~2]

Figure 1.4: The bar-plot represent the values of aerosol-indirect effectin mW m™2 for aviation-induced SO4 as
taken from existing literature [27, 34, 42, 43].

To account for these limitations and to contribute to a reduction in these uncertain-
ties, in this thesis I develop and apply a double-box plume model to examine the micro-
physical transformation of aircraft-induced aerosol particles within an aircraft exhaust
plume and to quantify the impact of these processes on the resulting particle properties
at the end of the plume dispersion. The plume model explicitly accounts for the aerosol
transformation processes inside a growing and dispersing aircraft plume. I consider two
approaches and compare the properties of aviation-induced aerosols at the end of the
plume dispersion in both approaches. In the plume approach, the plume dispersion is
explicitly simulated using two model boxes representing the plume and the background.
In the instantaneous dispersion approach, the plume is instantaneously dispersed into
the background within a single box, an approach adopted by coarse-resolution global
models. I define the difference between these two approaches as the plume correction
for the aviation-induced particles properties, i.e. mass and number concentration and
size. The results of the plume model can later be applied to develop conversion factors
(see Ch. 7) for particle mass and number emissions by aviation, and used as an input to
global model simulations, thus correcting for the unresolved plume processes in these
models.

1.4. RESEARCH QUESTIONS

In order to accurately quantify the climate effect of aviation emissions, it is essential
to obtain a full understanding of the aviation-induced aerosol effect, particularly in the
context of aerosol-cloud interactions. To achieve progress in this area, a comprehen-
sive analysis of the non-linear microphysical processes of aerosols at plume scales is
required. Accordingly, this thesis addresses the following research questions:

1. How are aviation-induced aerosols dispersed and transformed in the vortex and
dispersion regime of an aircraft exhaust plume? The objective is to explore a new
method to attain an improved representation of aerosol microphysical processes
inside a gradually dispersing aircraft plume.

2. What are the typical concentrations and size distributions of aviation-induced
aerosol particles at the end of the plume dispersion? The objective is to acquire
a thorough understanding of the microphysical processes involved in the particle
transformation and their effects on species mass concentration, particle number
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concentration and particle size distribution inside a dispersing aircraft plume, es-
pecially towards the end of the dispersion regime. In addition to this, I compare
the plume-scale processes with an approach representative of the global mod-
els, to quantify the impact of the plume processes and calculate a corresponding
plume correction.

3. On which parameters and initial conditions do these typical concentrations de-
pend? The objective is to examine different aircraft operational parameters to-
gether with the background conditions along the flight path which may affect the
plume-scale processes and the resulting aviation aerosols and their properties.

4. How can the existing uncertainties surrounding the aerosol indirect effect, par-
ticularly with regard to aviation-induced sulfate aerosols and aerosol number
concentrations, be reduced? The objective is to introduce an application concept
to later integrate the outcome of this thesis into global climate models, thus allow-
ing for a refined assessments of the impact of aviation aerosol on low-level clouds.

1.5. WHAT THIS RESEARCH DELIVERS

To answer the research questions outlined above, a double-box plume model is devel-
oped in this thesis based on the aerosol microphysics of the MADE3 (third-generation
Modal Aerosol Dynamics model for Europe, adapted for global simulations) submodel
[Sect. 2.2; 44]. Here, I extend MADES3 into a two-box configuration, to represent an air-
craft plume and the surrounding background, respectively, as well as their interaction,
following the approach by Petry et al. [45], originally developed for gas-phase chem-
istry. The plume model allows to explicitly simulate the particle transformation pro-
cesses within the dispersing aircraft plume, while accounting for the diffusion dynamics
and the entrainment of background air into the dispersing plume. The aerosol processes
are represented using the MADE3 microphysical routines and account for particle coag-
ulation, condensation of low-volatility gases on existing particles, nucleation of sulfuric
acid (H,SO4) into aerosol SO4 (new particle formation), and gas-to-particle partition-
ing. In addition to the standard MADES3 aerosol microphysics, the plume approach in
the double-box plume model also features a simple, physically-based representation of
the aerosol coagulation with contrail ice crystals during the short vortex regime (~2 min)
at the beginning of the plume evolution. As the focus of this study is on aviation aerosol,
I focus in particular on SO4 aerosols, commonly found in the young aircraft plume or
formed via oxidation of precursor SO, into H,SO4 and subsequent condensation or nu-
cleation, as well as soot particles. The double-box plume model is initialised with typical
aircraft operational parameters from available literature (engine and fuel type, fuel sul-
fur content, emission indices) along with the aerosol size parameters representative of
a young aircraft plume, shortly after the emission [46]. The model is also driven by the
background concentration of particles and precursor gases at typical cruise altitude and
by the basic meteorological parameters (temperature, pressure and relative humidity).
In order to explore the impact of the initialisation parameters on the particle transforma-
tion inside a dispersing aircraft plume, I perform a series of sensitivity studies, providing
an insight on the range of variability in terms of aviation-induced aerosol effects. This
also allows to identify the most sensitive parameters of the double-box plume model and



1.6. DISSERTATION STRUCTURE 9

the related uncertainty in the resulting plume correction, thus providing insights for fu-
ture measurement campaigns targeting aviation effects on aerosol and climate [see e.g.,
471].

Several existing models are capable of simulating regional and gaseous chemistry of
fine aerosol particles [48], including the chemistry of particles in the aircraft plumes and
their transformation via dispersion and microphysical transformation [38, 40, 45, 49—
51]. The double-box plume model presented here specifically addresses the limitations
of global models to simulate the impact of aviation aerosols, by comparing the instanta-
neous approach typical of those models with a more sophisticated representation of the
aerosol processes at the plume-scale. Note that in this thesis, I do not aim to develop a
plume dynamic model to simulate the eddies in the wake vortices as done, for example,
in Unterstrasser et al. [52]. My main goal is to develop a model that can improve the
representation of microphysical processes responsible for aerosol transformation inside
a dispersing aircraft plume, which are relevant for the indirect effect of aviation emitted
aerosols and the resulting climate effect.

The double-box plume model is implemented in the framework of the Modular Earth
Submodel System [MESSy; 53] and can be flexibly applied by varying a large number of
input parameters. Thanks to its extremely low computational demand (few seconds on
a single CPU), it can be used to explore a wide variety of scenarios and conditions and,
in principle, it can also be implemented as an online parametrisation within a global
model, to account for the unresolved aerosol processes in a dispersing plume.

1.6. DISSERTATION STRUCTURE

The structure of this thesis is organized into nine chapters, each addressing distinct
aspects of the development and application of the double-box aircraft exhaust plume
model MADE3 (v4.0). The present chapter established the foundational context and
introduced the research topic, delineating the objectives and significance of the study
together with the framed research questions for this study. Chapter 2 provides a brief
overview of the existing global aerosol modelling approach with MADE3 within the global
chemistry-climate model EMAC, along with a detailed description of the aerosol sub-
model MADE3, which is widely used to study the climate impacts of atmospheric aerosols.
In addition, the chapter also introduces the classification of aircraft plume regimes based
on the time after emission, which serves as the basis for the functionality of the plume
model later introduced in this thesis. Chapter 3 provides a comprehensive description of
the double-box plume model, detailing its theoretical and technical underpinnings and
key components such as the online sulfate chemistry and the plume diffusion dynamics
required to run the plume model, also emphasizing on the technical aspects of model
initialisation, the implementation of the tendency diagnostics to quantify the impact of
individual microphysical processes on the aerosol properties, alongside the presentation
of numerical tests designed to validate the accuracy and performance of model. Chap-
ter 4 presents the offline methodology used to calculate the aviation effects and plume
corrections based on the plume model output. This methodology is subsequently em-
ployed in all analyses throughout the thesis. Furthermore, the chapter introduces the
first application of the plume model using a reference setup representative of typical
conditions over the North Atlantic, illustrating its practical relevance and functionality
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in real-world scenarios together with a sensitivity experiment on the nucleation process.
Chapter 5 focuses on the model application in different regions to understand the im-
pact of different background conditions on the model results. Chapter 6 encompasses a
series of parametric studies performed on several plume model parameters, which as-
sess the sensitivity of the plume model on initial parameters and their robustness across
varying conditions. Finally, Chapter 7 proposes a concept to introduce conversion fac-
tors to estimate aviation number emission in global model implicitly account for the
plume processes analysed in this work. This chapter also summarises the technical and
methodological limitations of the model.

The thesis concludes in Chapter 8 by providing comprehensive technical explana-
tions that answer the research questions. Finally Chapter 9 provides the insight into the
outlook discussing potential future applications of the plume model along with poten-
tial extensions of the model and its implications for advancing research in the field. This
structured approach ensures a comprehensive understanding of the plume model de-
velopment, initialisation parameters and methods involved along with the prospective
applications, thereby contributing significantly to the scientific discourse surrounding
the topic.



AEROSOL MODELLING AND
AVIATION

The preceding chapter introduced the background of this thesis, including the emission
sources of aerosols (both natural and anthropogenic) and the atmospheric processes
that govern the particles size and composition during their lifecylce in the atmosphere.
It also highlights the significance of aerosols in the atmosphere, particularly their role
in global radiation budget and finally discussing the existing uncertainties and chal-
lenges in modelling the climate effect of aviation-induced aerosols which has motivated
this study. To elaborate further, the current chapter focuses on the existing numeri-
cal model capable of simulating aerosol dynamics and assess their climate effects and
briefly discusses the large-scale atmospheric chemistry model EMAC with the aerosol
submodel MADES3 (Sect. 2.1), which has been applied by several studies to quantify the
climate effects of aviation-induced aerosols [27, 34, 42]. Particular attention is given to
the modal aerosol submodel (MADES3; Sect. 2.2) and the different microphysical pro-
cesses of MADE3 box model, responsible for the transformation of the aviation-aerosol
particles. MADE3 is capable of simulating the evolution of atmospheric aerosols in terms
of both size and composition and is designed for global and regional applications, mak-
ing it well-suited to be extended into a double-box plume model for studying the mi-
crophysical evolution of aviation-induced aerosol particles within the aircraft exhaust
plume. Prior to exploring the technical aspects of the plume model (Chapter 3), it is
essential to establish a foundational understanding of an aircraft plume, as outlined in
Sect. 2.3. This section discusses the dynamics of an aircraft plume along with its distinct
phases or regimes, categorized based on the time of emission and their chemical micro-
physical characteristics. It also highlights the regimes that are most relevant to the scope
of this thesis.

11
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2.1. GLOBAL CLIMATE MODELS

The EMAC (ECHAM/MESSy Atmospheric Chemistry) model coupled with the aerosol
submodel MADES3 (third-generation Modal Aerosol Dynamics model for Europe, adapted
for global simulations) provides a robust framework for investigating the climate effects
of aviation-induced aerosols. EMAC is a numerical chemistry and climate simulation
system [32] combining the general circulation model (GCM) ECHAMS5, with the Modular
Earth Submodel System (MESSy) framework that includes submodels describing tropo-
spheric and middle atmospheric processes and their interaction with oceans, land, and
human influences. The EMAC model can be run at various horizontal and vertical res-
olutions depending on the scientific objective and computational resources. Typically,
the horizontal resolution in EMAC ranges from T42 (~2.8° x 2.8°) to T106 (~1.1°x 1.1°),
where "T" stands for triangular truncation in spectral space. In vertical scale, EMAC em-
ploys 31 to 91 vertical hybrid levels extending from the surface up to around 0.1 hPa
(approximately 80 km altitude) [54, 55]. This resolution flexibility enables the model to
simulate wide range of processes from the surface to the atmosphere, covering tropo-
sphere, stratosphere and mesosphere, allowing the model to perform both global-scale
and regional-scale studies.

Gas phase Convective
Primary and precursor emissions chemistry transport

| oNEmis | [ oFfemis | | MEccA | [ CVTRANS |
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Lightning NOx prod.

Optical properties

AEROPT
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Figure 2.1: Schematic illustration of the MESSy infrastructure highlighting the base model ECHAMS5 along with
some of the submodels including the aerosol submodel MADE3 connected to the MESSy interface layer.

The Modular Earth Submodel Sytem [MESSy; 56] is a framework developed to mod-
ularize complex Earth System Models (ESMs) from process based modules known as
submodels, thereby enhancing flexibility, transparency, and reproducibility in the atmo-
spheric chemistry and climate modelling. These submodels represent different atmo-
spheric processes, such as, emissions, aerosol microphysics and chemistry, heteroge-
nous reaction rates, transportation, deposition etc. which are coupled using a standard-
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ized user interface based on Fortran95 standard (ISO/IEC-1539-1) [53] within the MESSy
framework (Fig. 2.1). MESSy is designed to allow users to activate or deactivate submod-
els according to the requirements of specific simulations. This modular architecture
not only supports code reusability and easier model development but also facilitates
the comparison of different process representations within a common modelling envi-
ronment. As per Joeckel et al. [53], the MESSy framework is further updated to support
parallel computing and the expansion of the submodel libraries. This evolution has sig-
nificantly contributed to advancing atmospheric chemistry modelling by enabling com-
prehensive, traceable simulations of chemical and physical processes in the atmosphere
under various temporal and spatial scales.

EMAC together with the aerosol submodel MADE3 is a comprehensive global-aerosol
climate modelling system [57] that integrates detailed aerosol microphysics (Sect. 2.2)
with atmospheric chemistry and climate dynamics [58]. The integration of MADES3 into
EMAC enables the simulation of various aerosol processes, including gas—-aerosol par-
titioning, new particle formation, coagulation, particle and precursor emissions, trans-
port by advection, convection, and turbulent diffusion, aerosol precursor chemistry in
the gas and liquid phases, cloud and precipitation scavenging of aerosols, as well as their
dry deposition and sedimentation [57].

2.2. MADE3 AEROSOL MODEL

MADES3 is an aerosol microphysics scheme which is a part of MESSy. MADE3 represents
nine aerosol species in nine lognormal modes (see Fig. 2.2) resulting from the com-
bination of three mixing states i.e. fully soluble, insoluble, and mixed particles, with
three size ranges, namely the Aitken, accumulation, and coarse mode [44, 57]. In this
thesis I refer to the MADES3 species black carbon (BC) as soot for consistency with the
terminology of aviation-related literature, although black carbon and soot are not ex-
actly the same [23, 33]. Soot is a general term for the carbon-rich combustion particles
and consists of a mixture of BC, organic carbon (OC), ash and other materials. In con-
trast, BC is the light-absorbing fraction of soot, composed of pure elemental carbon and
is a well-defined term often used in climate research. Aerosol dynamics in MADES3 is
calculated through various microphysical processes such as coagulation, condensation
of low-volatility gases onto existing particles, nucleation (new particle formation) and
gas-particle partitioning. The simulation of these processes in the model relies on the
characteristics of the aerosol population. For instance, condensation requires a suffi-
cient particle surface area, while a high density of small particles can trigger the coag-
ulation process with larger particles, thereby altering particle number density [59]. Be-
yond these processes, MADE3 accounts for the internal redistribution of particles within
and between different modes while maintaining the same mixing state. This adjustment
is governed by assigned thresholds, enabling the model to manage the intra- and inter-
modal distribution of aerosol particles. These processes ensure that particles of the same
type, whether remaining in the same mode or transitioning to another, are appropriately
represented based on the prioritized microphysical properties of individual compounds
[44].
Coagulation of aerosol particles. To simulate the particle coagulation process, MADE3

uses the Brownian coagulation kernel 8(D;,D-) as a function of the median diameters of
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Figure 2.2: Schematic illustration of the aerosol submodel MADE3 [57]. It represents the aerosol species
(shown by different colours) in three modes (Aitken, accumulation and coarse) in their corresponding mix-
ing states (soluble, mixed and insoluble). The figure is taken from [44].

the coagulating modes D;, D, [60] . The Brownian coagulation kernel defines the rate at
which two particles collide due to their random motion. The coagulation process results
in areduction of smaller size particles with a corresponding growth of large size particles.
It should be noted that coagulation is only responsible for changes in particle number
concentration while conserving the mass. In MADE3, the coagulation routine is respon-
sible for modelling the collision and merging of the particles which influence the size
distribution and overall composition of the aerosol particles. This particle interaction
results in a transfer of mass within and between the modes, ensuring that particle size
distributions and mixing states are accurately represented. Coagulation in the model
can be categorized based on Aquila et al. [61]:

1. Intermodal coagulation resulting in particle transfer to the larger mode.
2. Intramodal coagulation between particles of the same mode.

3. Assignment of the particles to different mixing states depending on the mass frac-
tion x of the soluble material and water in final particles:
(@) x=1: soluble mode,
(b) 0.1 < x < 1: mixed mode,
(c) x < 0.1: insoluble mode.
After determining the target mode of the coagulation process based on the above

criteria, number concentrations are updated by solving the differential equation for the
respective target modes at each timestep.
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Here, % refers to the rate of change of number concentration of aerosol particles in
mode k. The matrix elements /m in the coagulation coefficient (Eq. 2.1) are used for
the assignment of number concentration of the coagulated particles to the target mode.
Similar to the number, mass concentration equations are also integrated for the growth
and loss due to inter- and intramodal transfer rate [44].

The growth of aerosol particles in MADES3 is calculated using Brownian coagula-
tion kernel 8(D;, D») using two different expressions, depending on the size of particles.
Since a single formula cannot accurately model all size ranges, blending of continuum
and free molecular kernels allows physically realistic modelling across all atmospheric
conditions [44, 60]. After calculating the coagulation kernels for both continuum and
free molecular regimes, respectively, the model combines them using the halved har-
monic mean to obtain an effective coagulation rate. This is further used to update and
redistribute the particle number and mass concentrations across the aerosol modes, en-
suring a realistic representation of coagulation in the model [44, 60].

Condensation of vapours onto existing particle surface. This process represents
the condensation of low-volatility gases on existing particles by calculating the transfer
rate of molecules from the gas phase to the aerosol phase at each timestep. Here, I fo-
cus explicitly on the condensation of HySO4 (gas), which is a precursor gas contributing
to the formation of sulfate aerosols in the model. Since H,SO4 has low vapour pres-
sure, re-evaporation is denied and gas phase molecules are irreversibly transferred to
aerosols. The H,SO4 condensation rate (Eq. 2.2) is calculated depending on the avail-
ability of aerosol particles to condense on. The total condensation flux of HSO, is the
sum of rate of change of HSO4 mass concentration (cg,s0,,x) in mode (k):

dCHgSO4,k o dmp(D)
( a7 ) fo a7 ni(D)dD 2.2)

cond

dmy, (D o e . .
where, m;t( ) denotes the rate of mass change for an individual particle of diameter D.

ni(D) is the particle number size distribution function for mode k. It is important to
note here that the rate of mass change of particle, %, depends on particle diam-
eter D relative to the mean free path Ap,s0, of the H,SO, molecules in the gas phase.
Given the large size range of atmospheric aerosols, two limiting cases are considered i.e.,
continuum regime (D > Ag,s0,) and kinetic or free molecular regime (D < An,s0,).
The remaining H»SO, after the condensation process is available for SO4 formation
via nucleation. The condensation rate in the model thus determines the possibility of
transfer from the gas to the aerosol phase through the means of either condensation or
nucleation, resulting in a competition between the two processes. In addition to H»SO4
(gas), secondary organic aerosols (SOAs) are also formed via condensation process sim-
ilar to that of HySO4 [44, 61], although this compound is not relevant for this thesis.
Formation of new particles via nucleation. The nucleation process in the model
is parametrised based on empirical or semi-empirical formulations by Kulmala et al.
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(1998) or Vehkamaiki et al. (2002) [62, 63], which simulates the formation of SO, par-
ticles via homogeneous nucleation of H»SO,4 and H,O. The parametrisation calculates
the mass formation rate of new particles, which are assigned to the Aitken soluble mode.
The corresponding particle number is calculated assuming a typical diameter of 3.5 nm
for newly nucleated particles [44, 57]. It is important to mention that the nucleation
process is highly sensitive towards the ambient meteorological conditions (temperature
and relative humidity) and becomes dominant for low-temperature and high-humidity
conditions, especially in combination with low availability of aerosol particles for con-
densation to take place. Due to the high concentrations of aircraft-induced SO, in the
plume and considering the importance of H,SO, precursor gas in the formation of SO4
aerosol particles, I have incorporated an online calculation of the H,SO,4 production rate
as a new implementation in the model configuration (details are discussed in Sect. 3.4).

Gas-to-particle partitioning. Gas-to-particle partitioning refers to the process by
which volatile or semi-volatile chemical species, such as ammonia (NH3/NHy), nitric
acid (HNO3/NOs), hydrochloric acid (HCI/Cl) are transferred between the gas and the
aerosol phase, depending on environmental conditions like temperature, humidity, and
the availability of other reacting species. This partitioning process is essential in ac-
curately modelling secondary aerosol formation, which occurs through condensation
and evaporation. MADE3 assumes that gas-to-particle partitioning reaches a thermody-
namic equilibrium between the gas phase and the particle phase. Gas-to-particle par-
titioning influences the mass and chemical composition in each mode. MADE3 uses
EQSAM (Equilibrium Simplified Aerosol Model) which is a thermodynamic equilibrium
model [64, 65] simulating the gas-to-particle partitioning of aerosol water, low-volatile
and semi-volatile species.

Particle renaming is applied in MADE3 to avoid the merging of different modes in
case of the particle growth from one mode to another (such as Aitken to accumulation)
through either condensation or coagulation [66]. In the MADE3 framework, renaming is
triggered during a time step if one of two criteria is met: (1) the volume growth rate of the
Aitken mode surpasses that of the corresponding accumulation mode, or (2) the median
diameter of the Aitken mode exceeds 30 nm while its particle number concentration is
greater than that of the accumulation mode. Along with this transfer of particle number
concentration, the corresponding mass concentration is also reassigned. Importantly,
renaming occurs only between modes of the same particle mixing state — either within
the soluble, insoluble, or mixed modes [44].

Particle aging in MADES3 is represented as a transformation process of aerosol par-
ticles from insoluble to mixed mode via condensation of soluble aerosols on insoluble
surfaces, which may result in a change of solubility [44]. This process affects both mass
and number concentrations and unlike the renaming process, here the transfer may oc-
cur between different mixing states (insoluble, soluble and mixed), but within the same
size range (Aitken, accumulation and coarse). The particle aging routine of MADE3 con-
siders a soluble mass fraction threshold of =10% for transferring the particles from the
insoluble to the mixed mode (details are discussed in [61] [44]).
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2.2.1. AEROSOL LOGNORMAL SIZE DISTRIBUTION
Our atmosphere contains a substantial number of aerosol particles, both natural and
anthropogenic, with the size range from just a few nanometers (nm) to around 100 mi-
crometers (um) (Sect. 1.1). Given this wide range, the aerosol particles are commonly
described using the lognormal size distribution of particle number (or mass) concentra-
tions. The number size distribution describes the amount of particles exist in a given
size range.

The lognormal size distribution is characterized by the aerosol number concentra-
tions ny for a given D), diameter, considering the 9 lognormal modes of MADE3 using
the standard equation based on Seinfeld and Pandis. [1]:

Nj N;
dDp v27Dplno;

(nDy,—1nDy;)?
2(Ino)?

nn(Dp) = exp (2.3)

where N; and D pj are the lognormal parameters for total particle number concentration
and median diameter as simulated by the model. The geometric standard deviation o ; is
assigned as constant in MADES3. Here, j stands for the respective modes in the MADE3.

The term % indicates the number of particles per unit diameter interval at a given
Dy,. The lognormal representation is particularly useful in atmospheric research as it
provides an accurate representation of observed aerosol population in the atmosphere
and simplifies the analysis of particle evolution in terms of their size distributions, due
to processes like coagulation and condensation.

2.2.2. VALIDATION OF MADE3

In its box-model configuration, MADE3 has been evaluated and validated [44] through
comparisons with observational data, sensitivity studies, and inter-model comparisons-
with its predecessor MADE for fine particles (size < 2 ym) [67] with good agreement be-
tween the two versions and then against the particle-resolving aerosol model PartMC-
MOSAIC with a good agreement for coarse mode particle size (above about 2 ym) and
some differences in the fine particle size (below about 2 um), which could be relevant
for simulating climate effects on global scale. MADE3 has also been evaluated against
ground-level and aircraft-based in situ measurements in its 3D configuration as part of
the global model EMAC (ECHAM/MESSy Atmospheric Chemistry Model) [57], showing
that it can reasonably reproduce the global distributions of aerosol mass and number
concentrations, with a performance comparable to the one of other global aerosol mod-
els. EMAC with MADE3 has also been used in several studies focusing on aerosol and
aerosol-cloud interactions, with a specific focus on the impacts of the transport sectors,
including aviation [32, 33, 43, 68]. Hence MADES3 is a well-established aerosol scheme
and its microphysical core is a suitable basis for the development of the double-box
plume model presented in this thesis.

2.3. AIRCRAFT PLUMES

At the typical cruise altitude for a commercial aircraft or a subsonic jet (9-13 km), the
evolution of an aircraft exhaust plume in a stably stratified atmosphere is categorized in
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three main regimes based on their time of emission and other chemical and microphysi-
cal characteristics (see Fig. 2.3). These regimes include- the jet regime, the vortex regime
and the dispersion regime [38, 39, 52, 69, 70].

0-10s upto 2 mins upto several hours

Vortex
“catches”
exhaust

Exhaust
Hot&Humid

Aerodynamics:
Adiabiatic cooling

Figure 2.3: Schematic illustration of aircraft exhaust plume as emitted at the cruise altitude. The horizontal
bar represents the three main phases (also referred to as regimes) of an aircraft plume, based on their time of
emission: the jet regime, vortex regime and dispersion regime. Adapted from Lecture Slides on Climate impact
of air traffic — Part 1, by Professor Volker Grewe, 2020.

The first and shortest regime of an aircraft plume is jet regime and it lasts for about
10 seconds. In this regime the hot and humid exhaust with extremely high emission
concentrations at engine temperature [~400-600° C; 71, 72] mixes with the ambient air
upon emission, which leads to rapid cooling and thereby often leads to supersaturation
with respect to liquid water. Under such conditions water droplets can form and im-
mediately freeze due to low ambient temperatures (typically below «~233 K) resulting in
the formation of ice particles that contribute to the contrail formation [20, 25, 73]. Sub-
sequently, in the vortex regime, the emitted exhaust is trapped inside the wake vortices
formed behind the aircraft. This regime lasts about 1 to 2 minutes before the vortic-
ity dissipates [74] releasing exhaust and ice crystals into the dispersion regime where
the crystals mostly sublimate. Studies suggest that in only 15% of the cases contrail ice
particles are formed amongst which «~87% are short-lived contrails which sublimates
within the first few minutes [75-77]. The plume is assumed to be kinetically stable at the
end of the vortex regime as it eventually enters the dispersion regime which begins with
the breaking of trailing vortex pairs into the turbulent motion [69]. During this regime,
the plume is further diluted via atmospheric processes (such as turbulence) and can
be transported over long distances, influencing the atmospheric composition on larger
scales [37, 78]. This is the longest regime of an aircraft exhaust plume and it can last
from several hours to days [37, 38]. In this regime, the aviation-induced aerosol particles
undergo several chemical and microphysical changes, due for instance to coagulation,
as well as sedimentation. If the emitted ultrafine particles (<5 nm; primarily consists
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of sulfate aerosols) survive in sufficient numbers by the end of the dispersion regime,
they can be transported towards lower atmospheric layers where they may act as CCNs
in liquid clouds, hence contributing to the aerosol indirect effect [34, 41]. During the
dispersion regime, the plume undergoes spatio-temporal expansion both laterally and
vertically behind the aircraft following turbulent mixing with the ambient background
concentrations [69]. The plume model described in this thesis (Chapter 3) simulates
the two regimes of an aircraft plume i.e., vortex regime and dispersion regime, to exam-
ine the non-linear microphysics responsible for the transformation of aviation-induced
aerosol particles inside an aircraft plume.

2.4. SUMMARY

This chapter provided a brief overview of the global climate model EMAC, which com-
prises the ECHAM/MESSy atmospheric chemistry model and, specifically for this work,

the aerosol submodel MADES3, which is used to study the effect of aviation-emitted aerosols.

MADES3 is a well-established two-moment aerosol scheme that calculates changes in
aerosol number and mass concentrations, as well as the particle composition. It repre-
sents nine aerosol species distributed across nine lognormal modes. Aerosol dynamics
in MADE3 is simulated through processes such as nucleation, condensation, coagula-
tion, and gas-to-particle partitioning, all within a single-box configuration. In order to
study the aerosol microphysics at the plume scale, I extended the single-box MADE3
configuration [57] to the double-box plume model configuration sharing the same core
mechanism for aerosol microphysics. The plume model developed in this thesis aims to
explicitly simulate the aerosol dynamics in the dispersion regime of an aircraft plume,
together with a simplified representation of the vortex regime which accounts for the
interaction between the aviation-induced aerosols and the contrail ice crystals.






PLUME MODEL DESCRIPTION

3.1. INTRODUCTION

This chapter provides a detailed insight into the double-box aircraft exhaust plume model
developed to simulate the non-linear aerosol microphysical processes at plume scale

which are otherwise difficult to capture by the global models due to their coarse reso-

lution, resulting in a wide range of uncertainties in the aviation-induced aerosol effects

(specifically in ACIs) as discussed in Chapter 1. The development of an aircraft exhaust

plume model to address the challenges discussed in the previous chapters has moti-

vated this thesis. The plume model is developed based on the MADE3 microphysical

mechanism (Sect. 2.2) to simulate the microphysical transformation of aviation-induced

aerosols inside an expanding aircraft plume.

To provide a structured understanding, this chapter is organized into following sec-
tions: Sect. 3.2 conceptualizes the initial idea behind the plume model development,
introducing the two approaches developed to model the aircraft exhaust plume with the
goal to eventually compare them at the end of the dispersion regime. Sect. 3.3 outlines
the technical overview of the plume model with all the processes involved in the different
plume regimes. These processes are then further described in their respective sections:
the technical details involved in the online calculations for the sulfate production rate
in the plume model is presented in Sect. 3.4, the one-way interface implemented in the
double-box configuration which allows the interaction between the two boxes as well as
calculates the diffusion dynamics is described in Sect. 3.5. Sect. 3.6 focuses on the il-
lustration of the aerosol microphysics involved in the vortex regime, before the aviation-
induced aerosols enter the dispersion regime. This section discusses the role and impact
of short-lived contrail ice crystals on the aviation-induced aerosol microphysics during
the first 2 minutes of the simulation. Sect. 3.7 discusses the plume model initialisation
methods, which involves the detailed description of the parameters required to calcu-

This chapter is based on Sharma et al. [79]
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late the aviation-induced species mass and number concentrations. In order to assess
the impact of individual microphysical processes on the aerosols, the tendency diagnos-
tics (Sect. 3.8) is implemented in the model. Sect. 3.9 explains the implementation of
the plume model into the MESSy (Modal Earth Submodel System, [53]) framework and
the parameters required for model configuration. Finally, Sect. 3.10 highlights some of
the numerical tests performed at different stages of the plume model development to
validate the model performance.

3.2. PLUME MODEL CONCEPT

The concept of the double-box aircraft exhaust plume model developed in this study is
based on Petry et al. [45], who originally introduced it to better account for the plume
chemistry of the reactive species inside an aircraft exhaust plume at cruise altitude. The
double-box plume model introduced in this study explicitly focuses on simulating the
aerosol microphysics and my idea behind this concept is to compare the results of in-
stantaneous mixing of the aircraft exhaust inside a large-scale grid box with a more de-
tailed approach where the diffusion of a dispersing plume within the background is sim-
ulated in detail. By comparing the resulting concentration of the species at the end of the
plume dispersion, it is possible to estimate the impact of the more accurate plume dis-
persion approach over the instantaneous dispersion approach. In the present work, the
concept of Petry et al. [45] is adapted to account for the aerosol microphysical processes
within a dispersing aircraft plume and extended to further include the interactions of
aviation-induced aerosol with contrail ice crystals during the vortex regime in the first
stages of the plume evolution.

In the instantaneous dispersion approach (Fig. 3.1), usually adopted by global mod-
els, the aircraft emissions are instantaneously distributed over the large (~100 km) grid-
box and homogeneously mixed at once. This method completely disregards the mi-
crophysical processes occurring at plume-scale, thus misrepresenting the impact of key
transformation processes (such as particle coagulation and nucleation) taking place dur-
ing the expansion and dispersion of the plume in the surrounding background. This
may in turn lead to inaccurate estimates of the aviation-induced aerosol particle prop-
erties at the end of the dispersion, in particular in terms of aviation-induced aerosol
number concentration and their lognormal size distribution [34, 39, 41]. These proper-
ties are critical in the context of the climate impact of aviation aerosols, as they control
the potential perturbation on cloud droplet number concentration in liquid clouds and
hence the resulting radiative forcing via ACIs. The approach developed here allows to
explicitly simulate the plume-scale processes representing the aerosol microphysics in-
side a dispersing aircraft plume. Fig. 3.1 schematically describes the approach: a plume
model is applied to simulate the dispersion of a single aircraft plume (represented by the
single-plume box, hereafter SP) inside a background atmosphere (represented by the
background box, BG). This plume approach is then compared with the instantaneous
dispersion approach, where the aviation emissions are instantaneously released in the
background of a single box (ID box). As mentioned above, the microphysics in all three
boxes (SP, BG and ID) is simulated using MADE3. To simulate the dispersion of the plume
box (SP) in the background box (BG), a one-way interface is implemented based on the
plume diffusion dynamics as in Petry et al. [45]. Furthermore, the double-box plume
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Figure 3.1: Schematic representation of double-box aircraft exhaust plume model highlighting the two mod-
elling approaches; as a) Instantaneous dispersion approach of aircraft emissions in a large-scale grid box (ID
box) and b) Double-box plume model accounting for the dispersion of a single aircraft plume (SP box) in the
background (BG box). The x-axis represents the flight trajectory. The plume gradually grows and disperses
with time ¢, both vertically (y-axis) and laterally (z-axis). The plume growth is schematically represented by
the elliptical cross-section area Apjyme increasing at each timestep behind the aircraft, while the cross-section
area Agyid—box Of the large-scale remains constant. Here, o denotes the initial timestep of the simulation, set

at the end of the jet regime (~10 seconds behind the aircraft, not accounted for in the model), whereas C%D,

Cl.SP and C?G indicate the concentration of a species i in the three boxes, respectively. The arrow on the top
symbolizes an aircraft exhaust plume with different regimes based on their time of emission.

model is capable of simulating two scenarios for a single aircraft plume, namely with
and without the presence of contrail ice particles in the vortex regime and their coagula-
tion with the aerosol particles. The contrail ice is assumed to sublimate at the beginning
of the dispersion regime, releasing the coagulated aerosol particles back in to the SP box.

3.3. PLUME MODEL STRUCTURE

Two model approaches (instantaneous dispersion and plume approach) are applied and
compared to quantify the impacts on the particle properties at the end of the dispersion
regime due to aviation effects. In the instantaneous dispersion approach (as shown in
Fig. 3.1a) aviation emissions are released at time f; and instantaneously and homoge-
neously dispersed in the model grid box (ID box). The evolution of the concentration
CP (1) for each species i is then simulated by MADE3, mimicking the behaviour of the
global model for a single box. In the plume approach (Fig. 3.1b), aviation emissions are
released at time £y within the SP box and their mixing with the BG box during the plume
dispersion is explicitly simulated, while also accounting for the aerosol microphysics.
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The plume cross-section area expands both laterally (z-axis) and vertically (y-axis) while
mixing with the background air. According to Schumann et al. [69], in a stably stratified
atmosphere, the aircraft wakes tend to shrink vertically while expanding or stretching
horizontally. This anisotropic growth is represented using the elliptical slices (or cross-
sections) along the flight track (x-axis) in Fig.3.1b. The expansion of the plume along the
flight track is considered negligible. The two boxes, SP and BG, evolve together in time
and experience the same microphysical processes in the MADE3 core routines, updating
the values of the concentrations Cl.sp(t) and C?G(t). The time integration proceeds until
the plume cross-section area (Apjume) reaches the same value of the large-scale grid box
area (Agrid-box), Which marks the end of the dispersion regime, i.e. when the plume is
completely dispersed within the background. The same time integration is applied to
the ID box. In the following, I will refer to this point as the reference time and will com-
pare the results of the two approaches at this point to estimate the impact of the plume
processes on simulated aviation aerosol number concentrations. This will be expressed
as a plume correction with respect to the instantaneous dispersion.

Instantaneous dispersion approach Plume approach
: G
S Background +
8 Backg_ro_und + Background Y, / aviation
5 aviation concentrations //’ concentrations
=

concentrations

Vortex regime (0-120s)

H 1

1 1

H 1

' 1

1 1
o, 1
g ! 1
B0 1 )
@ '
1

c! 1
o! |
e |
1

&1 2} 1
a : Input at each timestep . . :
1 - Plume diffusion |

i One-way coupling I

1 1

: (3] ]

— trer =46 h

Figure 3.2: Schematic representation of the process flow of the two approaches described in this thesis: the
instantaneous dispersion approach (left) and the plume approach (right). Here, the rectangular boxes repre-
sent the components highlighting the key processes in the two modelling approaches. The time-loop of the
dispersion regime is common to both approaches and proceeds until the cross-section area of the plume in the
plume approach is equivalent to the large-scale grid box area in the instantaneous dispersion approach. The
numbers (1), (2) and (3) refers to different set of processes tracked by the tendency diagnostics implemented
in the model (see Sect. 3.8).

The details of the time integration within each box are shown in Fig. 3.2. At each
model timestep, the chemical production rate of H»SOy is calculated before calling the
MADE3 microphysical scheme, which integrates the concentrations C; (¢) by solving the
aerosol dynamics equations (see Sect. 2.2). The explicit calculation of the H,SO4 pro-
duction rate during the model time integration is an improvement introduced in this
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work compared to the MADE3 box-model version by Kaiser et al. [44], who assumed a
prescribed constant production rate of H»SO4. Here, I opted for a more sophisticated
approach, where the production rate is calculated at each timestep from the SO, and
OH concentrations (see details in Sect. 3.4). The online sulfate production rate calcu-
lation is relevant in the context of this thesis, as the H,SO,4 production rate affects the
nucleation of SO4 particles and the growth of existing particles by condensation, hence
affecting the aerosol properties, particularly the number concentrations. The SP box in-
clude two additional processes, which are specific to the plume approach namely, the
diffusion routine accounting for the mixing of the plume with the entrained background
(Sect. 3.5) and the routine for the vortex regime, which simulates the coagulation of the
aerosol particles with the ice particles during the vortex regime (10 to 120 s behind the
aircraft), representing the aerosol-ice interactions occurring within a short-lived con-
trail in a simplified manner (Sect. 3.6). I will show that this is a key process in the plume
evolution and has a significant impact on the resulting aviation-induced particle num-
ber concentrations. The time integration of the dispersion regime is same in all boxes
and considers a constant time-step (time resolution) of 60 seconds, while the short vor-
tex regime of the SP box uses a time resolution of 1 second, given the short duration of
this regime. The meteorological parameters such as temperature, pressure and relative
humidity are kept constant during the whole simulation and are identical in the three
boxes. The generated output comprises of temporally resolved mass concentrations for
all simulated aerosol species and total aerosol number concentrations per mode and
mixing state (as described in Sect. 2.2).

The initial background concentrations of the different tracers use climatological means
from the global EMAC simulation of Righi et al. [43] for different regions, while the avi-
ation emissions are calculated offline based on the typical emission indices and other
parameters representative of a young aircraft plume. These emissions are then used to
initialise the concentration of aviation-induced species for both the SP and the ID box,
considering the initial cross-section area of the respective boxes. Further details about
the initialisation procedure are given in Sect. 3.7.

3.4. ONLINE SULFATE PRODUCTION RATE

Sulfur dioxide (SO,) is formed inside the engine combustor as a result of oxidation via
hydroxyl radical (OH) and fuel sulfur [26]. The aircraft-emitted SO, upon entering the
dispersion regime undergoes oxidation with the OH in the downstream plume which
then leads to the formation of sulfate aerosols (SO4) within seconds behind the aircraft.
According to the in-situ measurements by Jurkat et al. [80], a small fraction (a few per-
cent) of SO, mass is converted into aerosol sulfate (primary SO4) during the jet regime.
The remaining SO, mass remains available in the system to form H»SO, gas (see Fig. 3.3),
which serve as a precursor gas for the formation of additional SO, during the dispersion
regime, either via nucleation or by condensation on existing particles.

Sulfate production is a slow process and therefore is calculated only in the disper-
sion regime and neglected in the vortex regime [81, 82]. The latter is only responsible
to perform the aerosol-aerosol and aerosol-ice coagulation processes. The formation of
H,S04 in the gas phase occurs via the third-body reaction:
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~2.3% of the emitted SO,
gets converted into sulfate
aerosols (S04%7)
Jurkat et al., 2011
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Figure 3.3: Schematic illustration of aviation emitted SOz and H2SO4 production in the troposphere.

PH,50, = k3ra [SO2] [OH], 3.1

where the reaction rate k3;q can be calculated as:
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The parameters f, k3°°, k2%, n and m are taken from the MECCA chemical scheme of
EMAC based on Burkholder et al. [83, 84] as given in Table 3.1.

In the equations 3.2 and 3.3, the concentration of air molecules C (in units of molecule
cm™3) is expressed as a function of temperature T (in Kelvin), pressure p (in Pascal) and

specific humidity q (in kg kg™!) as follows:

p l-q

C=10°Ny—— ——F—
RT 1+q(1-1)

(3.6)

where, N, is the Avogadro number (molecule mol™}) and e = Mhu,0/ Maj; is the ratio of
the molecular weight of water and dry air. The additional tracers SO, and OH are added
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in the plume model as they were not included in the original MADE3 box-model ver-
sion. Note, however, that OH can only be prescribed with a constant mixing ratio in
the current configuration of the double-box plume model. In this thesis, all the simula-
tions are performed with a typical background peak concentration of OH between 1.3 to
3 x107!3 mol/mol (the value varies for the ensemble boxes based on the EMAC output,
Sect. 3.7). The initial values are based on the EMAC output for the ambient background
conditions of North Atlantic region representative of the cruising altitude of ~10.5 km.
The ambient concentration of OH varies throughout the day, also known as the diurnal
variations or diurnal cycle which refers to the daily fluctuation in OH concentrations,
which generally peak during the day and decrease at night. The OH radical often termed
as the "detergent" of the atmosphere and influences the atmospheric composition by
initiating the oxidation of various trace gases. In the troposphere, the production of OH
involves the photolysis of O3 followed by a reaction with water vapour H,O [85]. The
influence of low ambient temperature on the production of OH reaction rates and at-
mospheric dynamics, contributes to the diurnal variations [86, 87]. Temperature plays
an integral role in determining OH levels throughout the day, with higher concentra-
tions during warmer, sunlit hours and a sharp decline at night. A time-varying mixing
ratio for OH, reproducing for example its typical daily cycle in the upper troposphere,
will be considered for future versions of the model. A daytime peak value is selected for
this study based on offline tests conducted to assess the impact of OH concentration on
sulfur chemistry, as well as its overall effect on aerosol microphysical processes during
plume dispersion.

Table 3.1: K34 parameters as taken from MECCA based on Burkholder et al. [83, 84].

Parameter Values Units

300 33x1073!  cm® molecule 2 s7!
ki:fo 1.6x10712  cm® molecule !s!
n 4.3

m 0

fe 0.6

The production and loss of sulfur mass is calculated independently in the model
through the explicit simulation of key chemical reactions and microphysical processes.
The sulfur mass budget accounts for the gas-phase oxidation of SO, to SO4 by the oxi-
dants such as OH, as well as subsequent aerosol formation and removal processes like
condensation and coagulation. Therefore, a sulfur mass budget closure analysis is per-
formed to track the SO, mass concentration in the model and to evaluate the mass con-
servation of sulfur species (for example: Fig. 3.8, as described in Sect. 3.10.2), which is
also verified with the tendency analysis (Fig. 3.8) as described in tendency diagnostics
(Sect. 3.8).

3.5. ONE-WAY INTERFACE AND DIFFUSION DYNAMICS

As an integral part of the double-box aircraft exhaust plume model development, a one-
way interface is implemented in the double-box configuration (Fig. 3.2; yellow box) to
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account for diffusion dynamics and for the entrainment of background air into the grow-
ing and dispersing aircraft plume, following the approach of Petry et al. [45]. In their
study, the plume is described as a Gaussian plume, assuming the diffusion parame-
ters typical for the upper troposphere as described by Schumann et al. [69] represent-
ing the dispersion of chemically passive species in a stably stratified atmosphere with
anisotropic turbulent diffusivities. The diffusion dynamics equation is solved as a Gauss
function with horizontal (o},), vertical (o,) and shear (o) standard deviations given by:

2
oi(t) = gszD,,t3+(2Ds+sa%U)s t*+2Dp t+03), 3.7)
a2(t)=2D, t+03,, (3.8)
02(t) = sDy t* + 2Ds+ saj ) t. (3.9)

These variables are time dependent and determine the rate of plume expansion and
dispersion processes within the expanding plume. The diffusion coefficients, namely
horizontal diffusion (Dy,), vertical diffusion (D,) and shear (Dj), as well as the initial hor-
izontal (o), vertical (0¢,) and shear (o) standard deviations, along with wind shear
(s) are taken from Schumann et al. [69] and shown in Table 3.2.

Egs. (3.7)-(3.9) assume the plume to expand both laterally and vertically and to grow
elliptically over time due to the strong vertical shrink of the wake formed by the wing tips
during the vortex regime of the plume expansion. Based on these equations the growth
of the plume cross-section area Apjume(£) is calculated as:

Aptume (1) = 7164\ /02 (00 (1) - 53 (1), (3.10)

where t is the time elapsed since the beginning of the dispersion regime and c is a free
parameter determining the fraction of the initial plume incorporated in Gaussian plume.
Here, as in Petry et al. [45], a value of ¢ = 2.2 is chosen, representing 98.6% of the ex-
haust incorporated in the plume. Based on the above equation, the solution to the dif-
fusion equation is implemented in the single plume box (SP) and applied to update the
species concentrations CiSP(t) after the entrainment of background air in the plume at
each timestep t:

Aplume(t) - Aplume(t - A1) Aplume(t —-Ap
Aplume () Aplume (1)

where ¢ is the current timestep and ¢ — At is the previous timestep.

In the double-box plume model, the routine implementing Eq. (3.11) is called right
after the MADE3 microphysical core, as shown by the yellow box in Fig. 3.2. The time
integration continues until the value of the plume cross-section area is equivalent (or
larger) to the cross-section area of the large-scale grid box i.e. Apjume = Agrid-box- In
the following, this final timestep is denoted as reference time and is considered when
comparing the results of instantaneous dispersion approach and plume approach. Con-
sidering a cross-section for a single large-scale grid box of 300 km (horizontal) times
1 km (vertical), typical of the EMAC T42L41DLR resolution used in previous studies on
the aviation impact of aerosol [34, 43], results in a large-scale area Agriq-pox = 300 km?.

CP(p = CPS(p + P (3.11)
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Table 3.2: The diffusion and shear coefficients along with the initial standard deviations at the end of the vortex
regime as taken from Petry et al. [45] based on Schumann et al. [69] (see text for explanation).

Parameter  Values Units

Dy 0.3 m?s!
Dy, 100 m?s7!
Dy 1.0 m2s~1
s 0.004 s71
ooy 50.0 m
Oon 200.0 m
005 0.0 m

As shown in Sect. 4.2, for the set of diffusion parameters as in Petry et al. [45] this corre-
sponds to a reference time of about 46 hours. Moreover, the double-box plume model
can simulate two additional diffusion scenarios by scaling the initial diffusion parame-
ters (Dy, Dy, Ds, and s, Table 3.2) by a factor of 0.75 and 1.5, resulting in a faster and
slower plume diffusion with the reference time of 61 h and 30.5 h respectively.

3.6. VORTEX REGIME MICROPHYSICS IN PLUME MODEL

The vortex regime (Sect. 2.3) is initialised 10 seconds after the release of emissions. At
this stage, the emitted exhaust gets trapped inside the wake vortices which are formed
when the vorticity sheet rolls up around the aircraft wing and wing-tips [52] and it can
last up to a few minutes before the dispersion regime starts. During the vortex regime
several dynamical processes such as chemical kinetics, turbulence, fluid dynamics oc-
curs. The contrail formation behind the aircraft is determined by the Schmidt-Appleman
criterion [25, 73], which is based on several parameters such as aircraft altitude, engine
and fuel type, temperatures and relative humidity [37, 88, 89] and may vary with dif-
ferent regions. Studies suggest that 85% of the contrails formed behind an aircraft are
short-lived and may last up to a few minutes [75, 77].

The plume model concept outlined above accounts for the aerosol microphysical
processes occurring during the dispersion regime of the plume evolution. However, the
vortex regime could also be relevant for the aerosol population, especially in the case
when a short-lived contrail is present during this regime, since the interactions of the
aerosol particle with the ice crystals may impact the properties of the aerosol popula-
tion. In the plume model, I make the simple assumption that the formation of contrail
ice particles occurs in the jet regime and that both ice crystal number concentration and
size remain constant during the vortex regime. This simplified assumption is justified
since the goal is to characterize the effect of the coagulation of the aerosol particles with
the ice crystals in the vortex, mimicking the effect of a short-lived contrail which sub-
limates at the end of the vortex regime. In the plume approach, the vortex regime is
represented as a separate process loop for the first 2 minutes of the simulations in the SP
box (see Fig. 3.2; pink box). Please note that =2 min represents a lower limit for vortex
regime simulations in the plume model. This value is flexible and can be easily adjusted
in the model configuration to accommodate a longer duration for the vortex regime.
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Here, the interaction of aerosols and ice is calculated via Brownian coagulation using
the coagulation routine of the MADE3 microphysical core (Sect. 2.2) and implementing
a passive tracer representing the ice crystals population. Given the short duration of this
regime, the temporal resolution is increased to 1 second for the time integration of the
vortex regime.

Mass and number concentrations of short-lived contrail ice crystals are initialised
with the typical values corresponding to the end of jet regime [90]. During the vortex
regime, no additional ice crystal formation is considered and no ice crystal growth is
accounted for. The sedimentation of ice crystals during this regime is also considered
negligible based on a simple estimate of the sedimentation velocity of the ice crystals
based on the methods by Seinfeld & Pandis [1] and Spichtinger et al. [91]. In the first
method, the sedimentation velocity is calculated as:

D,%’gC
vs:p’””—gc (3.12)
18u
with:
2

A=—2HF - (3.13)
P(pp)’

Co=1+ 221257+ 0.4exp 1'1D’J) (3.14)
=1+—[1.257+0. - , .
¢ D, R PY)

p=107°[1.718 +0.0049 T - 1.2 x 107> T?]. (3.15)

The calculation for sedimentation velocity of ice crystals require typical ice crystal pa-
rameters such as particle density (o) and particle diameter (D), along with the viscos-
ity of air (u) which is also calculated offline based on the method from the SEDI sub-
model of MESSy using Eq. 3.15. Eq. 3.12 requires two additional parameters including,
the mean free path (1) and slip correction coefficient (C;). The mean free path is cal-
culated using Eq. 3.13 which depends on the ambient meteorology such as temperature
(T) and pressure (p) along with gas constant (R) and molecular weight of air (M). The
slip correction coefficient (C,) is a size dependent parameter (D) and is also calculated
offline using Eq. 3.14.

A second approach is also tested using the method from Spichtinger et al. [91] where
the particle terminal velocity (v(m)) is calculated as:

v(m) = y(m) m®'™ (3.16)

This method requires two constant parameter functions which are mass dependent, i.e.
Y(m) and 6(m) as 735.4 and 0.42 respectively based Spichtinger et al. [91].

The simple calculation of the ice crystals sedimentation velocity from these two meth-
ods i.e. Spichtinger et al. [92] (as in Eq. 3.16) and Seinfeld & Pandis [1] (as in Eq. 3.12),
results in a similar value of about 0.1 cm s~! for the typical conditions at cruise altitude.
Considering the cross-section area of the plume and the short duration (2 minutes) of the
vortex regime in the model, this implies that this velocity is too small for the sedimen-
tation to remove the ice crystals during the vortex regime. This also means that impact
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scavenging by sedimenting ice crystal is inefficient for the removal of aerosol particles in
the vortex and can be neglected. The ice crystals are assumed to completely sublimate
at the end of the vortex regime and the residual aerosol mass is returned to the aerosol
tracers of the SP box. To estimate the residual number, I assume that every sublimating
ice crystal releases a single aerosol particle, hence the residual aerosol number coin-
cide with the assumed (constant) number of ice crystals, given that ice-ice coagulation
is negligible due to the large size (~micron) of the crystals. Based on the residual aerosol
mass and number concentrations, a residual diameter is then calculated for alognormal
size distribution and used to determine the target mode to assign the residuals to, con-
sistent with the MADE3 modal structure. The residual particle is assigned to the mixed
(insoluble) mode if the soluble mass of the residual is larger (smaller) than 10%, and
to the Aitken (accumulation) size mode if its diameter is smaller (larger) than 100 nm.
The resulting aerosol mass and number concentration serve then as initial values for the
further simulation of the plume evolution in the dispersion regime.

3.7. INITIALISATION

The plume model is initialised with typical background concentrations and with the avi-
ation emissions of ~10 sec behind the aircraft (see Fig. 3.4), considering representative
values at cruise altitude of the commercial fleet. Background concentrations, required
to initialise the ID box in the instantaneous dispersion approach and the BG box in the
plume approach, and meteorological parameters are taken from a global simulation with
the EMAC model [43]. The plume model simulations for this study are performed for
different regions (Table 5.1), with the reference simulation focusing the North Atlantic
region (Table 4.2). For all regions, data from the EMAC model hybrid levels 18 and 19
(corresponding to an altitude of about 10-12 km) are considered. In order to account for
the spatial variability of background conditions, the climatological mean values of each
of the EMAC model grid-boxes within each region are used to initialise multiple ensem-
ble simulations of the plume model and the ensemble mean of the results is considered
for the subsequent analysis. Each of the large-scale grid box has a size of 300 km (hori-
zontal) times 1 km (vertical), corresponding to the EMAC T42L41DLR resolution used in
previous studies of aviation impact of aerosols [34, 43].

For the reference setup, two background initialisation methods are tested in this the-
sis as a) background ensemble and b) background mean. For both methods, the back-
ground initialisation data is based on EMAC output for the years between 2006 and 2015
representative of the flight levels of 18 and 19 corresponding to the pressure levels be-
tween 21000 to 24000 Pa as shown in Table 4.2. For the reference setup (REF), the North
Atlantic region is selected (lat: 40-63 °N; lon: 70-5 °W) which comprises of about 432
grid cells. In the second background initialisation method the average of all the clima-
tological means over the North Atlantic region is considered, which eventually consist
of a single initialisation file for the model simulation. Although the latter method saves
both computational time and resources, the ensemble method is favoured, as it better
captures the spatial variability over the region.

The initial concentrations induced by aviation emissions Cyyiation (fo) are calculated
offline using aircraft operational parameters and the following equation:
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~10 sec ~120 sec

Vortex Regime

to

Figure 3.4: Conceptualization of plume model initialisation corresponding to Fig. 3.1. The aviation emissions
are initialised at #yp = 10 seconds behind the aircraft along the flight track. No substantial growth is assumed
during the vortex regime with Apjyme () = 0.15 km?. Background entrainment is established during the dis-
persion regime.

EL; f

Ce_iviation (to) = ,
! Aplume ( tO) v

(3.17)
where EI; is the emission indices of the species i, f the fuel consumption, Apjume(fo) =
0.15 km? the initial plume area calculated using Eq. (3.10) and v the aircraft speed. Eq.
(3.17) basically converts aviation emissions to concentrations by assuming that the species
are released within a given initial volume, determined by the initial plume cross-section
area and the aircraft speed. The values for these parameters depend on the aircraft and
engine type and may be subject to a large variability. All initial parameters that are con-
sidered in this study typically represent the wide-body aircraft types like Boeing 747 [45],
Airbus 340 [93] and the DLR ATTAS (a twin-engine aircraft with medium bypass ratio
turbofan). The initial size parameters for emitted primary and secondary mode parti-
cles are based on Petzold et al. [46] which represents the Rolls Royce/SNECMA M45H
Mk501 turbofan of DLR ATTAS (details are shown in Table 3.3).

The aviation emissions are calculated for young plume conditions based on their
time of emission as described for the different plume regimes (see Fig. 3.4). In both
modelling approaches (instantaneous dispersion and plume), I assume that the emit-
ted exhaust is mixed with the existing background at timestep #y. In the plume approach,
the aerosols are transformed gradually within the dispersing aircraft plume, hence in the
plume model the initial concentration of the aviation emissions, C;?“’iaﬁo“(to), is added to
the background concentrations C% (fo):

CHP (t9) = CVUON (1) + CBG (1) (3.18)

Here, the BG box concentrations initialised from the EMAC simulations undergo an ini-
tial spin-up of 6 hours to ensure internal consistency of the different tracers prior to
entering the time loop.

In the instantaneous dispersion approach, the ID box is initialised diluting the emis-
sions inside a large-scale grid box with a cross-section area Agyig-pox = 300 km?. There-
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fore, the emission values are scaled to the grid-box area with respect to the initial plume
area Aplume (fo) within the model and later mixed with the background concentrations:

Aplume (o)

CiP(19) = CVRON (1) + CPC (1) (3.19)

grid—box

The emission index (EI) represents the mass of a specific pollutant emitted per kilo-
gram of fuel burned, serving as a crucial parameter in calculating total emissions. For
the reference case, I use the average EI values for species mass such as SO, as provided
in Lee et al. [26], which represent the average over the aircraft types and diverse opera-
tional conditions to standardize and simplify the estimation of aviation emissions. The
initialisation of soot and ice particles, on the other hand, is based on number EI from
Bier et al. [90], which represent model based values. I recall that SO is added as a new
gaseous species in the MADE3 box- and plume-model version in order to drive the on-
line sulfur chemistry for the production of H,SO4 (see Sect. 3.4). To calculate the initial
SO, mass, I assume an EI value of 0.8 g(SO,) kg‘lel based on Lee et al. [26]. Thereafter,

fu
the initial aerosol sulfate mass Mso, is derived as a mass fraction € of emitted SO, mass:

Hs0,
Hs0,

Mso, =€ Msp, (3.20)
where p indicates the molecular weight.

Aviation emitted soot is initialised in terms of number concentration, based on the
number emission index Elsyo¢ by Bier et al. [90]. For the plume scenario with the avail-
ability of short-lived contrail ice particles in the vortex regime, I initialise the ice crystals
with the available ice number concentration (Njce) corresponding to the Elyo¢ also based
on Bier et al. [90].

To convert initialised mass (number) concentrations to number (mass) concentra-
tions for both aerosol and ice particles, I apply the standard equation for lognormal dis-
tributions derived from the third moment:

6 M;
7 D exp 4.5In0; j)p;

Ni,j (3.21)
where Nj j, M; j and p; ; are the number, mass and specific density, respectively, for the
aerosol species (or ice) i in the mode j. The choice of the lognormal parameters like
the geometric mean diameter D; ; and geometric standard deviation o7, is based on a
literature review and summarized in Table 3.3.

The model is initialised through a namelist file, specifying tracer concentrations as
a matrix. This matrix includes the mass of aerosol species and aerosol number concen-
trations distributed across nine lognormal modes (Fig. 2.2), along with gaseous species
(Sect. 2.2). In addition to the above mentioned gas species, NOy and OH are added as
the passive tracers as they do not undergo any chemical process in the model. These ini-
tial tracer concentrations are either taken from EMAC (based on available global model
inventories) or can be calculated offline (in case of plume model) based on available
parameters, such as emission indices of species mass or number. However, in case of
availability of particle number concentration (IV;) a corresponding mass concentration
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Table 3.3: Parameters used for the calculations of the initial aviation-induced concentrations for the reference
simulation in this study. Primary sulfate emissions are assigned to the soluble Aitken mode (ks). Soot emissions
are assigned to the Aitken and accumulation modes, with a 80/20% split between the insoluble and mixed
modes (ki/km and ai/am). Ice is temporarily assigned to the insoluble coarse mode (ci) during the vortex
regime.

Parameter Description Units Reference value  Reference(s)
f Fuel consumption kgs™! 0.426 [46]
Ap]ume(t0) Initial plume area m? 1.5x10° [45]
v Aircraft speed ms ! 167 [46]
Elsoot Soot number emission index kgf_uleg 1.5x1015 [90]
Nice Ice crystal number concentration cm”™ 222 [90]
Elso, SO2 mass emission index g(S02) kgf_u1 ) 0.8 [26]
EINOX NO, mass emission index g(NO2) kgf_uel 14 [26]
€ Primary SO4 mass fraction % 2.3 [80]
Dsoot,k; Tsoot,k Soot lognormal parameters (Aitken) nm; - 25;1.55 [46]
Dsoot,a; Tsoot,a Soot lognormal parameters (accum.) nm; - 150; 1.65 [46]
Dg0y,ksi TS04,ks SO4 lognormal parameters nm; - 2.5, 1.7 [82]
Dice,ci; Tice,ci Ice lognormal parameters nm; - 2300; 2.2 [93]

(M;) can be calculated using the volumetric concentration (V;) of species (i) as shown in
Eq. (3.22) and the specific density of the species (p;) with the help Eq. 3.23.

_ N3 2
Vi = gNlDi,j exp (4.5In"0; ), (3.22)
M;=Vipi (3.23)

Here, D;,j stands for the geometric mean diameter and o ; is the geometric standard
deviation of the respective modes. The resulting output, in terms of aerosol mass and
number concentration, is further utilized to calculate the lognormal size distributions
for both mass and number concentrations (Sect. 4.4.5). These calculations are based on
the respective size parameters (D)) assigned to each mode. The distribution is based
on lognormal functions [1] based on the characterization of individual modes (Aitken,
accumulation and coarse).

3.8. TENDENCY DIAGNOSTICS

To support the interpretation of the model results and to characterize them at the pro-
cess level, tendency diagnostics have been implemented in the MADE3 core routines.
The aim of these diagnostics is to track the changes in the tracer concentrations result-
ing from individual microphysical processes. The tracked processes are categorized in
three groups:

1. Chemical processes: This component explicitly accounts for the online sulfate
production rate (Sect. 3.4) and it helps tracking the reduction in SO, gas which
contributes to the formation of H»SO4 gas, which is a precursor gas for sulfate
aerosol. This process plays a key role in the sulfur budget (Sect. 3.10.2).

2. Aerosol microphysics: This component accounts for all the MADE3 microphysi-
cal processes (Sect. 2.2) to help understand their contribution to the changes in
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aerosol mass and more importantly the particle number concentrations during
the simulation.

3. Plume-specific processes: This component explicitly operates for the plume ap-
proach (SP box) of the double-box plume model (Sect. 3.5), corresponding to the
model schematic described in Fig. 3.2. It helps understand the contribution of
diffusion dynamics to the aerosol microphysics.

The tendency diagnostics are computed both in the single-box and in the double-box
configuration, except for the tendencies for plume-specific processes, which are only
available in the double-box configuration. The model provides a detailed tendency out-
put for all MADE3 species both gases and aerosols (Sect. 2.2), the latter also in the nine
lognormal aerosol modes.

Table 3.4: List of all tendency tracers for the both box-model and double-box plume-model configuration.

Tendencies Group Description
i_cond MADE3 microphysics Tracer for condensation process
i_coag MADE3 microphysics Tracer for coagulation process
i_nuc MADE3 microphysics Tracer for nucleation process
i_gtp MADE3 microphysics Tracer for gas-to-particle partitioning
i_rename MADE3 microphysics Tracer for particle aging (renaming)
i_micro MADE3 microphysics Sum of all MADE3 microphysical processes
i_chem Chemical processes Tracer for the chemical production of H2SO4
while tracking the corresponding reduction in SOz concentration
i_other - Tracer for other processes in MADE3
(e.g. cloud cover weighting etc.)
i_rest - Tracer for any numerical artifact
i_disp Plume-specific processes  Tracer for plume dispersion
i_emiss - Tracer for emissions

3.9. IMPLEMENTATION IN MESSY FRAMEWORK

The plume-model is implemented in the MESSy framework as an extension of the MADE3
single-box model configuration by Kaiser et al. [44]. Numerical tests have been per-
formed to ensure the backward compatibility with MADE3 single-box configuration of
Kaiser et al. [44]. The double-box plume model configuration has been further tested to
ensure binary identical results when both boxes are initialised with the same parameters
and the one-way plume dispersion is deactivated: this ensures that the core microphysi-
cal processes of MADE3 are identically represented in both boxes and that no numerical
artifacts are introduced by the extension from single- to double-box plume model. A
detailed description of numerical tests can be found in Sect. 3.10).

The model configuration can be fully controlled via a single Fortran namelist (made3.nm1)
which allows the user to operate the model either as single-box model or as a plume
model. For the latter, it is also possible to choose between the instantaneous disper-
sion approach and the plume approach. The namelist includes two sections: BOXINIT
is used to control either the box-model configuration or the BG box of the plume model
configuration, whereas PLUMEINIT controls the SP and the ID box of the plume model
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Table 3.5: List of the namelist parameters for the box-model configuration (BOXINIT) and double-box plume-
model configuration (PLUMEINIT). For simplicity, only the parameters which are relevant to this study are
listed, for a complete listing of box-model see [44].

Parameter Units Description

BOXINIT:

timesteps - Number of timesteps

tmst s Timestep length

box_pressure Pa Pressure

box_temperature K Temperature

box_relhum - Relative humidity

box_sodrat - False for online calculation of H2SO4 production rate (see Sect. 3.4).
(if True, a constant value for the rate must be provided in ug m3 s’l).

box_tracer molmol~!  Initial tracer concentrations for aerosol and gases

1_plume_model - True to activate the double-box configuration

PLUMEINIT:

n_spinup - Number of timesteps for the spin-up phase

vortex_timesteps s Number of timesteps for the vortex regime

vortex_tmst - Timestep length in the vortex regime

N_ice_vortex m™3 Ice crystal number concentration in the vortex regime

plume_so4rat - Equivalent to box_so4rat, but for the second box.

plume_tracer molmol™!  Aviation-induced tracer concentrations for aerosol and gases.

1_inst_disp - True (False) for the instantaneous dispersion (plume model) approach

(this controls the scaling of the aviation tracers, see Sect. 3.7).

configuration. The meteorological parameters, namely temperature, pressure and rel-
ative humidity, and the time parameters are initialised only once in the BOXINIT since
they are the same in both boxes. A detailed list of the namelist parameters is shown in
Table 3.5.

3.10. NUMERICAL TESTS AND QUALITY CHECKS

As discussed above, the double-box aircraft exhaust plume model is based on the well-
established aerosol submodel MADE3. Throughout the development of the plume model,
several online and offline numerical tests were conducted at various stages to evaluate
the performance of individual modules within the plume model. A selection of these
tests is listed below:

1. MADES3 box model test: initial test of MADE3 box model to reproduce the box-
model results by Kaiser et al. [44].

2. Boxmodel parameters: analysing the impact of individual model parameters such
as temperature, pressure, temporal resolution, duration etc. on the model output.

3. Single-box to double-box test: a double-box consistency test which essentially
compares two identical boxes as a first stage development of a two-box model.

4. Offline test for diffusion dynamics: testing the diffusion dynamics offline to better
understand the process and its impact on aerosols prior to its online implementa-
tion integrated in the one-way interface (3.5) in the double-box configuration.
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5. Process flexibility and limitation: coagulation process has been tested for its flex-
ibility in terms of temporal resolution, for later implementation into the plume
model. The results indicated that numerical instabilities occur when the tempo-
ral resolution is below 1 second. Therefore, coagulation rates cannot be reliably
calculated below this temporal limit.

6. Offline sulfate chemistry: performing offline calculations for the sulfate chemistry
to understand the process before implementing the online sulfate production rate
for both model configurations (as shown in Sect. 3.4).

7. Terminal velocity of ice crystals: performing offline calculations for the terminal
velocity of ice crystals during the vortex regime to establish whether particle re-
moval via scavenging shall be considered in the plume model (as already discussed
in Sect. 3.6).

This section discusses and elaborates only a few of these initial tests performed dur-
ing the development stage of the plume model including: the first-stage test while ex-
tending the MADES3 single-box configuration to a two-box is described in Sect. 3.10.1;
the sulfur budget test to verify the sulfur mass conservation is described in Sect. 3.10.2.
Additionally, as a technical feature, a spin-up is introduced for the background concen-
trations which is performed prior to the plume model simulations and is discussed in
Sect. 3.10.3.

3.10.1. DOUBLE-BOX CONSISTENCY TEST

To address the research questions outlined in Sect. 1.4, I aimed to develop a modelling
approach capable of simulating the aerosol microphysical process inside an aircraft plume
in the direction of the flight track as it expands and grows and eventually disperses along
the flight track. To achieve this, an existing and well-established aerosol submodel MADE3
is adopted and further expanded to a double-box configuration. As the first stage of de-
velopment, a single-box configuration of MADES3 is extended to the two-box configura-
tion which should perform identical microphysics and reproduce identical results. As a
part of the two-box test, I used initialisation data from Kaiser et al. [44].

Fig. 3.5 highlights the two boxes i.e., Box-1 (left) and Box-2 (right), driven by identical
namelist files and producing consistent results in terms of mass concentrations. The
figure shows a temporal evolution of aerosol mass concentrations in ug m=2 for all 9
MADES species (see Sect. 2.2). This test is performed over a time duration of 24 hours
with a 30 minutes resolution. Furthermore, a similar test is conducted with the same
namelist files for a duration of over 50 hours with a 30 minutes resolution to observe the
consistency in the two boxes for a longer time duration duration (Fig. 3.6).

A standard MADE3 output is demonstrated by Fig. 3.6, highlighting the identical re-
sults in terms of the temporal evolution of aerosol number concentration (cm~2) in two
boxes in the nine modes (see Sect. 2.2), confirming the consistent microphysics per-
formed in the two identical boxes. Note that at this stage, there is no interface imple-
mented for the communication between the two boxes, thus they simply perform inde-
pendent simulations based on MADE3 core microphysics.
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(a) Species mass conc. (Box-1) (b) Species mass conc. (Box-2)
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Figure 3.5: Temporal evolution of mass concentrations of all 9 aerosol species in MADES3 [44] for two identical
boxes namely, a) Box-1 and b) Box-2. This test is for performed with 24 h time duration.
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Figure 3.6: Temporal evolution of aerosol number concentrations tested for the consistency of the two identical
boxes, namely a) Box-1 and b) Box-2. Here, different colours represent the MADE3 aerosol species (total mass
in the nine modes). This test is performed with 24 h time duration.

After confirming the consistency in model output between the two identical boxes,
an additional test is carried out to evaluate whether the two boxes exhibit similar be-
haviour, when initialisation parameters such as the meteorological conditions namely,
temperature, pressure and relative humidity, and H,SO,4 production rate value (note that
at this stage the sulfate production rate can only be initialised as a constant), are altered
in their respective namelist files. Sulfate production rate is an essential parameter in
the model as it plays a key role in the formation of SO,4 aerosol in an aircraft plume (see
Sect. 3.4). Table 3.6 shows the tested values of the above mentioned parameters.

Fig. 3.10illustrates the effects of the aforementioned parameters on the aerosol num-
ber concentration in two boxes i.e., Box-1 and Box-2. Meteorological parameters such as
pressure (c-d) and relative humidity (RH, e-f), significantly influence the Aitken and ac-
cumulation mode particles in all 3 mixing states. Additionally, the sulfate production
rate plots (g-h) demonstrate that variations in H,SO,4 concentrations have an influence
on the Aitken mode particle concentrations in the model, which mostly comprises of the
SO, aerosols and can be supported by Fig. 3.11 (g-h). In terms of species mass concen-



3.10. NUMERICAL TESTS AND QUALITY CHECKS

39

Table 3.6: List of parameters selected for the double-box consistency test along with their units and tested

values.
Parameter units Values
Temperature K 295.8
Pressure Pa 50000
Relative humidity % 87
H2SO04 production rate  ug m3s 1.538x 1077

trations (Fig. 3.11) however, changes in pressure shows a notable effect as compared to
the reference values as shown in Fig. 3.5. In all cases, the two boxes demonstrate iden-
tical results. Therefore, it is concluded that both boxes i.e., Box-1 and Box-2, exhibit a
consistent behaviour when subjected to changes in the parametrisation.

However, the sulfate production rate test signifies the importance of the H»SO4 pro-
duction rate value for the model simulations due to its key role in the formation of Aitken
mode sulfate aerosol particles. Therefore, additional tests are performed with higher
(1078 ugm=3s71) and lower (107!° ugm™3s71) than the average value (107> ugm™3s71)
as assigned by Kaiser et al.(2014) [44]. It is observed that the sulfate production rate val-
ues have a direct impact on both SO, mass as well as the particle number concentrations
in the Aitken mode, which influences the end results as they vary substantially with the
changes in sulfate production rate values. This sensitivity study motivated the imple-
mentation of the online calculations for the H,SO,4 production rate in the model, details
are discussed in Sect. 3.4.

3.10.2. SULFUR BUDGET CLOSURE

As discussed in Sect. 3.4, the SO4 aerosol particles are formed via nucleation or con-
densation of H,SO, (gas) which are chemically produced by SO, gas with the help of
available OH concentration in the troposphere (see Fig. 3.3). As the sulfate chemistry is
implemented in the model, it is essential to understand the developments and changes
in different sulfur species and to validate the conservation of sulfur mass in the model.

(a) Sulfur Budget-Aviation Effect (b) Sulfur Budget-Aviation Effect
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Figure 3.7: Sulfur budget closure test for SP (a) and ID (b) boxes. Sulfur species are represented by different
colours such as SOz as blue, H2SO4 as orange and SO4 as gray. Black dotted line represent the total sulfur
mass. The time duration of this test was about 46 hours with a 30 minutes resolution.

The sulfur budget is tested based on the plume model output comprising of the tem-
poral evolution of different sulfur species mass concentrations along with the tendency
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diagnostics. The preliminary test for SP and ID box respectively (Fig. 3.7 a,b) shows the
reduction in SO, mass concentration, with a corresponding growth in SO, mass concen-
tration. The total sulfur mass (black dotted line, Fig. 3.7) is conserved in both SP and ID
box. Here, it is observed that both modelling approaches i.e. instantaneous dispersion
approach (as shown by ID box) and plume approach (as shown by SP box) display iden-
tical behaviour for the sulfur budget test, concluding that the sulfur mass is conserved
in both cases.
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Figure 3.8: Illustration of sulfur budget for the individual boxes in the two modelling approaches namely plume
approach (SP and BG box) and instantaneous dispersion approach (ID box) depicting the production of sulfate
aerosol (SO4) through nucleation and condensation processes in the plume model. The formation of H2SO4
(gas) is calculated online via the oxidation of sulfur dioxide (SO2) by hydroxyl radicals (OH).

Please note that the chemical production of HSO,4 (gas) and their consumption for
the formation of SO, aerosol particles, are all taking place simultaneously within a single
timestep, therefore a tendency diagnostic is required to follow the whole process includ-
ing the intermediate steps to assess the sulfur budget. Fig. 3.8 exhibits the processes
involved in the online sulfate chemistry (see Sect. 3.4) which influences the sulfur mass
concentration in all three boxes i.e., SB, BG and ID in the plume approach. This tendency
analysis signifies the key role of SO, gas in the chemical formation of HySO4 (gas) (de-
picted by green bars) in the model. H,SO, act as a precursor for SO4 aerosol, which is
generated either through condensation processes (depicted by blue bars) or nucleation
events (depicted by pink bars). The gray bars in all boxes signifies the total sulfur mass
which is conserved, thus demonstrating the closure of the sulfur budget test.

3.10.3. BACKGROUND SPIN-UP CALIBRATION
As discussed in Sect. 3.7, the background concentrations play a crucial role and can af-
fect the aerosol microphysics inside the dispersing aircraft plume. Sect. 3.2 elaborates
that the emitted aircraft exhaust is mixed with the existing background concentrations
upon emission, which is also numerically represented by Eqs. 3.18 and 3.19. This ini-
tial mixing is adopted for both modelling approaches i.e., instantaneous dispersion and
plume approach. As these background concentrations are taken from the a simulation
with the global model EMAC [43], a spin-up time is required to allow the initial concen-
trations (C?G) in the BG box to reach numerical stability prior to entering the process
loop, as shown in Fig. 3.2.

Fig. 3.9 shows the results from the spin-up test performed for the background aerosol
concentrations, demonstrating the lognormal size distribution of the aerosols in the BG
box at the initial timestep (#=0) for different spin-up durations (n_spinup) i.e., no spin-
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Figure 3.9: Lognormal size distribution of the aerosol particles in the background (BG box) showing the effect
of different spin-up durations: no spin-up (cyan), 30 minutes (blue), 1 hour (purple), 6 hours (black), 12 hours
(orange) and 24 hours (pink).

up, 30 min, 1 h, 6 h, 12 h, and 24 h. It is important to note that it is a purely numerical
test. Its primary goal is to calibrate the spin-up time in the BG box before the actual
plume simulation. The optimal duration is chosen when the size distribution reaches
a relatively stable value. The spin-up time is a flexible parameter in the model and it
can be adjusted with the help of the namelist switch n_spinup as described in Sect. 3.9,
Table 3.5.

Based on these tests, a stable value for the size distribution is attained at around
6 hours. For longer spin-up durations, the maximum of the size distribution keeps fluc-
tuating around a relatively constant value, with no significant changes for longer spin-
up times. Considering the requirements for the plume model, I therefore set the spin-up
duration to 6 hours, with a time resolution of 1 minute during the spin-up phase. This
setting is used consistently to all simulations performed in this thesis.

3.11. SUMMARY

A double-box aircraft exhaust plume model is developed to explicitly simulate the aerosol
dynamics in two different plume regimes namely, vortex and dispersion regime, defined
based on their time of emission (Fig. 3.1). Two modelling approaches are considered: the
plume approach, which consists of two boxes for the plume and the background, respec-
tively, and accounts for the background entrainment into the plume at each timestep via
one-way interface simulating diffusion dynamics (Sect. 3.5); and the instantaneous dis-
persion approach, in which aircraft emissions are released in a single background box,
mimicking the approach of global climate models. In addition to this, online sulfate
chemistry is implemented in the model to calculate the sulfate production rate based on
SO, and OH concentration (Sect. 3.4). The double-box plume model is implemented as
an extension of the standard MADE3 single-box model configuration within the MESSy
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framework (Sect. 3.9). The plume model is initialized ~10 seconds behind the aircraft
(Fig. 3.4) with typical background concentrations representative of the cruise altitude,
while the aviation emissions are calculated using aircraft operational parameters such
as aircraft fuel consumption and speed, together with the emission indices of the emit-
ted species based on Lee et al. [26] and the size parameters from Petzold et al. [46].

A detailed assessment is carried out for single-box model configuration to reproduce
previous results from Kaiser et al. [57], together with some additional diagnostics for
initial sensitivities by varying different parameters in the model (Sect. 3.10). The double-
box plume model configuration is also tested to ensure binary identical results when
both boxes are initialised with the same parameters and the one-way plume dispersion
is deactivated, to ensures that no numerical artifacts are introduced by the extension
from single- to double-box plume model. As a result of the high flexibility of the MESSy
interface, the model is fully configurable via Fortran namelist, allowing to switch be-
tween the single-box and double-box configuration, and to run the double-box plume
model either in the plume dispersion or in the instantaneous dispersion approach (see
Sect. 3.9).
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Figure 3.10: Similar to Fig. 3.6, but for the variation of the parameters such as the meteorological conditionsi.e.,
Temperature (a-b), Pressure (c-d), and Relative humidity (e-f), and sulfate production rate (g-h) as compared
for Box-1 and Box-2.




44

3. PLUME MODEL DESCRIPTION

(a) Species mass conc. (Box-1)

102 -
- 10° 4
)
E /”—
= 1072 A
=
1074 A f;7/
1076 4= T T T T
0 5 10 15 20 25
t [min]
(c) Species mass conc. (Box-1)
102 4
- 10° - f:-:,—-
|E \
© 1072 A
=
104 4
el
0 5 10 15 20 25
t [min]
(e) Species mass conc. (Box-1)
102
- 100 -
)
T ——
2 102 4
1074 A T/
107% = T T T T
0 5 10 15 20 25
t [min]
(g) Species mass conc. (Box-1)
10?
. 10°
T
€
g:lO‘2 7
104 ZL
10751 - - T - .
0 5 10 15 20 25
t [min]
— so4 —— ss —— pom — du
—— nh4 — —— bc —— h2o
—— no3

m~3]

[ug m=3]

(b) Species mass conc. (Box-2)

102 {

10° //'—/’—
1072 4 /_‘?
1074 1 f/,
1076 1~ T T T T

0 5 10 15 20 25
t [min]
(d) Species mass conc. (Box-2)

102 4

100 4 %:’:—’-
10-2 4
1074+
sl

0 5 10 15 20 25
t [min]
(f) Species mass conc. (Box-2)

102 {

100 ) /—"/
1072 A,ﬁs——_=ff::::::::::::::::
ot T//

107% 1~ T T y
0 5 10 15 20 25
t [min]
(h) Species mass conc. (Box-2)

102
10°
1072 7
104 ZL
1071 - T - .

0 5 10 15 20 25
t[min]

— so4 —— ss —— pom — du

—— nh4 — —— bc —— h2o

—— no3
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MODEL APPLICATION

4.1. INTRODUCTION

The previous chapter provided a detailed overview of the double-box aircraft exhaust
plume model, including the underlying concept, technical framework, and a compre-
hensive description of all modules implemented in the plume model. It also outlined
the methods used to initialise the two different approaches of the plume model. Based
on the following details, the current chapter focuses on the application of plume model,
highlighting the plume geometry as an essential feature of the model and presenting the
plume model results related to aviation-induced aerosol particles.

In this chapter, I first present the plume geometry which sets the physical bound-
aries within which all microphysical, chemical, and dynamical processes evolve. It com-
prises of two components, namely "plume age proxy" to determine the age aircraft ex-
haust plume and the emitted particles and gases that are trapped inside (Sect. 4.2.1),
and "plume area evolution" (Sect. 4.2.2) to determine the growth and expansion of air-
craft exhaust plume based on diffusion dynamics at the cruise altitude. Sect. 4.3 ex-
plains the methods required to assess the plume model results to explicitly highlight
the plume effects on the emitted aerosol particles. Furthermore, a detailed analyses of
the plume model results for the reference setup (Sect. 4.4, also referred as REF in this
thesis), are presented and discussed in the following sections: Sect. 4.4.1 highlights the
temporal evolution of the total mass concentration of aerosol species, focusing on SO4
and soot, and the aviation effects for the species mass concentration are discussed in
Sect. 4.4.2. Sect. 4.4.3 exhibits the temporal evolution of total particle number concen-
trations, and the aviation effects for aviation-induced aerosol number concentrations
are demonstrated in Sect. 4.4.4. Moreover, Sect. 4.4.5 explores the lognormal size distri-
bution of the aviation-induced particles at the end of the dispersion regime. In addition

This chapter is based on Sharma et al. [79],
parts of this chapter are based on Mahnke et al. [94](Monica Sharma)
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to coagulation, the nucleation process plays a significant role in influencing the aerosol
number concentration, but its representation in the model is subject to uncertainties.
To further investigate this, an additional sensitivity experiment is conducted i.e., NUC10
(Sect. 4.5), targeting the size of newly nucleated particles in the plume model, which con-
trols the number concentration of newly formed aerosol particles. The setup for NUC10
experiment is same as the REF setup, except the size of newly formed particles, see Ta-
ble 4.1 for details.

The discussion on the results follow the comparison of two modelling approaches
(as described in Chapter 3): the plume approach and the instantaneous dispersion ap-
proach. Both approaches are analysed under two distinct plume scenarios, with and
without the presence of short-lived contrail ice particles in the vortex regime (referred to
as Wice and NOice, respectively). For the reference setup (REF), the North Atlantic region
as background is considered (Sect. 3.7), since it has one of the busiest flight corridors in
the world. Table 4.2 highlights the boundary conditions for the setup.

Additional regions are further analysed in Chapter 5 to investigate the impact of
background conditions on the aerosol microphysical processes. As outlined in Sect. 3.8,
the tendency diagnostics are implemented in the model to analyse the contribution of
individual microphysical processes to the aerosol properties and will be used through-
out the chapter to support the interpretation of the results.

4.2. PLUME GEOMETRY

This section discusses the plume geometry as the temporal evolution of the plume cross-
section area, based on the diffusion scheme described in Sect. 3.5, and as an additional
feature, the plume model can also calculate a plume age proxy based on the evolution
of the NOy passive tracer (Sect. 4.2.1). This feature was implemented in the model mo-
tivated by a collaboration between DLR and Forschungzentrum Jiilich (FZJ]) in the EU-
project ACACIA. The plume age proxy developed here were used to analyse measured
data obtained by the IAGOS-Caribic flying laboratory and to constrain the age of the ob-
served plumes based on the measured NOy concentrations. The results are presented in
the publication by Mahnke et al. (2024)[94].

Note that during the dispersion regime the diffusion of an aircraft plume is controlled
by the dispersion dynamics as calculated in the plume model (Sect. 3.5) based on the
initial diffusion parameters, namely Dy, D,, Ds and s (Table 3.2). Alternatively, these
diffusion parameters are factored by 1.5 and 0.75 based on Petry et al. [45] for a faster
and a slower dispersion rate, respectively. This added feature complements the plume
diffusion calculation in the model and is illustrated through both features of the plume
geometry i.e., plume age proxy and plume area evolution.

4.2.1. PLUME AGE PROXY

The reactive nitrogen NOy comprises of the sum of all reactive nitrogen species derived
from the nitrogen oxides NOx (NOx = NO + NO>) [95], and other reactive nitrogen species
such as nitric acid (HNO3), dinitrogen pentoxide (N2Os) and peroxyacetyl nitrate (PAN)
[45, 96]. Aircraft emission of nitrogen oxides (NOy) is influenced by a number of pa-
rameters such as engine type, engine load, fuel flow, flight velocity, flight altitude and
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Table 4.2: Details of reference region considered to initialise background for the REF setup (Sect. 4.4) and
nucleation size test (Sect. 4.5) in this thesis. The regional boundaries follow [24] and the resulting parameters
are from the reference simulation of Righi et al. [43], representative of 2015 conditions. The vertical selection
corresponds to model levels 18 and 19 of EMAC (approx. 10-12 km).

Parameters Values
Region North Atlantic
Latitude 40-63° N
Longitude 70-5°W
Temperature [K] 215-220
Pressure [hPa] 210-240
RH [%] 40-70

No. of ensembles 432

ambient atmospheric conditions. These parameters also influence the emission indices
of emitted compounds. NOy emissions are mainly produced as a result of high engine
temperature, which converts the molecular nitrogen in the ambient atmosphere into
NOy compounds [97]. In the aircraft plume studies, the minimal difference between
NOy and NOy in the near-field is neglected, allowing NOy to be used as a proxy for NOy
[80, 98] to simplify the data interpretation without the significant loss of accuracy. Al-
though NOy is a family of highly reactive species in the atmosphere, studies suggest that
NOy is relatively stable (i.e. chemically inert) in the early stages of an aircraft plume (first
few hours), thereafter it undergoes chemical transformations [99].

Some studies also support the use carbon dioxide (CO3) tracer as a plume age proxy
[96], given its chemical inertness and high atmospheric stability [100, 101]. However,
due to its high and uniform atmospheric background concentration, which is primar-
ily driven by combustion emissions, it has a low emission perturbation detection [102].
Therefore, the dynamical properties of the NOy makes it an appropriate and more reli-
able tracer for the plume age proxy in the in-situ measurements, alternative to the CO,
tracer.

NOy is added as a passive tracer to the plume and is initialised at time ty = 2 min-
utes behind the aircraft at the beginning of the dispersion regime (Fig. 3.1). Since the
aircraft emitted NOy is emitted in the form of NOy [94], the initial NOy mass concentra-
tion (Cno,) is calculated based on the available emission index value of NOy from Lee et
al. [26] using Eq. 3.17 (see Table 3.3).

The plume model described in this thesis can simulate three dispersion scenarios:
slow, medium and fast as shown in Fig. 4.1, thus also providing an uncertainty range in
the plume age estimated from the NOy concentration.

4.2.2. PLUME AREA EVOLUTION

As mentioned in Sect. 3.5, the initial cross-section area of the aircraft plume (Apjume) is
calculated based on parameters such as diffusion coefficients and wind shear. I assume
that during the vortex regime, there is no substantial growth in a aircraft plume, thus
the plume area expansion calculations begin after the first 2 minutes of the simulation,
which is the beginning of dispersion regime in the plume model (Fig. 3.2). As discussed
in Sect. 3.2, since my aim is to compare the plume model approach with the instanta-
neous dispersion approach, the time integration of the model continues until the value
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Figure 4.1: Temporal evolution of NOy mass concentration (ug(NO2) m~3) in the plume model during the
dispersion regime. Three dispersion scenarios simulated by the plume model are medium or REF (black), slow
(orange) and fast (blue).

of the plume cross-section area is equivalent to the cross-section area of the large-scale
grid box i.e. Aplume = Agrid-box = 300 km?. This is the reference area shown in Fig. 4.2
and the time where this cross-section area is reached is the reference time. Unless oth-
erwise stated, the comparison of the model results between the two approaches will be
performed at the reference time.
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Figure 4.2: Temporal evolution of plume cross-section area (km?).

As shown in Fig. 4.2, for the set of diffusion parameters as in Petry et al. [45], the ref-
erence area corresponds to a reference time of ~46 hours. For the purpose of the studies
carried out in this thesis, I have used the medium dispersion scenario i.e. 46 hours, for
all my simulations. As discussed in Sect. 3.5, the diffusion process is controlled by the
variability in the atmospheric parameters which eventually influence the aerosol micro-
physics inside the dispersing plume. Thus, plume diffusion can be considered as an
additional source of variability in the model results.




50 4. MODEL APPLICATION

4.3. AVIATION EFFECT AND PLUME CORRECTION

Plume model results are evaluated for the mass concentrations of the emitted species
inside an aircraft plume as well as the total particle number concentrations. In this the-
sis, at first, the temporal evolution of aerosol particles in terms of total mass concentra-
tions of species such as SO4 and soot together with total aerosol number concentrations
are analysed with the aim to characterize the overall aerosol transformation through-
out the simulation in both modelling approaches. However, the temporal evolution of
the total aerosol concentrations alone does not allow to disentangle the impacts on the
aviation-induced concentrations, as these are small compared to the overall concentra-
tions (including background), also in consideration of the fact that the plume model
tracks the emissions from a single aircraft plume, which has a small impact compared
to the background. Moreover, the area-scaling effect due to the mixing of plume in the
background environment- which refers to the influence of the geometric plume expan-
sion on the dilution and distribution of a quantities such as aerosol concentration and
number density, adds further complexity to assessing the aviation effect on the aircraft
emitted aerosols. Therefore, in order to isolate the plume scale effect on the aviation
emissions, as a next step the aviation effect & is calculated for particle masses, numbers
and lognormal size distributions, and their values are compared in the two approaches
at the end of the dispersion regime, i.e. at the reference time where the plume cross
section area reaches the value of the large-scale grid box (~46 h).

This aviation effect, &, is calculated offline by subtracting the background concen-
tration from the concentration in the SP and in the ID box, for the plume and instan-
taneous dispersion approach, respectively. In order to obtain and isolate the effect of
microphysical processes at the plume-scale on the concentration of the species i at the
scale of the grid box, the aviation effect in the plume approach is scaled with the ratio of
the cross-section areas:

Aplume (1)
Agrid—box
g;nst.dlsp. (1) = C%D () — C?G (1), 4.2)

glplume(t) _ [CiSP(t) _ C?G(l‘)] , (4.1)

for the plume and instantaneous dispersion approach, respectively. Note that at the ref-
erence time the scaling has no effect, as the two areas are identical by definition (Apjyme (f =
46 h) = Agrid—box)- Based on Egs. (4.1) and (4.2), I further define a plume correction, ()
(Eq. 4.3), as the difference in the aviation effect calculated with the plume approach with
respect to the instantaneous dispersion approach:

éaiplume (1) - éa;nst.dispA (1)

éa;nst.disp. 6

2(1) =

4.3)

Smaller spatial scales provide an opportunity for higher collision rates and more
rapid phase changes compared to the larger spatial scales. Hence, microphysical pro-
cesses such as coagulation, nucleation and condensation are expected to be more ef-
ficient at the plume-scale than over a larger grid-box area, which eventually affect the
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overall aerosol number concentrations at the end of the dispersion regime of an aircraft
plume. The effect on the aerosol mass is expected to be negligible, as the total mass
is conserved, although minor differences may arise due to difference in the condensa-
tion and nucleation rates in the two approaches affecting the partitioning between the
gas and aerosol phase. These aspects will be explained by analysing the tendency diag-
nostics available in the plume model output. A significant deviation is expected under
different plume scenarios upon comparing the two modelling approaches.

4.4. REFERENCE CASE: NORTH ATLANTIC REGION

4.4.1. AEROSOL MASS IN AN AIRCRAFT PLUME

This section discusses the the plume model results in terms of total mass concentrations
of SO, and soot in the two modelling approaches, explicitly highlighting the values from
SP and ID boxes, for the reference case study of the North Atlantic region. Fig. 4.3 shows
the temporal evolution of total SO4 mass concentration for the reference setup and two
plume scenarios i.e. REF(Wice) and REF(NOice). Fig. 4.3 shows the microphysical trans-
formation of total SO, mass concentrations in two different regimes of an aircraft plume,
i.e. vortex (violet-shaded area, first 120 seconds) and plume dispersion (white area). The
initial difference at time 7y between the solid and dashed lines is due to the fact that
the same mass is initialised in both boxes, but scaled over different cross-section areas
(initial plume area vs. large-scale grid box). Thereafter no change is observed during
the vortex regime, as the only process active in this phase is coagulation, which is mass
conserving.
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Figure 4.3: Temporal evolution of SO4 mass concentration (ug m~3) in two modelling approaches with SP
box (solid) and ID box (dashed) for two plume scenarios in the reference setup as REF(Wice) and REF(NOice).
Here, the violet-shaded area represents vortex regime (time in seconds) of an aircraft exhaust plume while the
dispersion regime is shown by white background (time in hours).

However, at the end of the vortex regime as the ice particles undergo total sublima-
tion, some residual mass (see Sect. 3.6) is released back to the aerosol phase which can
be seen as the small jump at the beginning of the dispersion regime of REF(Wice) only
(Fig. 4.3 a). In case of SO4 however, an approximately constant growth is observed for
both modelling approaches during the dispersion regime, resulting from the formation
of SO, particles via the oxidation of SO, into H,SO4 (gas) and subsequent condensation
and nucleation into SO4. This is shown by the sulfur budget analysis in Fig. 3.8, where
the increasing SO, mass corresponds to either the formation of new particles and/or the
condensation of H,SO, (gas) which are chemically produced via the oxidation of SO, gas
and OH concentration as calculated explicitly in the model. At the end of the dispersion
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regime (46 h), both approaches show almost identical values for the mass of SO,. Similar
conclusion can be drawn for the REF(NOice) scenario.
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Figure 4.4: As in Fig. 4.3, but for the temporal evolution of aviation-emitted soot mass concentration in the two

modelling approaches with SP box (solid) and ID box (dashed) for two plume scenarios in the reference setup
as REF(Wice) and REF(NOice).

In case of soot (Fig. 4.4), a similar behaviour is observed from both modelling ap-
proaches, with no changes during the vortex regime. However, during the first few hours
of the dispersion regime, an exponential reduction is observed in soot mass resulting
from the plume diffusion. Unlike SOy, after the emission no further sources of soot are
included in the model which may lead to an increased mass concentration. Hence, the
soot mass concentration decreases in the SP box due to plume diffusion, while it remains
constant in the ID box. As for the reference time, the total concentration of aviation emit-
ted soot remains same at the end of the dispersion regime in both modelling approaches.

4.4.2. AVIATION EFFECT ON SPECIES MASS
In order to highlight the effect of plume-scale processes on the aviation-induced SO4
mass in the two approaches, the aviation effect is calculated based on Eqgs. (4.1) and (4.2)
as described in Sect. 4.3. Fig. 4.5 shows the temporal evolution of the aviation-induced
SO, mass concentration in the two approaches for the REF(Wice) and REF(NOice) sce-
nario. SOy is controlled by the availability of SO, gas concentration in the model. There-
fore, the concentration of SO, depletes as it gets chemically converted into H,SO4 gas
via the oxidation with OH as explicitly calculated in the model (Sect. 3.4). As H»SO4
is produced in the gas phase it eventually contributes to the aerosol SO4 via nucleation
and/or condensation, resulting in the almost linear growth observed in both approaches
during dispersion regime. Due to its slow chemical production [82], the oxidation of SO,
in H2SOy is not accounted for during the vortex regime and starts at the beginning of
dispersion regime at =120 s. Hence, no changes in aviation-induced SO4 mass occur
during the vortex regime. Since the only active process during the vortex regime is coag-
ulation, the aviation-induced SO, mass is conserved during this regime. At the end of the
vortex regime (Sect. 3.6), I assume the complete sublimation of the short-lived contrail,
releasing the residual aerosol particles back to the plume (SP box). As the sulfate produc-
tion rate is initiated at the beginning of the dispersion regime, H,SO4 becomes imme-
diately available for nucleation and condensation. In the early phases of the dispersion
regime, however, nucleation is favoured over condensation due to the low availability of
condensation sinks, as shown by the tendency time-series in Fig. 4.6.

This is not the case in the REF(NOice) scenario (Fig. 4.6 b), since no efficient reduc-
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Figure 4.5: Aviation effect (€) of microphysical processes at the plume-scale on the concentration of SO4 in the
two modelling approaches: plume (solid) and instantaneous dispersion (dashed) in the reference case with (a)
and without the short-lived contrail ice (b). The shaded area represent the vortex regime. Note the different
units for time on the horizontal axis for the vortex and dispersion regime.
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Figure 4.6: Tendency diagnostics of aerosol SO4 mass concentration (ug m~3 s™1) integrated over the disper-
sion regime in the SP (solid) and ID box (dashed) for the two plume scenarios with (a) and without (b) contrail
ice formation showing the two dominant processes condensation (orange) and nucleation (blue).

tion of particle number takes place during the vortex regime, leaving enough condensa-
tion sinks available at the beginning of the dispersion regime. The sulfur budget analysis
as shown in Fig. 3.8 (Sect. 3.10.2), demonstrates the production of SO, mass dominantly
due to the condensation of H,SO4 (gas) in all the three boxes SP, BG and ID. This is re-
sponsible for an approximately linear growth of SO, mass during the dispersion regime
(see Fig. 3.8). This applies to both Wice and NOice scenarios.

4.4.3. AEROSOL NUMBER IN AN AIRCRAFT PLUME

The particles emitted by an aircraft are generally smaller than those from other combus-
tion sources, due to the higher combustion efficiency of aircraft turbines. Hence, even
for the relatively small emissions of aerosol mass, the corresponding particle number
emission can be large, which is reflected in my assumptions for the initialisation of par-
ticle number (see Sect. 3.7 and Table 3.3). The temporal evolution of total particle num-
ber concentration in the two modelling approaches is shown in Fig. 4.7. Considering the
critical roles of coagulation and nucleation processes in aerosol number concentration,
the comparison of the two plume scenarios offers valuable insights, particularly high-
lighting the impact of aerosol-ice coagulation in the Wice scenario relative to the NOice
scenario. In the REF(Wice) scenario, the SP box shows a strong almost linear reduction
in the total particle number concentration during the vortex regime. This is the result of
both, aerosol-aerosol and aerosol-ice coagulation during this phase, with the latter be-
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ing the dominant one, given the large relative difference in size between aerosol particles
(~10 nm) and ice crystals (~1 um), which maximizes the coagulation rates.
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Figure 4.7: Temporal evolution of total aerosol number concentration (cm~3) for two modelling approaches,
i.e. SP box (solid) and ID box (dashed) in two plume scenarios, a) REF(Wice) and b) REF(NOice). The two
regimes of an aircraft plume represented here are vortex regime (violet) and dispersion regime (white).
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Figure 4.8: Tendency diagnostics of aerosol number concentration in both vortex (violet) and the dispersion
regime (white) in the SP (solid) and ID box (dashed) for the two plume scenarios with (a) and without (b)
contrail ice formation showing the two dominant processes coagulation (red) and nucleation (blue).

Notably, this process leads to a ~20% reduction in total particle number concen-
tration in the plume approach already within the first 2 minutes in REF(Wice) scenario
(Fig. 4.7 a). At the end of the vortex regime (Fig. 3.2), I assume that the short-lived con-
trail completely sublimates, releasing the residual aerosol particles (Sect. 3.6) back to the
plume and they enter the dispersion regime. During the dispersion regime, I observe a
strong exponential decay in the total aerosol number concentration within the first few
hours of simulation in case of the SP box, which is due to the enhanced coagulation
process in the plume approach as compared to the instantaneous dispersion approach
and is explained by the tendency diagnostics for the aerosol number concentration in
Fig. 4.8. As the simulation proceeds and the plume expands further, the coagulation
process becomes less effective and a slower but steady reduction in total particle num-
ber concentrations is observed. In the ID box, however, the total aerosol number con-
centration remains constant during the first two minutes (Fig. 4.7, dashed line), as there
are no ice particles in the vortex regime and hence no aerosol-ice coagulation involved,
while only a slow reduction is visible during the dispersion regime, due to a much less
effective coagulation process than in the SP box (Fig. 4.7).

In the REF(NOice) scenario (Fig. 4.7 b), the total particle number reduction in the
SP box during the vortex regime is negligible due to the absence of short-lived contrail
ice crystals, and the reduction due to aerosol-aerosol interaction is far less efficient and
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Figure 4.9: Tendency diagnostics of aerosol number concentration (cm ™2 s™1) for the two plume scenarios i.e.,
with and without the presence of contrail ice in the vortex regime as shown by a) REF(Wice) and b) REF(NOice)
respectively. The plots demonstrate an overall impact of the two dominant microphysical processes namely,
coagulation (left axis) and nucleation (right axis) on the aerosol number concentrations in all three boxes; SP
(blue bar), BG (orange bar) and ID (pink bars). Note the different scales on the vertical axes for coagulation
(left axis) and nucleation (right axis).

for such short duration (~2 minutes) is insignificant. This demonstrates the impact of
short-lived contrail ice crystals on the aerosol population during the vortex regime. The
tendency diagnostics reveal the role of both nucleation and coagulation processes in
controlling the particle number concentration. Fig. 4.8 highlights a critical aspect that
in addition to coagulation, nucleation is also a key process in controlling the particle
number concentrations in the plume, especially in the early stages (first 8 hours).
Additionally, Fig. 4.9 signifies the overall efficiencies of the two dominant processes
controlling the particle number concentrations i.e., coagulation (left axis) and nucle-
ation (right axis), in all three boxes namely, SP, BG and ID. Here, it is clearly observed
that the coagulation process is more efficient in the SP box (blue bar) especially in case
of REF(Wice) scenario due an effective collision between the small-sized aerosol parti-
cles and larger ice crystals in the vortex regime as compared to REF(NOice) scenario. The
efficiency of nucleation is also comparatively high in SP box for both plume scenarios.

4.4.4. AVIATION EFFECT ON AEROSOL NUMBER

While Sect. 4.4.3 explores the total aerosol number concentration, in this section the avi-
ation effect is analysed similar to the Sect. 4.4.2, but for the aviation-induced aerosol
number concentrations to isolate the effect of microphysical processes from the plume
dispersion (Fig. 4.10). Here, a clear difference between the plume and the instantaneous
dispersion approach can be distinguished, in both scenarios. In the REF(Wice) sce-
nario, the aviation-induced number concentration is considerably reduced during the
vortex regime: due to their much larger size (~1 um), the ice crystals effectively remove
the Aitken-sized (~10 nm) aerosol particles via coagulation within the first 2 minutes of
the simulation. After contrail sublimation at the end of the vortex regime, the residual
aerosol numbers are then returned to the aerosol phase (assuming one residual parti-
cle is left for each ice crystal), which can be seen as the slight increase in the aviation-
induced number concentration at t=120 s in Fig. 4.10 a (solid line). During the disper-
sion regime, the aviation-induced number concentration is further reduced in both ap-
proaches, due to the coagulation process, which is more efficient in the plume approach.
At the same time, nucleation events occur during the dispersion regime contribute to an
increase in the aviation-induced number concentration by forming new sulfate parti-
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cles from the gas phase. Given the small size (3.5 nm) of the particles assumed by the
nucleation scheme of MADES3 [62], even a few nucleation events might have large con-
tributions to the particle number. Hence, coagulation and nucleation act in opposite
directions to affect particle number concentrations. The analysis of the respective ten-
dencies (Fig. 4.8) shows that both processes are more efficient in the SP than in the ID
box due to the higher aerosol concentrations over a smaller spatial scale, especially in
the early phase of the plume dispersion (first 8 hours), while they evolve similarly at later
stages, as the plume cross-section area gradually expands.
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Figure 4.10: Aviation effect (&) of microphysical processes at the plume-scale on aviation-induced particle
number concentration in the two modelling approaches in the reference case with (a) and without the short-
lived contrail ice (b). The shaded area represent the vortex regime. Note the different units for time on the
horizontal axis for the vortex and dispersion regime.

The difference in the concentration of aviation-induced aerosol numbers in plume
approach relative to the instantaneous dispersion approach varies during the simula-
tion based on the availability of the aerosol numbers and the predominant processes in
the plume model. After the first two hours of the simulation the plume correction (£?)
is about -23% in the REF(Wice) scenario, as a result of the coagulation during the vortex
regime (Fig. 4.10 a). As the simulation proceeds, 22 reduces to about -17% after 6 hours
and further to —12% after 12 hours. At the end of the dispersion regime, the plume cor-
rection is -15% with a +1 standard deviation range of [-30; -0.7]%. In absolute terms this
corresponds to —0.33 [-0.65; —0.02] cm~3,

In the REF(NOice) scenario (Fig. 4.10 b), no significant change can be seen in aviation-
induced aerosol number concentrations in the vortex regime and the concentrations
of the aviation-induced aerosol number concentration remain almost identical in both
boxes, as the only active process in this regime is the aerosol-aerosol coagulation. As the
dispersion regime begins, the two dominant processes i.e., nucleation and coagulation
contributes towards the significant reduction of the aviation-induced number concen-
tration in both modelling approaches, as shown by the tendency analysis (Fig. 4.8 and
4.9). In case of REF(Wice), however, they are mostly effective during the early stages of
the plume dispersion. The nucleation process has a similar tendency as in the REF(Wice)
scenario, while the coagulation is more efficient, possibly due to the higher number con-
centration in the REF(NOice) scenario resulting from the absence of aerosol-ice coagu-
lation during the vortex regime. The plume correction in this scenario (Fig. 4.10 b) is
significantly lower and varies from —3.4% after 2 hours to —3.3% at 6 hours and -2.7% at
12 hours, reaching a value of —-4.2% [-20; 11]% (-0.09 [-0.43; 0.25] cm™3) at the reference
time.
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4.4.5. AVIATION EFFECT ON AEROSOL SIZE

To further characterize the the aviation effect (&) to the aviation-induced particle num-
ber concentrations and the different results obtained with the two modelling approaches,
I analyse in this section the lognormal size distribution (Eq. 2.3) of the aviation effect
on particle number concentrations based on the number concentrations and particle
dry diameters in the 9 aerosol modes of MADE3 at the reference time (Sect. 4.2.2, t =
~46 hours).
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Figure 4.11: Aviation effect (&) at the reference time on the lognormal size distribution calculated from
aviation-induced aerosol number concentrations and dry diameters at the reference time in the two ap-
proaches (plume and instantaneous dispersion) and for the two scenarios REF(Wice) (a) and REF(NOice) (b).
Panels (c) and (d) show the difference between the aviation effects in the two approaches.

As discussed in Sect. 3.7, aviation aerosol emissions are initialised with a particle
size of 2.5 nm for aerosol sulfate and in two modes of 30 and 150 nm for soot. During
the plume dispersion, processes such as coagulation and condensation contribute to
the growth in particle size as the total number concentration reduces. The lognormal
size distribution at the final timestep (¢ = ~46 hours) of the aviation effect shows a peak
around 5-6 nm in both modelling approaches, while the amplitude at the peak of the dis-
tribution is lower in the plume approach than in the instantaneous dispersion approach,
both for the REF(Wice) and REF(NOice) scenarios respectively. This result clearly indi-
cates an overestimation by the instantaneous dispersion approach which is consistent
with the results shown in Fig. 4.10 for the aviation-induced aerosol number concen-
tration. The comparison between Fig. 4.11a and b highlights again the effectiveness of
the aerosol-ice coagulation in the REF(Wice) scenario, significantly reducing the particle
number concentration during the vortex regime, with a clearly visible effect at the end
of the dispersion regime. The plume correction to the aviation-induced aerosol num-
ber concentration discussed above mostly concerns the Aitken mode particles, which
are predominantly comprised sulfate aerosol particles initialised with 2.5 nm size. An-
other mode is visible around 30-50 nm and is due to soot particles, which are initialised
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around this size range, and also show a reduced number concentration in the plume
approach. In terms of the difference between the aviation effects in two approaches
(Fig. 4.11c,d) the REF(Wice) scenario is characterized by a reduction in Aitken size parti-
cles (4-5 nm) of about 0.22 cm™3 (about —15%) for REF(Wice), whereas this value reduces
to about 0.10 cm™3 (—4%) in for REF(NOice). Although small in absolute terms, due to
the fact that it represents the effect of a single plume, the relative difference between
the two approaches is very relevant, implying that plume effects need to be considered
in global models and corrected for when initialising aviation emissions in these models.
Initialising emissions with an instantaneous dilution approach may otherwise lead to a
significant overestimates of the aviation-induced particle number concentration and in
turn to an overestimated impact on cloud droplet number concentration. The presence
of short-lived contrails in the vortex regime makes this correction even more significant.

4.5. SENSITIVITY TO THE NUCLEATION PROCESS

The results discussed for the reference case demonstrated that the plume correction to
the aviation-induced particle number concentration is determined by the concurrence
of two microphysical processes, nucleation and coagulation, and their different effec-
tiveness in the SP and ID box. While the coagulation process is represented by the
model solving the classical equations for coagulation rates within and between each
mode (intramodal and intermodal coagulation, respectively, based on Kaiser et al. [44])
(see Sect. 2.2), the nucleation process is much more uncertain and needs to be parametr-
ised. MADE3 uses the parametrisation by Vehkamaeki et al. [62], which calculates the
nucleation rate as a function of temperature, relative humidity and H,SO4 concentra-
tion. A critical free parameter in this parametrisation is the initial size of the newly nucle-
ated particles, assumed to be 3.5 nm in diameter. In a global model study with MADES3,
however, Kaiser et al. [57] showed that assuming a larger diameter of 10 nm allows for
a better model performance for aerosol number concentrations and size distributions
in the free troposphere, where nucleation is the major source of ultrafine particles. Mo-
tivated by their results, I perform here an additional sensitivity test (hereafter NUC10;
Sect. 4.5.1) by repeating the above analysis with this alternative assumption. Note that
the EMAC model simulation output used to initialise the background concentrations in
the plume model simulations also consider this assumption in a consistent way, i.e. a
global simulation assuming 3.5 nm and 10 nm for the size of newly nucleated particles
has been used to initialise the REF and NUCI10 cases, respectively.

4.,5.1. SENSITIVITY OF AVIATION EFFECTS TO NUCLEATION PROCESS

This section explores the influence of nucleation parametrization on the evolution of
aviation-induced aerosol number concentration and SO4 mass concentration. It is im-
portant note that, for a given mass, the total aerosol number decreases as particle size
increases. In this sensitivity analysis (NUC10), the size of newly-nucleated particles are
increased from 3.5 to 10 nm which contributes a factor of (10/3.5)% ~ 23 less particles.
Therefore, for the same mass concentration, the initial concentration of total aerosol
number (Fig. 4.12) is different than in the REF setup (Fig. 4.7) due to the assumption
on the size of newly-nucleated particles. The microphysics functions identical in both
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cases, thus a similar temporal evolution is observed, with an exponential decrease of
the total aerosol number concentration here as well. In case of NUC10(Wice), the initial
reduction in total aerosol number concentration in the SP box is due to the aerosol-ice
coagulation in the vortex regime which reduces the total number concentration by up
to ~14% within the first 2 minutes of the simulation. Afterwards, upon the sublima-
tion of short-lived contrail ice crystals, the residual mass and numbers are added to the
total aerosol population (as discussed in Sect. 3.6). The total aerosol number concen-
tration is exponentially reduced via the effective coagulation process within the first few
hours (~3 to 5 hours) into the dispersion regime. As there is no vortex regime included
in the ID box (see Fig. 3.2), the total aerosol number concentration in this case remains
unchanged, however the particle numbers are gradually reduced during the dispersion
regime.
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Figure 4.12: Temporal evolution of total aerosol number concentration, as in Fig. 4.7, but with the alternative

assumption of 10 nm for the size of newly nucleated particles.
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Figure 4.13: Tendency diagnostics of the aerosol number concentration, as in Fig. 4.8, but with the alternative
assumption of 10 nm for the size of newly nucleated particles.

It is difficult to disentangle the aviation effect in terms of total aerosol number con-
centration, therefore the area-scaling effect is removed to isolate the effect of plume-
scale aerosol microphysics, similar to Sect. 4.4.4 based on Egs. 4.1 and 4.2. The aviation
effect on the number concentration (Fig. 4.14) shows the same temporal evolution as in
the REF case (Fig. 4.10): a very strong reduction in the vortex regime in the REF(Wice)
scenario and a monotonic decrease during the dispersion phase. This decrease is much
smoother than in the REF case, as the nucleation events in NUC10 produce fewer parti-
cles due to their larger size. Furthermore, as a result of the different initialisation back-
grounds, a lower number of particles is entrained in the plume in the NUC10 case, hence
also the reduction during the vortex regime is relatively smaller than in REF case. Nev-
ertheless, the plume correction at the reference time is comparable to the REF case,
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about —13% [-77; 55]% (-0.24 [-1.45; 0.95] cm™3) and —4.2% [-9.1; 1.2]% (-0.07 [-0.17;
0.02] cm™3), in the NUC10(Wice) and NUC10(NOice) scenarios, respectively. The ten-
dency analysis (Fig. 4.13 and 4.15) shows an overall reduction in the efficiency of both
microphysical processes in the NUC10 case as compared to the REF case, indicating that
areduced efficiency of the nucleation has an impact also on the coagulation, due to the
reduced number of particle available in the plume.
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Figure 4.14: Aviation effect (&) of microphysical processes at the plume-scale for the aerosol number concen-
tration in the two modelling approaches, as in Fig. 4.10, but with the alternative assumption of 10 nm for the
size of newly nucleated particles. The two scenarios represent the case with (a) and (b) without the short-lived
contrail ice. The shaded area represent the vortex regime. Note the different units for time on the horizontal
axis for the vortex and dispersion regime.
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Figure 4.15: Tendency diagnostics of aerosol number concentration highlighting the overall efficiency of the
microphysical processes in respective boxes, as in Fig. 4.9, but with the alternative assumption of 10 nm for
the size of newly nucleated particles.

Furthermore, the aviation effect calculated for SO, mass concentration (Fig. 4.16)
also shows the same temporal evolution as the REF case (Fig. 4.5). In NUC10(Wice)
scenario (Fig. 4.16 a), no change is observed in both boxes (SP and ID) during the vor-
tex regime as the only process active here is coagulation which is mass conserving. At
the end of the vortex regime, as the ice crystals undergo total sublimation, a residual
mass is added back to the aerosols based on the assigned parametrisation as discussed
in Sect. 3.6 which is also observed as the slight jump at ¢ = 120 s, also discussed in REF
case (Sect. 4.4.2). At the end of the dispersion regime (¢ = ~46 hours), a slight deviation
can be seen in the two modelling approaches which is negligible. In both plume scenar-
ios, the sulfate production rate (see Sect. 3.4) functions identical during the dispersion
regime which can be seen as a constant and steady growth in the SO4 mass, identical to
REF case.
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Figure 4.16: Aviation effect (&) for the SO4 mass concentration, same as Fig. 4.5, but for NUC10 sensitivity
test in the two modelling approaches: plume (solid) and instantaneous dispersion (dashed), and in two plume
scenarios Wice and NOice.

4.5.2. RESPONSE OF LOGNORMAL AEROSOL DISTRIBUTIONS TO CHANGES
IN NUCLEATION
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Figure 4.17: Aviation effect (&) at the reference time (¢ = ~46 hours) on the lognormal size distribution in two
modelling approaches (plume and instantaneous dispersion), as in Fig. 4.11, but with the alternative assump-
tion of 10 nm for the size of newly nucleated particles. Panels (c) and (d) show the difference between the
aviation effects in the two approaches.

This section presents the influence of the larger nucleation size (10 nm) of newly-nucleated
particles on the lognormal size distribution of the aviation-induced aerosol particles, es-
pecially at the reference time (¢ = ~46 hours). Fig. 4.17 (a,b) shows the aviation effect on
the size distribution at the reference time for the NUC10 study peaks at 10-15 nm for
both scenariosi.e., Wice and NOice which is at a larger size as compared to the REF case,
that peaks at 5-6 nm (Fig. 4.11 a,b). This is due to the increased size of newly nucleated
particle, which corresponds to the particles with relatively larger size (~20 nm) surviving
towards the end of the dispersion regime. The maximum of the distribution in the in-
stantaneous dispersion approach remains higher than in the plume approach for both
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scenarios (with and withoutice), especially for the particles around 10-20 nm size, which
are mostly SO, particles.

The difference between the aviation effects in two approaches for the size distribu-
tion (Fig. 4.17) further shows that the instantaneous dispersion approach overestimates
the survival of the Aitken mode particles between at 8-10 nm and underestimates the
20 nm particles, which results from the less efficient coagulation process in the instanta-
neous dispersion approach as compared to the plume approach (Fig. 4.13). Although the
size of newly nucleated particle is an important parameter in the model, no significant
changes in the plume correction at the reference time between the REF and the NUC10
case is found.

4.6. SUMMARY

This chapter presented the plume model results for the reference case over the North At-
lantic and a sensitivity study on the role of the aerosol nucleation process. The reference
study (Sect. 4.4) demonstrates the overestimation of the aviation-induced aerosol num-
ber concentration by the instantaneous dispersion approach (Fig. 4.10) adopted by the
global models. The plume approach simulates a lower aviation-induced particle num-
ber concentration at the end of the plume dispersion than the instantaneous disper-
sion approach: this is the so-called plume correction and is —15% for the reference case.
This may have important implications for the quantification of the climate impact of
aviation-induced aerosols on low clouds. Moreover, the comparison between two sce-
narios with and without contrail ice in the vortex regime highlights the importance of
aerosol-ice interactions in this regime and its impact on the aviation-induced particle
number concentration. The plume correction for the sensitivity of the assumed size of
newly nucleated particles is found to be quite small, with similar results to the reference
case in both scenarios, with and without contrail ice, despite aerosol nucleation being
one of the key microphysical processes in the plume.

In addition to particle number concentration, the chapter also discussed the mass
concentrations of aviation-induced aerosol species such as SO4 and soot. The online
sulfate production behaves similarly in both modelling approaches, resulting in a com-
parable sulfate mass concentrations (Fig. 4.5), i.e. with negligible differences in the gas-
particle partitioning for the sulfur species. As no additional sources of soot are included
in the model, the soot mass concentration decreases during the first few hours of the
dispersion regime due to plume dilution, as captured by the plume approach, and show
negligible differences with the instantaneous dispersion approach.

A key takeaway from this chapter is that global models need to account for the plume
processes and to correct for the overestimated aviation-induced particle number con-
centrations resulting from missing subgrid-scale processes in these models. Such plume
correction can be quantified with the plume model presented here at different stages of
the plume evolution.



REGIONAL SENSITIVITY OF
AVIATION EFFECTS

5.1. INTRODUCTION

The previous chapter (Ch. 4) presented the aviation effects for typical conditions over the
North Atlantic region as a reference case application of the plume model, however, these
conditions may of course vary over other regions. This is especially important when
considering the background concentrations and the way they influence the aerosol mi-
crophysical processes in the plume, following the entrainment of background air inside
the gradually expanding aircraft plume. As shown in Ch. 4, the aerosol lognormal size
and number concentrations are strongly influenced by the nucleation and coagulation
processes, while the condensation process contributes significantly to the aerosol mass
concentration. In the atmosphere, new particles are formed through the nucleation pro-
cess; thereafter, condensable vapours such as sulfuric acid or low-volatility organic com-
pounds contribute to the growth of newly formed particles. This process helps stabilize
the particles, preventing them from evaporating. Nucleation events, for instance, are
favoured in cleaner backgrounds, due to the lower availability of aerosol particles that
serve as condensation sinks (i.e. the particle surface sink for condensable gases) [103].
Given the key importance of the nucleation processes for the plume correction demon-
strated in chapter 4, it is important to examine the influence of different background
conditions on the plume corrections. In this thesis, I consider four highly trafficked re-
gions in the Northern Hemisphere, characterized by the different background properties
than the North Atlantic: Europe, USA, China, and the North Pacific (see Table 5.1 for de-
tails). The plume simulations are performed using the same parameters of the reference
setup (Table 3.3) under the REF(Wice) scenario considering the presence of short-lived
contrail ice crystals in the vortex regime. The only initialisation parameter varied in the

This chapter is based on Sharma et al. [79]
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Table 5.1: Definition of the regions considered to initialise background conditions in this chapter. The regions
boundaries follow Teoh et al. [24]. The resulting parameters are from the reference simulation by Righi et
al. [43], representative of 2015 conditions along with the number of ensembles used in each regional study.
Note that the vertical selection is identical in all regions and correspond to model levels 18 and 19 of EMAC
(approx. 10-12 km).

Region Latitude Longitude Temp. K] Press. [hPa] RH [%] Ensembles
Europe 35-60° N 12°W-20°E 213-220 210-240 48-70 240
USA 23-50° N 126-66°W 214-225 210-240 49-70 460
China 18-53.5° N 73.5-135°E 212-230 210-240 50-76 644
North Pacific 35-65° N 140°E-120°W 214-220 210-240 49-66 864

set of simulations discussed in this chapter are the initial background concentrations
C?G(to) for the respective regions, where i represents different MADE3 species (Sect. 2.2).
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Figure 5.1: Illustration of regional boundaries selected for this chapter as described in Table 5.1. This figure is
taken from Teoh et al. [24] and is further modified for the purpose of this thesis to highlight the investigated
regions.

The boundaries (latitude and longitude) of the regions selected for this chapter are
sourced from Teoh et al. [24] (see Fig. 5.1). As outlined in Sect. 3.7, the ensemble grid
boxes varies across regions (see Table. 5.1). The background initialisation employed for
the regional study in this chapter is the same as in Ch. 3 (Sect. 3.7), with two vertical levels
at cruise altitudes but for the different regions. The meteorological data necessary to ini-
tialise the plume model - specifically pressure, temperature, and relative humidity — are
also derived from the EMAC output, which varies between different grid boxes, as shown
in Table 5.1. As described eatrlier in Sect. 3.7, in order to simulate the spatial variability
of background conditions, the climatological mean values of each of the EMAC model
grid-boxes within each region are used to initialise multiple ensemble simulations of the
plume model and the model output from the ensemble boxes is analysed by calculating
their weighted mean.

Given the importance of regional emission distributions, particularly at cruise alti-
tudes, this chapter investigates how varying regional background aerosol concentrations
influence microphysical processes at the plume scale, and how these, in turn, affect the
plume model results during the dispersion regime. In the following, Sect. 5.2 presents the
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temporal evolution of total aerosol number and SO4 mass concentration inside a dis-
persing aircraft plume and discusses the variability resulting from various background
conditions as defined by the regions in Table 5.1. Furthermore, Sect. 5.3 discusses the
corresponding aviation effects to highlight the impact of non-linear plume-scale pro-
cesses on the aviation-induced aerosol number as well as mass concentration. Sect. 5.3.3
analyses the aerosol lognormal size distribution based on the aviation-induced aerosol
number concentrations at the reference time, along with the corresponding absolute dif-
ferences that highlight the plume correction, and discusses the impact of regional vari-
ability.

5.2. EFFECT OF BACKGROUND CONDITIONS ON PLUME MICRO-

PHYSICS

As discussed, in Sect. 3.7, in the plume model the background concentrations are en-
trained inside a dispersing aircraft plume (Eqgs. 3.18 and 3.19) at each timestep which
alters the total particle concentration (both mass and number) inside the dispersing
plume. This can influence the aerosol microphysical processes at the plume scale, even-
tually affecting the plume model results. In this section, I first discuss the temporal evo-
lution of aerosols in terms of total SO4 mass concentration and total number concentra-
tion inside the dispersing plume with background conditions typical of different regions
representative of the cruise altitude.
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Figure 5.2: Temporal evolution of total SO4 mass concentration (ug m~3) in two modelling approaches with
SP box (solid) and ID box (dashed) for different regions: Europe (a), USA (b), China (c) and North Pacific (d).
Here, the violet-shaded area represents vortex regime (time in seconds) of an aircraft exhaust plume while the
dispersion regime is shown by white background (time in hours)

In Fig. 5.2, a variation in the initial SO, mass is observed in different regions at time
tp, which is due to different background concentrations, given the other parameters and
aviation concentrations are identical in all cases. Similar to Fig. 4.3, each region shows a
slight difference between the two approaches due to the area-scaling effect between the
boxes (SP and ID). Moreover, at time ¢=2 minutes, the vortex residual effect also observed
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Figure 5.3: Temporal evolution of total aerosol number concentration (cm’3) for different regions, as in
Fig.5.2.

in all four regions due to the total sublimation of ice crystals, as discussed in Sect. 4.4.1.
At reference time (¢ = ~46 hours), no difference can be observed in the two approaches.
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Figure 5.4: Representation of total aerosol lognormal size distribution in the background (BG box) at the initial
timestep (¢ = 0) comprising two aerosol modes i.e. Aitken and accumulation.

Fig. 5.3 shows total aerosol number concentration over different regions. Similar to
Fig. 5.2, note that, the initial particle numbers vary in different regions due to the back-
ground effect. Furthermore, in case of total aerosol number concentration (Fig. 5.3)
also, the initial differences observed between the two boxes SP and ID is due to the
area-scaling effect, which can be observed in all regions. As the Wice plume scenario
(Sect. 4.1) is considered for this regional study, a reduction is clearly visible in the aerosol
numbers as a result of aerosol-ice interaction for all the regions. It is interesting to note
that this process lead to ~25% of reduction in the total particle number concentration in
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Figure 5.5: Tendency diagnostics of aerosol number concentration, as in Fig. 4.8, but for the regional studies
with Wice scenario only, showing the two dominant processes coagulation (red) and nucleation (blue).

Europe, ~8% in USA, 10% in China and North Pacific, even if the number concentration
of ice crystals in the vortex regime is the same for all cases (222 cm~3). As the only dif-
ference between the four regional setups is their respective background concentrations,
the variability in the reduction rate of the particle numbers during the vortex regime is
due to their different sizes, resulting from the mixing of different background concen-
trations. The regions with larger particle size display a smaller reduction in the particle
number concentration due to a much lower efficiency of coagulation process and vice-
versa. Fig. 5.4 exhibits that the polluted regions comprises of particles with larger size as
compared to the cleaner backgrounds.

After the vortex regime, a strong reduction is observed in the SP box within the first
few hours of the dispersion regime, which is explained by the enhanced coagulation pro-
cess in the plume approach as shown in tendency diagnostics as well (Fig. 5.5). However,
as the plume is fully mixed with the background, no difference is observed at the refer-
ence time due to the area-scaling effect (explained in Sect. 4.3).

5.3. AVIATION EFFECT IN DIFFERENT REGIONS

As described in Sect. 3.7, the background concentrations are mixed with the emitted
plume at the initial timestep, indicating the importance of various background aerosol
concentrations which influence not only the initial aerosol levels but also the initial par-
ticle size distribution. These changes alter the aerosol microphysical processes inside
an aircraft plume, eventually affecting the plume model results. The aviation effect (&)
(Sect. 4.3) calculated using Egs. 4.1 and 4.2 highlights the plume-scale effect on aviation
aerosols. The primary goal of this section is to isolate the effect of microphysics from the
plume diffusion (Sect. 3.5) and to assess the changes in aviation aerosol concentrations
such as SO4 mass concentration (Sect. 5.3.1), aerosol number concentration (Sect. 5.3.2)
and their corresponding lognormal size distribution (Sect. 5.3.3), under various back-
ground aerosol concentrations over different regions (Fig. 5.1) at the cruise altitude.
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Figure 5.6: Aviation effect (€) for SO4 mass concentration as in Fig. 4.5, but for different regions.

5.3.1. BACKGROUND EFFECT ON AVIATION SULFATE MASS

The aviation effect (&) isolates the effect of microphysics from the plume diffusion (Sect.
3.5). By comparing the aviation effects for SO, mass concentrations from the two ap-
proaches, it is observed that at time f; the initial concentration in the two boxes are
same. The only process active during the vortex regime is coagulation, thus no change is
observed in the mass during the first 2 minutes of the simulation. As already discussed
in the previous section, at the end of the vortex regime some residual mass is added back
to the aerosol mass which can be seen as a slight jump in Fig. 5.6. During the dispersion
regime, a steady growth is observed in the SO4 mass in both approaches which is due to
the online sulfate production rate (Sect. 3.4) and as this process works the same in both
modelling approaches, thus the difference between the SP and ID box at the reference
time is negligible. The tendency diagnostics performed on SO, mass (Fig. 5.7) shows the
two competing processes namely condensation (orange) and nucleation (blue) that play
keyrole in sulfate mass production. The production of SO, aerosols via the condensation
of H,SO, (gas) is the dominant process and can be observed in most of the regions. In
the polluted regions, such as USA (b) and China (c), the condensation process becomes
dominant due to the availability of adequate particle surface area. However, in case of
the cleaner backgrounds the formation of new particles via nucleation is favoured due
to the scarcity of condensation sinks.

5.3.2. BACKGROUND EFFECT ON AVIATION-INDUCED AEROSOL NUMBER CON-
CENTRATION
Comparing the aviation effect on particle number concentrations for the different re-
gions in Fig. 5.8, a large variation is clearly observed. The plume correction at the refer-
ence time is reduced to -12% [-14; -9.4]% (-0.27 [-0.34; -0.21] cm~3) over Europe, while it
is larger than for the North Atlantic over all other regions, ranging from -29% [-28; —30]%
(-0.69 [-0.61; -0.76] cm™3) over USA, —43% [-66; —28]% (-0.69 [-0.82; -0.56] cm™3) over
China to about —-39% [-58; —22]% (-0.73 [-1; -0.43] cm™2) over North Pacific. As all the
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Figure 5.7: Tendency diagnostics for SO4 mass concentration for the two boxes i.e. SP (solid) and ID (dashed).
The two key competing processes that affect SO4 mass are highlighted as blue (nucleation) and orange (con-
densation).

other parameters are not varied, the resulting variability in the aviation effect of aerosol
number concentrations is due to the different background conditions which eventu-
ally affect the nucleation and coagulation processes (this is confirmed by the tendency
analysis in Fig. 5.5). Especially in the polluted background conditions, the coagulation
process tends to effectively reduce the aviation-induced aerosol number concentration,
however, the competition between nucleation and coagulation is ubiquitous. The con-
centration of aviation-induced aerosol numbers is substantially affected by nucleation
especially during first few hours of the simulation in all four regions as also shown by
the tendency diagnostics in Fig. 5.5. In addition to this, a rather enhanced condensation
tendency is observed in the SO4 mass over the highly polluted regions such as China
and USA (Fig. 5.7): this might lead to an efficient depletion of H,SO,4 at the expenses
of nucleation, thus reducing the particle number with respect to other regions. Fig.5.8
and 5.5 also shows that as both USA (b) and China (c) are characterized by polluted
background conditions and a relatively high number of large size particles (as discussed
above, Fig. 5.3 and 5.4), therefore a rather efficient coagulation process is observed here,
leading to a larger plume correction. In the North Pacific (d), the background is slightly
cleaner, i.e. less background particle number concentration but with a smaller lognor-
mal size (Fig. 5.4) leading to an effective coagulation during the vortex regime inside an
aircraft plume which effectively reduces the particle numbers within the first 2 minutes.
Thereafter, due to a low availability of condensation sinks, the new particles are formed
via nucleation within the first few hours and once adequate surface is available the co-
agulation process becomes effective again.

5.3.3. BACKGROUND EFFECT ON AEROSOL SIZE

The regional background concentrations not only have an impact on the particle num-
ber concentrations, but they can also influence particle size and composition. In terms
of aerosol lognormal size distribution of aviation-induced particles, Europe shows a peak
around 5 nm, similar to the North Atlantic case (Fig. 5.9a), while this is shifted to larger
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Figure 5.8: Aviation effect (&) on aerosol number concentration in the four regions (a) Europe, (b) USA, (c)
China and (d) North Pacific. All simulations are performed based on the Wice scenarios, i.e. considering a
short-lived contrail in the vortex regime.

particles, around 7 nm, in both USA and China, which supports the hypothesis of an en-
hanced condensation process leading to particle growth, while limiting new particle for-
mation via nucleation. In Europe and USA, the size distributions retain the same shape
in both approaches, with a lower amplitude in the plume approach as for the North At-
lantic case. Over China, however, a bimodal size distribution is observed with two peaks
in the plume approach at 6 nm and 30 nm which evidently indicates the survival for
a broad range of particles towards the end of the regime. This is supported by the ten-
dency analyses (see Fig. 5.5 and Fig. 5.7), which clearly shows enhanced coagulation and
condensation processes in the polluted background conditions.

Additionally, a similar bimodal distribution is observed in the North Pacific region
with the two peak values around 5 nm and 20 nm possibly due to the two dominant pro-
cesses such as nucleation and condensation, where the formation of new particles via
nucleation is favoured due to the cleaner background conditions. At the later stage how-
ever, these particles are effectively reduced by coagulation processes in the plume ap-
proach (Fig.5.9d). This overestimation by the instantaneous dispersion approach is also
confirmed by the absolute difference plot (Fig. 5.10), demonstrating an overall overesti-
mation in final size distribution of the Aitken size particles with a substantial variability
between the regions due to the background effect (Fig. 5.11).
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Figure 5.9: Aviation effect (&) at the reference time in terms of lognormal size distribution for the four regions
(a-d) and the respective differences between the aviation effects in two approaches (e-h).
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Figure 5.10: Absolute difference between the aviation effects (Fig. 5.9) for the four regions (a-d).

5.4. SUMMARY

This chapter investigated how varying background aerosol concentrations affect plume
model results by modifying the aerosol composition within the aircraft plume via the
entrainment of background air, thereby influencing aerosol dynamics. Four regions with
different characteristics are investigated in addition to the reference case for the North
Atlantic presented in the previous chapter: Europe, USA, China and North Pacific. The
instantaneous dispersion approach overestimates the aviation-induced particle number
concentrations in all investigated regions (Fig. 5.8), however the plume correction varies
significantly across the regions between —12% in Europe and -43% in China. This large
variability in the plume correction also depends on the initial background particle size
(Fig. 5.4) which can substantially influence the aerosol microphysical processes such
as coagulation and condensation inside the plume. These results are supported by the
processes-based tendency analysis performed on the aerosol number concentrations
(Fig. 5.5). The properties of the aerosol population at the end of the dispersion regime are
also very diverse in the investigated regions, which highlight the importance of properly
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Figure 5.11: Total size distribution from the background (BG box) at the reference time (¢ = ~46 hours) com-
prising of two prime modes i.e. Aitken and accumulation.

accounting for different background conditions (Fig. 5.11) when simulating the impact
of aviation emissions on aerosol particle number. This needs to be taken into account
for future application of the plume model in the context of global model studies of the
aviation-aerosol indirect effect and for the development of parametrisations targeting
the subgrid-scale aerosol processes in the aircraft plumes.



PARAMETRIC SENSITIVITY OF
AVIATION EFFECTS

6.1. INTRODUCTION

The double-box aircraft exhaust plume model is initialised with aircraft emissions, back-
ground conditions and meteorological parameters. The plume model results are sensi-
tive to these initialisation parameters, as already described in Sect. 3.7 and summarized
in Table 3.3. These initialisation parameters largely depend on the aircraft operations,
aircraft and engine efficiency, combustion technology and fuel characteristics. They de-
termine the emission indices of emitted components, initial particle size in the young
exhaust plume and, in the short-lived contrail scenario, also the properties of the ice
crystals. In this Chapter, I explore the model sensitivity towards those parameters, in
order to identify the most sensitive parameters with respect to the aviation effects dis-
cussed in Chapter 4 and 5.

Table 6.1 shows a detailed list of the parameters chosen for this variation study and
their tested values together with their respective literature references. I test their impact
by altering one parameter at a time, while keeping the others at their reference value, in
order to facilitate the interpretation of the results. The reference setup in this chapter
is the REF(Wice) simulation for the North Atlantic region under the short-lived contrail
scenario (see Ch. 4). In this chapter, I will refer to it as REF (see Table 6.1), as no varia-
tions are performed for the NOice scenario and thus there is no ambiguity. The values
shown in the results for each parametric study are the ensemble mean of the 432 grid-
boxes used to initialise the background for this region, as discussed in Sect. 4.4. The fol-
lowing sections in this Chapter discusses in detail the results from the parametric study,
in which the following parameters are systematically varied: (A) ice crystal number con-
centration and number emission index of soot (Sect. 6.2), (B) initial soot size (Sect. 6.3),

This chapter is based on Sharma et al. [79]

73



74 6. PARAMETRIC SENSITIVITY OF AVIATION EFFECTS

Sensitivity study
REF 1 2 3 4

|
o

A: Nice;Elsoot 1 -15.3% -9.4% -13.0% -17.0% -20.8%

B: Soot size { -15.3% -15.0% -14.9% -15.0% -15.0% L 50

C: SO, size 4 -15.3% -15.8% -15.5% -15.2% -15.1%

-40

.
I
w
o

Plume correction Py [%]

D: Primary SO4 1 -15.3% -15.1% -15.3% -15.4% -15.5%
-50

E: Elsoz (FSC) 4 -15.3% -30.2% -20.2% -12.4%

—-60

Figure 6.1: Plume correction (2y) to the aviation-induced particle number concentration for the five varia-
tion studies discussed in this chapter. The horizontal axis represent the REF(Wice) configuration and the four
variations, the vertical axis the varied parameters in the respective variation studies (see Table 6.1). The REF
column exhibits the reference value discussed in Sect. 4.4 for REF(Wice) setup. FSC stands for fuel sulfur con-
tent.

(C) initial SOy size (Sect. 6.4.1), (D) primary SOy fraction (Sect. 6.4.2), (E) fuel sulfur con-
tent (Sect. 6.4.3).

Table 6.1: List of parameters shortlisted for the parametric study. Each set of variations of a given parameter
is identified by an index (A-E) and the different values of the parameters by a number (1-4) in addition to the
reference (REF).

Set Parameter Units 1 2 REF 4 5
A Nice cm™3 90 163 222 268 350 (9]
Elsoot kgL 0.5 1 15 2 3 )

B Dsgoot,k; Tsoot,k nm; - 26.3;1.68  28;1.68 25;1.55 27,1.63 32.5;1.71 [104]
Dsoot,a; Osoot,a nm; - - - 150; 1.65 - -

C Dsoy,kss 0504 ks nm; - 2; 1.7 2.2;1.7 2.5, 1.7 2.7, 1.7 3;1.7 [82]

D € % 1.2 1.9 2.3 2.6 2.8 [80]

E Elgos 2(S02) kgallel 0.2 0.4 0.8 0.6 1 [26]

Fig. 6.1 shows the result from the parametric studies performed on the values given
in Table 6.1. The values represent the calculated plume corrections for aviation-induced
aerosol number concentration. The REF case implies a plume correction of -15% on
the aviation-induced aerosol number concentration under the reference set of param-
eters (Table 6.1). The variation study A (Sect. 6.2) addresses the initial assumptions on
number of ice crystals in a short-lived contrail (Vjce) and the corresponding soot num-
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ber emission index that are derived from the modelling study by Bier et al. [90], which
used the simulations from ECHAM5-CCMod model at 240 hPa. To investigate the sen-
sitivity on the initial size of emitted soot particles, Study B (Sect. 6.3) considers different
measurements performed during the ACCESS flight campaign on the size distributions
parameters of emitted soot particles [104]. Here, I consider the measurement performed
with the HEFA 50:50 fuel blend, at medium thrust (simulation B1) and high thrust (B2),
and with the standard Jet-A fuel, at medium thrust (B3) and high thrust (B4). Study C
(Sect. 6.4.1) targets the initial size of aerosol sulfate particles. Due to the small size of
these particles, mostly below the size detection limit of the available instruments, no
measurements are available for this parameter, but theoretical studies showed that at
10 seconds behind the aircraft the particles exist in the size range of 1 nm and they are
mostly comprised of a molecular clusters of organics. These particles are either con-
sumed or scavenged through Brownian coagulation by the ions of the size range 2-3 nm,
which are presumably the SO, particles [49, 82, 105]. Hence, I vary the sulfate size within
this range for study C. The fraction of SO, mass converted into aerosol sulfate (primary
SO4) is explored in study D (Sect. 6.4.2), based on the measurements on the exhaust from
different aircraft and engine types during the CONCERT campaign [80]. The emission in-
dex of SO; (i.e., the fuel sulfur content, study E (Sect. 6.4.3)) is varied based on the range
of values provided by Lee et al. [26], which are representative of the fleet average.

6.2. STUDY A: VARIABILITY OF ICE CRYSTAL NUMBERS IN SHORT-
LIVED CONTRAILS
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Figure 6.2: Aviation effect (£) on aviation-induced particle number concentration in the two modelling ap-
proaches i.e. plume (solid) and instantaneous dispersion (dashed), as in Fig. 4.10, showing the impact of
changing Njce in study A. The black line represent the REF case. The two regimes of an aircraft plume rep-
resented here are vortex regime (violet) and dispersion regime (white).

Parametric study A focuses on the initialisation of ice crystal number concentration
in the vortex regime for the effect of Wice (with- contrail ice) scenario. The aim of this
study is to investigate the effect of varying initial ice crystal number concentration (Njce)
on the plume model results especially in terms of particle number concentration and
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Figure 6.3: Tendency analysis of aerosol number concentration as in Fig. 4.8, but for parametric study A (A1 to
A4).

their corresponding lognormal size distribution. Since ice formation in short-lived con-
trails is driven by soot particles, this parameter is initialised together with a correspond-
ing soot number emission indices. In the model, the emitted soot particles are split be-
tween the Aitken insoluble and the accumulation insoluble modes of the MADES3 aerosol
scheme. These initial assumptions are based on the modelling results by Bier et al. [90].
The results in term of aviation effect (&) on particle number concentration are shown in
Fig. 6.2 for five combinations of the two parameters.
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Figure 6.4: Aviation effect (&) for study A in terms of lognormal size distribution at the reference time (a) and
the respective difference between the aviation effects in two approaches (b). The two modelling approaches
shown in (a) are depicted as plume approach (solid) and instantaneous dispersion approach (dashed).

Study A shows an almost linear relationship between the assumed ice crystal number
concentration in the vortex regime (Njce and the associated variation of Elgyo) and the
plume correction for aviation-induced number concentration, which varies between —
9.4% [-25; 5.6]% (-0.21 [-0.54; 0.13] cm~3) for Njee=90 cm™3 and -21% [-35; -7.0]% (-
0.45 [0.74; -0.15] cm™3) for Nice=350 cm™2 at the reference time (¢ = ~46 hours). This is
due to the aerosol-ice coagulation in the vortex regime, which increases in efficiency as
the number of ice crystals increases, as also demonstrated by the tendency analysis in
Fig. 6.3. This leads to an even larger reduction of aerosol particles in the vortex regime
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with the plume correction of ~14% (for Nice = 90 cm~3) and -38% (for Njce = 350 cm™3)
within the first 2 minutes of the simulation, thus confirming once more the importance
of this regime for the plume effects, as already concluded in Sect. 4.4.

The tendency analyses shown in Fig. 6.3 (a-d) and Fig. 6.16 (A1-A4) illustrate a steady
increase in the coagulation process in SP box with the increasing Njc. values which even-
tually corresponds to the plume correction values as shown in Fig. 6.1 (row A), demon-
strating again the importance of the vortex regime in the plume model. Moreover, the
final size distribution as shown in Fig. 6.4 (a,b) demonstrates a strong sensitivity of the
aviation-induced number concentration to the number of ice crystals in the plume ap-
proach (solid lines), while no significant sensitivity is seen in the instantaneous disper-
sion approach (dashed lines), which does not include a vortex regime.

6.3. STUDY B: INITIAL SIZE OF AVIATION SOOT PARTICLES
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Figure 6.5: As in Fig. 6.4, but for study B depicting the impact of initial soot size on lognormal size distribution
of aviation aerosols.

The non-volatile (soot) size distribution parameters are examined for their possible
impact on the aviation-induced aerosol number concentrations and size. The results,
however, show no remarkable variations in the plume correction (row B in Fig. 6.1). Even
in terms of size (Fig. 6.5 a,b) no substantial changes across the different simulations are
observed. This is due to the relatively high consistency of the in situ measurements on
the soot size distribution parameters [46][104], which generally agree on a diameter of
about 25-30 nm for the soot particles, with a moderate dependency on the fuel type.
These size distribution parameters were recently confirmed by the large-scale and long-
term measurements of the IAGOS experiment by Mahnke et al. [94].

This sensitivity study further reveals that the role of soot on the aviation-induced
particle number concentration is marginal, as this is mostly affected by the smaller sul-
fate aerosol particles in the nanometer size range. The tendency diagnostics performed
on the aerosol number concentrations (Fig. 6.16, B1-B4) show only very small changes
in terms of total coagulation contribution. The impact of soot size is therefore negligi-
ble in terms of plume correction, which remains almost constant around -15% for all
investigated cases of Study B (Table 6.1).
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6.4. SENSITIVITY ANALYSIS FOR SULPHUR-RELATED PARAME-

TERS

As discussed in Sect. 3.4, only a small fraction (2.3%) of emitted SO, gas contributes to
the formation of sulfate aerosols SO4 within the first few seconds after the emission. Sev-
eral physio-chemical properties of sulfate aerosol in the atmosphere make it one of the
most effective cloud condensation nuclei (CCNs) for low clouds [11]. The reason for this,
in particular, is the hygroscopic nature of sulfate particles, which facilitates their activa-
tion into cloud droplets [106-108]. Moreover, sulfate often mixes with organic and in-
organic compounds in the atmosphere, forming mixed-phase aerosol particles and im-
proving their ability to act as CCNs [15, 109]. Due to their smaller size and high number
concentrations, sulfate aerosols can effectively contribute to the formation of smaller
but more numerous cloud droplets, which increase cloud albedo (reflectivity). This is
known as the Twomey effect (Sect. 1.1), where clouds containing a greater number of
smaller droplets reflect more sunlight, resulting in a cooling effect.

Several recent aviation regulations aimed at reducing both CO, and non-CO; emis-
sions from the aircraft with the focus on curbing emissions which contribute to aviation
climate impacts. For an instance, European Union’s RefuelEU initiative [110] mandates
gradual SAF (Sustainable Aviation Fuel) blending, with the goal of reducing the aviation-
induced CO, emissions and as an additional feature, it also reduces the aviation emis-
sions of sulfate and soot. SAE such as hydro-processed esters and fatty acids (HEFA),
emits fewer sulfur compounds than conventional jet fuel. These initiatives align with
global efforts to mitigate the climate impact of aviation, like the ICAO Carbon Offset-
ting and Reduction Scheme for International Aviation (CORSIA)[111]. However, one of
the recent study [112] argues that although the emissions targets for aviation as per the
ICAO’s CORSIA are in line with the Paris Agreement goals, there is a high likelihood that
the climate impact of aviation will not meet these goals.

6.4.1. STUDY C: INITIAL SIZE OF AVIATION SULFATE PARTICLES
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Figure 6.6: As in Fig. 6.4, but for study C depicting the impact of initial SO4 size on lognormal size distribution
of aviation aerosols.

The variation of the initial SO, size has no significant impact on the plume correction
(row Cin 6.1). This is quite surprising, given the overwhelming importance of sulfate for
the aviation number concentration discussed in the previous chapters. A decrease in the
initial sulfate size leads to only a slight increase of the aviation effect in both approaches
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Figure 6.7: Tendency analysis of aerosol number concentration as in Fig. 4.8, but for parametric study C (C1 to
C4).

and to a slightly more negative plume correction, from -15% [-30; —0.67]% (-0.33 [-0.64;
-0.01] cm™3) to -16% [-31; —1.2]% (-0.35 [-0.68; —0.03] cm~>) when reducing the initial
size of sulfate aerosol from 3 to 2 nm (Fig. 6.6a,b). According to the tendency analysis
of the aerosol number concentration (Fig. 6.7a-d), this can be explained with the coag-
ulation process increasing its effectiveness as the initial size is reduced and hence more
sulfate particles are emitted. This is particularly the case during the vortex regime, where
the coagulation-driven reduction in the aviation effect becomes stronger as the initial
number increases. This is also explained by the tendency analysis in Fig. 6.16 (C1-C4)
highlighting the total coagulation contribution, which is highest for the smallest size and
decreases monotonically as particle size increases. At the end of the dispersion process
(t = ~46 hours), however, the plume correction converges towards a similar value as in
the REF case (Fig. 6.8), regardless of the initial number concentration of sulfate particles.
This would suggest that an increase in the emitted number of particles also increases the
coagulation efficiency in the plume, hence resulting in a similar aviation effect at the end
of the dispersion, more or less regardless of the sulfate particle initial size (and number).

The aviation effect (&) calculated for number concentration in Fig. 6.8 shows the
initial variations in aviation-induced aerosol number concentration in both SP and ID
boxes, which is due to the initial SO4 size. The SP box shows reduction in the number
concentration within the first 2 minutes due to aerosol-ice coagulation. During the dis-
persion regime, the higher particle number concentration enhances the coagulation ef-
ficiency. This phenomenon is evident as a reduction in particle count is observed within
the first few hours of the simulation in both approaches. Fig. 6.8 demonstrates the plume
correction (2?), defined as the aviation effect in the plume approach relative to the in-
stantaneous dispersion approach (Eq. 4.3), which varies between —29% (for Dsg,=2 nm),
—-26% (for Dsp,=2.2 nm), -21% (for Dsp,=2.7 nm) and -18% (for Dsp,=3 nm), after the
first 2 hours of the simulation. It is important to note that the observed variation is highly
influenced by the contrail ice during the vortex regime. The difference observed between
the two approaches at the reference time is negligible. Hence, this confirms the above
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Figure 6.8: As in Fig. 6.2, showing the impact of initial SO4 size in study C where black line represent the
reference value.

statement, that increased particle number emissions (by reduced particle size) leads to
an increase in the coagulation process in the plume (Fig. 6.16 C1-C4), especially during

the vortex regime (Fig. 6.7), resulting in a similar correction at the end of the dispersion
(Fig. 6.8).

6.4.2. STUDY D: FRACTION OF PRIMARY SULFATE EMISSIONS
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Figure 6.9: As in Fig. 6.4, but for study D depicting the impact of primary SO4% (e) on lognormal size distribu-
tion of aviation aerosols.

As discussed in Sect. 3.4, only a small fraction of emitted gas-phase SO, contribute
to the formation of primary SO4 aerosols. The sensitivity of the results to the fraction
of emitted primary sulfate (¢) is explored here in study D based on the values measured
by Jurkat et al. [80]. The results are similar to what is also observed in study C, with the
plume correction remaining almost constant at the value of the REF experiment for the
whole range of tested values of this parameter (row D in Fig. 6.1) and no changes in the
size distributions (Fig. 6.9a,b). The reason is also similar as for study C: an increase in
the primary SO, fraction results in an increase of the emitted sulfate mass and hence of
number of emitted particles. Also in this case, however, the increase in number concen-
tration is compensated by a more effective coagulation process, predominantly in the
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vortex regime (Fig. 6.10a-d), reducing the number of particles.
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Figure 6.10: Tendency analysis of aerosol number concentration and SO4 mass concentration as in Fig. 4.8 and
4.6, but for parametric study D (D1 to D4).

A further reason could be that increasing the primary SO, fraction slightly reduces
the availability of SO, gas which is the primary source of H,SO, (gas) in the aircraft
plume, thus eventually reducing the impact of nucleation on particle number as shown
by the tendency diagnostics in Fig. 6.10 (a-d), with a corresponding effect of condensa-
tion process on SO4 mass concentration (e-h).

Fig. 6.16 (D1-D4) also shows similar results. This would explain the smaller variabil-
ity in study D as compared to study C, although both result in a similar impact on the
initial particle number concentration, as shown in Fig. 6.11. This can be confirmed by
the plume correction (2?) calculated after first 2 hours of the simulation, which decreases
as the primary sulfate fraction (¢) increases, i.e., -19% (for €=1.2), —-21% (for €=1.9), -23%
(for €=2.6) and -24% (for €=2.8). However, the plume correction (2?) observed at the
reference time remains fairly constant (row D in Fig. 6.1), concluding that the primary
sulphate% (€) is not a sensitive parameter in the plume model.
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Figure 6.11: As in Fig. 6.2, demonstrating the impact of primary SO4% () in study D, where black line represent
the reference value.

6.4.3. STUDY E: FUEL SULFUR CONTENT

As discussed earlier, the sulfur content in aviation fuel plays a crucial role in the forma-
tion of SO, aerosols, primarily through the oxidation of sulfur (S) in the fuel to sulfur
dioxide (SO2) during combustion, which then further oxidizes into sulfuric acid (H,SO4)
and then forms sulfate aerosol via condensation or nucleation. This parametric study
reveals that the plume model is highly sensitive to the emission index of SO,, i.e. to
the fuel sulfur content (row E in Fig. 6.1). The plume correction (£?) at the reference
time shows a large variation across the range of reported literature values (Table 6.1) for
this parameters, from —62% [-125; -2.0]% (-0.32 [-0.63; -0.01] cm™3) for a low fuel sulfur
content of 0.2 g(SO2) kg L, to -12% [-24; —0.8]% (~0.34 [-0.66; —0.02] cm ) for a high fuel
sulfur content of 1.0 g(SO>) kgf‘ulel. This large variation in the plume correction is related
to the strong variation in the aviation effect increases in both approaches, while the ab-
solute difference between the aviation effects in two approaches remains fairly constant
(Fig. 6.12a,b).
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Figure 6.12: As in Fig. 6.4, but for study E depicting the impact of fuel sulfur content on lognormal size distri-
bution of aviation-induced aerosols.

As the fuel sulfur content controls both the SO, and the sulfate initial concentrations
in the model (via the primary SO4 fraction €), the nucleation tendency gains impor-
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Figure 6.13: Tendency analysis of aerosol number concentration and SO4 mass concentration as in Fig. 4.8 and
4.6, but for parametric study E (E1 to E4).

tance as more SO, and eventually H,SO, become available with increasing fuel sulfur
content, although the number tendency is still controlled by coagulation (Fig. 6.13a-d),
whereas the SO, mass is predominantly controlled by condensation process (Fig. 6.13e-
h). This makes fuel sulfur content one of the most sensitive parameters for the plume
model. This study also concludes that besides coagulation, nucleation also proves to be
a highly effective yet uncertain process (Fig. 6.16, E1-E4), and it can strongly influence
the aviation-induced aerosol number concentration inside an aircraft plume.
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Figure 6.14: As in Fig. 6.2, showing the impact of fuel sulfur content in study E where black line represent the
reference value.

6.5. SUMMARY

This chapter provided a comprehensive sensitivity analysis of the plume model depen-
dency on various initial parameters. Study A demonstrated the importance of ice crystal
number concentration Njce during the vortex regime, resulting in an approximately lin-
ear relation between the plume correction and Njc. (Fig. 6.15), varying between —-14%
(for Nice = 90 cm™3) and -38% (for Njce = 350 cm™3) only after the first 2 minutes of the
simulation and —-9.4% (for Nice = 90 cm™2) and -21% (for Nice = 350 cm™2) at the end
of the dispersion (# = ~46 hours). Another critical parameter is the fuel sulfur content
(Study E), as it controls the initial SO, concentration in the plume, thereby affecting the
online sulfate production rate and ultimately the SO4 concentration. In this case, how-
ever, a non-linear relation is observed between the plume correction and the FSC values
(Fig. 6.15) with a variation between —62% for low sulfur fuel and —12% for high sulfur fuel.

The other investigated parameters have a smaller impact on the results. Study C
showed that the initial SO4 size Dsp, does not affect the plume correction, as it remains
consistent with the reference case, although it plays a significant role during the early
stages of the plume evolution. A strong impact is observed during the vortex regime, pri-
marily due to effective interactions between ultrafine aerosol particles and coarse-mode
ice crystals, simulated explicitly in the plume approach. This effect is further amplified
by the cumulative effects of microphysical processes during the initial hours of the dis-
persion regime with a variation between -29% (for Dso, = 2 nm) and -18% (for Dso, =
3 nm) after the first 2 hours of the simulation. Similar considerations can be done for the
primary SOy fraction € in study D as well, with a variation between -19% (for € = 1.2%)
and —24% (for € = 2.8%) after the first 2 hours of the simulation, however the values at the
end of the dispersion regime remains same as the reference case. Study B which exam-
ined the the initial soot size values based on Moore et al. [104] shows no impact on the
plume model results and it remains consistent with the reference case.
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Figure 6.15: Comparing the calculated plume corrections &2y (%) for their corresponding sensitivity study
values. The two x-axes represent the values for study E as fuel sulfur content i.e., FSC (bottom, blue) and study
A as the ice crystal number concentration i.e., Njce (top, orange), respectively.
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Figure 6.16: Total contribution of microphysical processes, specifically coagulation (left) and nucleation
(right), represented as time-integrated number tendencies for the three boxes i.e., SB, BG, and ID, and for the
parametric studies A-E.






FUTURE APPLICATIONS AND
MODEL LIMITATIONS

7.1. APPLICATION IN GLOBAL MODEL STUDIES

The plume model results presented in the previous chapters highlight a strong depen-
dence of aviation-induced effects (&) and plume corrections (£?) on various initialisation
parameters. These include aviation operational parameters, fuel type (which governs
the emission of species like SO, and soot), initial particle size distribution of the emis-
sions, background atmospheric conditions during cruise, and key meteorological vari-
ables. The observed variability in aerosol number concentration, species mass concen-
tration, and particle size distribution within the dispersing aircraft plume underscores
the sensitivity of these parameters to initial conditions. Therefore, to accurately assess
the climate impact of aviation aerosols, it is imperative to employ a detailed initialisation
process that incorporates plume-scale dynamics in global model simulations.

The aviation inventories required to initialise global aerosol-climate models, such as
EMAG, for assessing the climate impact of aviation emissions usually provide the mass
of emitted species, but no information about particle number, particularly for volatile
particles, which are much more relevant for the aviation impact on low clouds. Convert-
ing mass to particle number typically involves assumptions about the size distribution
of the emitted particles. A major limitation of existing methods is the scarcity of accu-
rate data for this initialisation, particularly on the number and size of the emitted parti-
cles, which introduces uncertainty and potential biases in the representation of aviation-
induced aerosols in these models [27, 32, 42]. A further complication derives from the
fact that the particle size distribution is not constant in time and depends on the time
after the emission, with younger plumes typically characterized by smaller particles, but
the global models cannot resolve the plume evolution due to their coarse resolution.

The double-box aircraft exhaust plume model introduced in this thesis can be ap-
plied to analyse aviation-induced particle number and mass concentrations, catego-
rized by size mode and mixing state, at different stages of the plume evolution and thus
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provide input to global model to initialise aviation emissions. The plume model output
allows to calculate a number-to-mass ratio for each aerosol mode, also accounting for
the regional variations (Chapter 5) and the parametric uncertainties (Chapter 6). These
ratios can be used to derive number emissions from the mass emissions provided by
global emission inventories. The number-to-mass ratio R for a species i in the mode j
can be written as:

N; (1)
M; (1)

R;j(1) = 7.1)

where N and M are the number and mass concentrations of aviation-induced parti-
cles at time ¢ in the plume evolution. Here, different stages of the plume evolution
may be considered for the initialisation of aviation emissions in the global model. As
shown in this thesis, sulfate and soot are the most relevant aerosol species for aviation,
s0 R; j would need to calculated only for these species. Since the MADE3 microphysical
scheme, on which the plume model is based, does not resolve the number concentration
for each species but only provides the number concentration in each mode (N;), further
assumptions are required to derive N;; from N;. I suggest considering sulfate to domi-
nate the Aitken mode and soot to dominate the accumulation mode. The coarse mode
can be ignored given the small size of the aviation emitted aerosols. Similar assumptions
can also be made for the different mixing states.

This approach can be easily generalized to any global aerosol model, provided that
the MADE3 modal scheme can be mapped to the aerosol schemes of other models,
which may pose further challenges, although modal aerosol schemes usually share simi-
lar features. Given the detailed output of the plume model, more sophisticated method-
ologies can also be explored, for example by the application of statistical techniques,
sensitivity analyses, or machine learning algorithms to enhance the accuracy and relia-
bility of the results. As discussed in the previous chapters, the plume model can also be
employed as an online parametrisation to explicitly calculate aviation-induced particle
number concentration in global model simulations, thus more accurately accounting
for the impact of local conditions. These approaches will help to achieve an improved
assessment of the climate impact of aviation aerosols.

To further enhance the accuracy of the plume model, future measurement cam-
paigns can provide useful constrains and should focus on measuring ultrafine particles
(<5 nm), particularly their number concentrations and size, at very early stages (e.g., 10
seconds) of an aircraft plume. Initial parameters characterizing the size distribution of
the emitted particles would be beneficial. These improvements will enable the plume
model to better simulate the dynamics of aerosol formation and their microphysical
transformation in the aircraft plumes. Another key application of the plume model is
the study of aerosol emissions and their impact on climate from future aircraft tech-
nologies, including various combustion engine types (such as lean burn and rich burn)
and alternative fuel blends (such as Sustainable Aviation Fuel, SAF). Such assessments
would provide a critical insight into the climate impact of aviation aerosol, which will
help in developing more sustainable aviation technologies.
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7.2. MODEL LIMITATIONS AND FUTURE IMPROVEMENTS

The double-box aircraft exhaust plume model introduced in this thesis captures the
plume-scale aerosol microphysical processes in a detailed way, while following the plume
expansion with the entrainment of background air, thus improving over the simple in-
stantaneous dispersion approach adopted by global models. As demonstrated in this
work, this allows for an improved quantification of the aviation-induced aerosol num-
ber concentration. Given the targeted application scope of the plume model, its devel-
opment has focused on the aerosol microphysics and on specific aspects of the plume
dynamics, whereas other processes have been addressed in a simplified way, resulting
in limitations and uncertainties that need to be considered when applying the plume
model results for application studies:

e plume dynamics: complex plume dynamic processes such as turbulence, pro-
cesses inside primary and secondary wakes, contrail formation, evolution and de-
cay of contrails are beyond the capabilities of the model presented here. Dedicated
models, for example, the LES model by UnterstraRer et al. [93] are available which
explicitly simulate these complex dynamic processes.

« short-lived contrail ice: the representation of short-lived contrail ice in the plume
model is very simplified, as the goal is to represent ice crystals as a coagulation
sink for aerosol particles and to estimate the reduction in aerosol number con-
centration during the vortex regime. To this purpose, I considered a simple sce-
nario mimicking a short-lived contrail represented by a passive tracer for ice crys-
tals with a constant number concentration. More realistic representations are of
course possible, for instance taking advantage of existing EMAC submodels deal-
ing with contrails.

° constant meteorology: parameters such as temperature, pressure and relative hu-
midity are initialised as a constant in the model. Provided the very short duration
of the vortex regime (t=120seconds), this is well justified in this regime. For the
dispersion regime, [69] showed that the vertical diffusivity is negligible compared
to the horizontal one, hence it is reasonable to assume that there is no temperature
gradient and to assume constant meteorological parameters for the plume.

* sulfate production rate: the third-body reaction (3.1) assumes a constant OH con-
centration and I prescribed an average value for it representative for the upper tro-
posphere. This is of course a simplification, as OH is a short-lived compound char-
acterized by a strong temporal and spatial variability. Since the plume model does
not account for detailed gas phase chemistry, this simplification is justified. It can,
however, be improved in future version, e.g. by considering the implementation of
a daily cycle for OH or using online chemistry if the plume model is coupled to a
global model. This can be relevant given the importance of OH in the troposphere
as shown by other studies [113-115].

* sensitivity analyses for multiple parameters: in this thesis, I performed sensitiv-
ity analyses by varying one parameter at a time in order to understand the im-
pact of individual parameters on the model results. While the current approach



90 7. FUTURE APPLICATIONS AND MODEL LIMITATIONS

provided valuable insights, future analyses may benefit from exploring more ad-
vanced techniques, such as the Perturbed Parameter Ensemble (PPE) method, which
systematically alters the values of multiple parameters to provide a multi-dimensional
insight into their combined impacts on the model results and support the further
investigation of model uncertainties.

7.3. SUMMARY

The plume model introduced in thesis is not designed to represent the detailed aspects
of the plume dynamics, but it has been specifically developed to target the aerosol micro-
physical processes in an aircraft plume at a scale that cannot be resolved by the global
models, aiming at improving over the instantaneous dispersion approach usually as-
sumed in these models. It helps to calculate the changes in specific parameters of the
aerosol population such as mass, number and size, between the time of emission (i.e.
the end of jet regime) and the end of the dispersion regime, in order to provide the global
models with refined and more physically motivated assumptions to initialise aviation
emissions in global simulations, thus account for the plume-scale processes that these
models cannot resolve. This chapter outlined a possible approach to calculate the num-
ber of emitted particles from the mass using a conversion factor calculated based on the
plume model output for each aerosol mode, to help improve the representation of avi-
ation emissions in the global models. These conversion factors can also account for the
variability in plume corrections, as estimated through regional and sensitivity studies,
and for different stages of the plume evolution.




CONCLUSION

Existing studies highlight significant uncertainties regarding the indirect effects of aviation-
induced aerosol particles, particularly sulfate aerosols, due to the complex, non-linear
aerosol microphysical processes occurring at the plume scale. These processes are chal-
lenging to represent accurately in global climate models because their coarse spatial res-
olution cannot resolve the subgrid-scale processes. Motivated by the challenges outlined
above and to conclude the work presented in this thesis, I now recall and answer the re-
search questions:

1. How are aviation-induced aerosols dispersed and transformed in the vortex and
dispersion regime of an aircraft exhaust plume?

2. What are the typical concentrations and size distributions of aviation-induced aerosol
particles at the end of the plume dispersion?

3. On which parameters and initial conditions do these typical concentrations de-
pend?

4. How can the existing uncertainties surrounding the aerosol indirect effect, partic-
ularly with regard to aviation-induced sulfate aerosols and aerosol number con-
centrations, be reduced?

To answer these questions, I developed a plume model based on the MADES3 aerosol
microphysical scheme, which allowed me to simulate the non-linear aerosol microphys-
ical processes for the aviation-induced aerosol particles inside an expanding and dis-
persing aircraft plume within the upper-tropospheric background. The plume model is
realized by extending the MADE3 box model configuration to a double-box configura-
tion representing the plume and the background, respectively, with a one-way interface
to simulate the dispersion of the plume into the background. The plume model also fea-
tures a simplified representation of the vortex regime, which mimics the formation of a
short-lived contrail ice in the early stage of the plume and allows to estimate the impact
of the interactions between aerosol particles and ice crystals via coagulation.
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I employed the plume model to evaluate and compare the two methodological ap-
proaches: the plume approach, explicitly resolving the expansion of the aircraft plume
into background air, and the instantaneous dispersion approach commonly adopted by
global models, in which aviation emissions are instantaneously dispersed in the back-
ground without accounting for plume processes. I quantified the impact of aviation
emissions on aerosol in the two approaches, considering both particle mass and num-
ber concentrations along with particle size distributions. By comparing the results of the
two approaches, I defined a plume correction to characterize the impact of the plume-
scale processes on aviation-induced particle concentrations at the end of the dispersion
phase of the plume, with a particular focus on particle number and size, given the rele-
vance of these quantities for the assessment of the impact of aviation aerosol on clouds.

Iundertook extensive plume model simulations to comprehensively assess the model
sensitivity to a range of parameters and underlying assumptions. This systematic inves-
tigation allowed me to enhance the understanding of model behaviour and the overall
impact of these parameters on the aviation aerosols especially at the end of the disper-
sion regime.

The main conclusions of this Thesis can be summarized as follows:

1. For typical upper-tropospheric conditions over the North Atlantic, the plume ap-
proach simulates a lower (-15%) aviation-induced particle number concentration
at the end of the plume dispersion than the instantaneous dispersion approach.
This is regarded as a plume correction. (— research questions 1, 2)

2. The bulk of this reduction is due to the very efficient coagulation of aerosol particle
with the (larger) ice crystal particles during the vortex regime. An alternative sce-
nario without short-lived contrail ice particles resulted in a much smaller plume
correction of —4.2%. (— research questions 1, 2, 3)

3. The effect on aerosol sulfate and soot mass was found to be negligible, as the to-
tal mass is conserved, although minor differences in the condensation and nucle-
ation rates in the two approaches were found, affecting the partitioning between
the gas and aerosol phase and resulting in minor difference in the total sulfate
mass. (— research questions 3, 4)

4. A detailed process-level analysis was performed thanks to the tendency diagnos-
tics I implemented in MADES3 as part of this thesis. This analysis showed that co-
agulation and nucleation are identified as the most relevant processes controlling
the aviation-induced particle number concentration during the plume dispersion
regime and the resulting plume correction with respect to the instantaneous dis-
persion approach. A sensitivity study showed that reducing the efficiency of nu-
cleation is compensated by a reduced efficiency of coagulation, so that the plume
correction at the end of the dispersion phase is only weakly affected. (— research
questions 3)

5. The properties of the background where the plume is released have a consider-
able impact on the results. Simulations performed over different regions of the
Northern Hemisphere show large variations in the plume correction, from —-12%
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over Europe to -43% over China, as a result of the different properties of the back-
ground aerosol in these regions. (— research questions 3, 4)

6. Variation studies on several aviation emission parameters used for model initial-
isation showed a strong sensitivity of the model to the assumed ice crystal num-
ber concentration in the scenario with a short-lived contrail in the vortex regime
(controlling the efficiency of the nucleation with aerosol particles and thus their
number reduction) and to the fuel sulfur content (impacting the formation of the
sulfuric acid precursor, eventually driving new particle formation via nucleation).
Despite the dominant importance of aviation-induced sulfate particles over soot
particles, the model showed a weak sensitivity to sulfate parameters, such as size
and primary sulfate fraction, due to the modulation effect of the nucleation pro-
cess. (— research questions 1, 2, 3, 4)

Overall, the plume model that I developed in this thesis demonstrated that the aerosol
microphysical processes, in particular coagulation and nucleation, are more efficient at
the plume-scale compared to the large-scale grid boxes simulated by global models, and
that accounting for these subgrid-scale effects has an important impact on the aviation-
induced aerosol number concentrations at the end of the dispersion regime of an air-
craft plume. Thanks to its flexibility and its very low computational demand, the plume
model is suitable for both offline and online applications in global models, and will allow
to achieve a more refined representation of the aviation-induced particle properties in
the early stages after the emissions. The many sensitivity simulations that I performed
in this study will help to narrow the number of parameters to be considered when ap-
plying the model for global applications, also providing hints to future measurement
campaigns targeting aviation emissions.







OUTLOOK

As elaborated in this thesis, the double-box aircraft exhaust plume model aims to tackle
the large uncertainties behind the current estimates of the climate impact of aviation
aerosol. To advance in this area, an improved understanding of the microphysical pro-
cesses occurring at the plume scale, and how these processes affect the aviation-induced
aerosols within a gradually dispersing aircraft plume, is essential. The plume model
developed in this thesis addresses these challenges by providing a framework to sim-
ulate and assess the interactions and impacts of these microphysical processes on avi-
ation aerosols in terms of species mass concentration (mainly sulfate and soot), par-
ticle number concentration, and their size distribution, inside an aircraft plume. The
plume model simulates the aerosol microphysics in two aircraft plume regimes: the vor-
tex regime (10-120 s after the emissions) and the dispersion regime (120 s to several
hours after the emission). For the dispersion regime, the plume model is designed to
simulate three distinct aerosol dispersion scenarios, enabling a comprehensive analy-
sis of varying diffusion dynamics on aerosol microphysics. In order to understand the
aviation effect on aerosols, the two modelling approaches i.e., plume approach and in-
stantaneous dispersion approach are compared. Here, the plume approach consists of
a double-box model configuration, which represents the entrainment of background air
into a gradually dispersing plume. The instantaneous dispersion approach on the other
hand, represents a large-scale grid box, which accounts for a homogeneous and instan-
taneous dispersion of an aircraft plume, as being followed by global climate models. In
this thesis, the two aforementioned approaches are compared to quantify the aviation
effect on the particle number concentration and their respective lognormal sizes. The
studies performed in this thesis clearly shows a significant role of parameters such as
initial ice crystal number concentration (Njc), fuel sulfur content (FSC) as well as the
background aerosol concentrations at the cruise altitude.

The calculated plume corrections provide a comprehensive understanding of the key
parameters influencing aerosol dynamics by altering microphysical processes within an
aircraft-emitted plume. This insight forms a critical foundation for future advancements
in the model development and refinement, such as using the existing model outcome for
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global model studies. In order to proceed in this direction, the first step is the develop-
ment of conversion factors based on the existing aviation effects and plume corrections
for aerosol mass and number. This will help enable the users to initialise the aviation
inventories in the global climate models (such as EMAC) as the future applications of
the plume model, providing a possibility of online parametrisation to account for the
unresolved plume-scale processes.

One of the advantages of the plume model, is its low computational cost and very
short simulation time (~minutes) which renders it particularly useful for process un-
derstanding and targeted parametric studies. Future estimates of the aviation-induced
impact on climate via aerosol-cloud interactions may benefit from this model to include
more robust assumptions on the properties of aviation aerosol upon and shortly after
emissions, with important consequences for the simulations of the life cycle of aviation-
induced aerosol particles and their interactions with clouds.

As this study advances in exploring aerosol dynamics and their direct and indirect ef-
fects on climate, I anticipate further testing utilizing both the current version of MADE3
(V4.0) and future model developments. These efforts aim to deepen our understand-
ing of the micro-scale processes driving changes in aerosol behaviour, which, in turn,
influence low cloud formation and properties, and ultimately impact the global radia-
tion budget. Future studies will focus on refining the plume model, also exploring new
parametrisation to improve the representation of specific processes:

1. future scenarios: based on the current development stage of the plume model
MADES3, the model simulations can also be performed for different scenarios (e.g.,
under the Shared Socioeconomic Pathways, SSPs, [116]), representing different
background concentrations in the future,

2. alternative fuels: aircraft emissions from alternative fuels, such as Sustainable
Aviation Fuel (SAF), can be evaluated for their impact on aviation-induced aerosols
using the plume model. This would allow for a detailed assessment of the in-
fluence of SAF on the aerosol formation, aging and dispersion inside an aircraft
plume as compared to conventional jet fuels.

3. overlapping plumes: the current version of plume model simulates a single air-
craft plume in individual ensemble boxes, however future extensions could enable
the examination of scenarios involving multiple plumes traversing in the model
grid-box, thus mimicking the partial overlapping of the aircraft plumes.

While this study primarily focuses on the aerosol properties towards the end of the
dispersion regime, it is important to consider that once the aerosols are emitted from the
aircraft engine, they begin to interact with the incoming solar radiation, even as they un-
dergo microphysical transformation within a dispersing aircraft plume. This interaction
may contribute to the direct impact of aviation aerosols on the Earth’s radiation budget.
Thus, the plume model results can also be applied to assess the direct impact of aviation
aerosols on climate.

The initialisation parameters are essential to produce accurate estimates of aviation-
induced aerosol during the plume dispersion, which can be used to correct for unre-
solved subgrid-scale processes in global model studies. However, these initialisation pa-



97

rameters are also uncertain and in this work have partly been derived from relatively
old measurement data, also because real-time or in-situ measurements of the aerosols
properties in the early plume stages (~10 seconds after the emissions) behind aircraft are
extremely challenging, due to several safety and aerodynamic considerations, primarily
related to wake turbulence. In addition to this, measuring the ultra-fine volatile particles
(= 5 nm) immediately after their formation (within seconds behind the aircraft) remains
a challenge due to rapid transformation processes like coagulation and condensation
in the young plumes which, as shown in this thesis, have a potentially large impact on
aviation-induced particle number concentrations. Thus, the current equipments need
to improve their accuracy, especially in capturing volatile fractions shortly after emission
[96, 117], which can provide more accurate information on the size of emitted particles
from the engine exhaust. This will in turn help to improve the plume model results and
eventually a refined quantification of the climate impact of aviation aerosol.

In conclusion, the insights gained from this study based on the plume model output
are expected to contribute substantially to an improve quantification of climate impact
of aviation aerosol, both for the present day and for future scenarios, providing critical
input that can inform climate policy and strategies for mitigating aerosol impacts. I am
optimistic about the significant advancements this study can contribute to both the sci-
entific community and society at large. As the aviation industry continues to grow, so
does its impact on our climate, particularly through aerosol emissions that influence the
cloud microphysics and Earth’s radiation budget. Understanding the intricate micro-
physical processes at plume scales is essential for accurately predicting their impact on
aerosol transformation, aerosol-cloud interactions, on cloud properties, and the result-
ing radiative forcing. By enhancing the research in this area, we can develop innovative
solutions that not only mitigate the climate impacts of aviation but also contribute to the
broader goal of achieving a sustainable future, therefore continued investments in this
research area are essential for effectively addressing the existing and future challenges.
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"The plume corrections quantified mn this work directly impact
the aviation-induced particle number concentration and, when
considered in global models, may impact the climate effect
from aerosol-cloud mteractions (ERFaci) i low-level clouds.”
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