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Tiivistelma

IImakehén aerosolihiukkasilla on kyky vaikuttaa ilmastoon pilvivuorovaikutusten kautta sekd suoraan sirottamalla ja absorboimalla
itseensd sdteilyd. Namé aerosolihiukkaset voivat my6s vaikuttaa ihmisterveyteen hengityselimien kautta. Aerosolihiukkasia
vapautuu ilmakehdén suorien lahteiden kautta tai ne voivat syntyd kemiallisissa prosesseissa kaasufaasin esiasteista. Eri
aerosoliprosesseja ja aerosolihiukkasten ilmastovaikutuksia voidaan tutkia kdyttden prosessi- ja globaalin mittakaavan malleja.
Viime vuosina on havaittu, ettd tietyiltd aerosoliyhdisteiltd puuttuu tietoja niiden termodynaamisista ominaisuuksista, joka
aiheuttaa epdvarmuutta prosessi- ja globaalitason mallinnuksessa. Lisdksi aerosolien kaukokulkeuma syrjdisille alueille, joilla
aerosolihiukkasten pddst6t ovat véhdisid, on heikosti mallinnettu globaalin mittakaavan malleissa. Lisdksi sekundaarisen
orgaanisen aerosolin (SOA) paastolahteet siséltavit epavarmuuksia globaalin mittakaavan malleissa, joka aiheuttaa epavarmuutta
séteilypakotteen arvioinnissa.

Tdssd tyossd nditd ndkokohtia, jotka liittyvét kyseisiin epdvarmuuksiin, kasitellddn kdyttden prosessi- ja globaalin
mittakaavan mallinnusta. Tdma tehtiin ensiksi arvioimalla termodynaamisen tasapainomallin kyky&d kuvata dimetyyliamiinia,
rikkihappoa ja ammoniakkia sisdltdvien hiukkasten vedenottokykyd verrattuna mittauksiin. Toiseksi tyossé kehitettiin pilven
sisdinen markédpoistumajérjestelmd globaalitason malleille, jotka kayttdvdt kokoon perustuvaa aerosolikuvausta. Vasta kehitettyd
markdpoistumajarjestelmaa testattiin aerosolien pystyprofiilien ja elinikien suhteen kdyttamélla ECHAM-HAMMOZ globaalia
aerosoli-ilmastomallia, joka sisdlsi ”Sectional Aerosol model for Large-Scale Applications (SALSA)” -mikrofysiikkakuvauksen.
Kolmanneksi tutkittiin havumetséavyohykkeen puihin kohdistuneen bioottisen stressin vaikutusta SOA:n muodostumiseen, pilviin
ja sateilyvaikutuksiin kdyttamélla ECHAM-HAMMOZ:ia SALSA:n kanssa.

Tulokset osoittivat, ettd kun termodynaamista tasapainomallia kdytettiin mallinnettaessa hiukkasia, joiden koko oli
muutamien kymmenien nanometrien luokkaa, malli oli epdpdtevd arvioimaan dimetyyliamiinia (DMA), rikkihappoa ja
ammoniakkia sisaltavien hiukkasten hygroskooppisuutta. Néin ollen lisdtutkimuksia tarvitaan DMA:a sisdltdvien systeemien
termodynamiikasta, jotta voidaan arvioida kunnolla sen vaikutusta ilmastoon. Globaalit aerosoli-ilmastomallit ovat erittdin
monimutkaisia ja siksi aerosoliprosessien muuttaminen fysikaalisemmaksi voi jopa heikentdd tuloksia. Tamd havaittiin vasta
kehitetyn, fysikaalisemman, maérkédpoistumajérjestelmén tuottamista tuloksista, jotka osoittivat kehitetyn menetelmédn tuottavan
harhaanjohtavia pystyprofiileja sekd vaaristavan mustan hiilen elinikda verrattuna aiempaan jérjestelmdén. Erityisesti mustan hiilen
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sekoittumisen ja padstokokojakauman sekd aerosoliyhdisteiden ikddntymisen kannalta. Namé tulokset osoittivat, ettd mustan hiilen
sekoittaminen liukoisten yhdisteiden kanssa tuotti parhaat tulokset verrattuna havaintoihin sekd aerosoliyhdisteiden elinidt
verrattuna AEROCOM mallien keskiarvoihin. Lopuksi tulokset, joissa tutkittiin bioottisen stressin vaikutusta ilmastoon, osoittivat,
ettd stressin lisddminen havumetsdvyohykkeen puissa lisdsi SOA:n muodostumista, koska haihtuvien orgaanisten yhdisteiden
paastot lisdantyivat. Lisddantynyt SOA:n muodostus lisdsi myos pilvipisaroiden lukumdédrad pilvien yldpinnassa sekd aiheutti
voimakkaamman negatiivisen séteilypakotteen. Tulevaisuudessa aerosolimallikehityksessd tulisi tutkia tarkemmin
aerosoliyhdisteiden termodynaamisia ominaisuuksia erityisesti DMA:n suhteen. Markdpoistumaa sekd eri aerosoliyhdisteiden,
erityisesti mustan hiilen, sisdisen sekoittumisen mddrad tulisi tutkia ja uudistaa globaaleissa ilmastomalleissa, jotta
aerosolihiukkasten kaukokulkeumaa voitaisiin arvioida kunnolla. Liséksi ilmakehdn SOA:n lahteet tarvitsevat lisitutkimusta, jotta
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Introduction

Aerosol consists of solid or liquid particles which are suspended in air (Hinds, 1999).
These particles are called aerosol particles and they affect our health directly by de-
positing deep into the lungs causing, for example, respiratory diseases or oxidative
stress (Shiraiwa et al., 2017). In addition, aerosol particles can travel high up in the
atmosphere and affect our living conditions through atmospheric alterations. Atmo-
spheric aerosol particles can modify the climate directly by scattering and absorbing
radiation (Seinfeld and Pandis, 2016) and indirectly by altering clouds in terms of
their formation, radiative properties, and lifetime (Albrecht, 1989; Twomey, 1991).

Atmospheric aerosol particles come in a variety of compositions, and their sizes
vary from a few nanometers up to hundreds of micrometers. Aerosol particles in the
atmosphere consist mainly of black carbon, organic carbon, mineral dust, sea salt,
sulfate, nitrate, and ammonium (IPCC, 2021; Seinfeld and Pandis, 2016). The major-
ity of the atmospheric aerosol mass is emitted from natural sources such as oceans
(sea salt) and deserts (mineral dust). Aerosol species such as organic carbon, sul-
fate, and black carbon, can originate from both natural and anthropogenic sources
(Bond et al., 2013; IPCC, 2021; Lee et al., 2013; Seinfeld and Pandis, 2016; Vergara-
Temprado et al., 2018). Nitrate is mainly emitted from anthropogenic sources (IPCC,
2021). Aerosol particles can also be formed in the atmosphere through nucleation,
which is a process where molecular embryos start to form through phase transfor-
mation from vapor to liquid or from vapor to solid (Kerminen et al., 2004; Kulmala
et al., 2004; Zhang et al., 2012).

The majority of the mass of aerosol particles less than 1 micron in diameter is
organic matter (OM) (Jimenez et al., 2009; Murphy et al., 2006). Particles smaller
than 1 micron in diameter are important as they have been found to affect human
health as well as the climate. Organic aerosol (OA) particles can be emitted from,
e.g., biomass/fossil fuel combustion, soil, and vascular plants as primary particles
and are called primary organic aerosol (POA) (De Gouw and Jimenez, 2009; Kanel-
lopoulos et al., 2021). In addition, biogenic sources, such as trees and plants, emit
significant amounts of volatile organic compounds (VOC). VOCs can go through cer-
tain physical and chemical processes to produce secondary organic aerosol (SOA)
(Faiola and Taipale, 2020; Jimenez et al., 2009; Zhang et al., 2007). SOA increases the
amount of particles that are in the size range which can directly affect radiation and
activate to cloud droplets. Thus, changes in SOA concentrations can contribute to
direct or indirect radiative effects of aerosols in the atmosphere (Sporre et al., 2020).

As stated above, atmospheric aerosol particles can have a direct effect on the ra-
diative balance of the Earth through scattering, reflecting and absorbing the incom-
ing short-wave and absorbing the outgoing long-wave radiation to the Earth. This
effect is called aerosol-radiation interaction and it can be observed by human eye in
highly polluted regions as lowered visibility (Horvath, 1995; IPCC, 2021). Radiative
forcing due to aerosol-radiation interactions (RF,y;) is defined as the change in how
aerosol-radiation interaction effect perturbs the radiation budget of the Earth. The
sign of (RF,y) depends on the composition, size, shape, or the internal structure
of aerosol particles (Ghan et al., 2012). A positive radiative forcing has a warming
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effect on the climate system, while a negative radiative forcing has a cooling effect.
In recent studies, RF,; has been approximated to be -0.5 W/m? with approx. 0.5
W /m? uncertainty (IPCC, 2021). Absorbing aerosol particles, such as black carbon,
affects the Earth’s radiation budget by heating the atmosphere directly, and thus
enhancing the RF,;;. BC can also accelerate the melting of snow and ice through
absorbing solar radiation after depositing on the snow and ice surfaces. In addition,
BC affects cloud formation and lifetime by warming the atmosphere and changing
the absorption characteristics of cloud droplets (Bond et al., 2013). However, other
aerosol compounds, such as sulfate and SOA, enhance cooling and thus make RF,;;
more negative (Ghan et al., 2012).

Radiative effects due to aerosol-cloud interactions, on the other hand, refer to
how radiative effects of clouds change due to aerosols. Aerosol particles in the atmo-
sphere can act as cloud condensation nuclei (CCN) or ice nuclei (IN) and therefore
increase the cloud droplet number concentration (CDNC) or ice crystal number con-
centration (ICNC) which in turn affect cloud properties (Kuang et al., 2009; Kulmala
et al., 2014; Twomey, 1974; Yli-Juuti et al., 2021). If the liquid water amount remains
the same in non-precipitating cloud, the increase in CCN leads to smaller cloud
droplets as the amount of water is divided between a larger number of droplets.
An increased amount of small cloud droplets increases the cloud albedo and causes
negative radiative forcing (RF,i) as the clouds reflect more incoming solar radiation
back to space (IPCC, 2021; Twomey, 1974). In addition, as these cloud droplets are
smaller, they are less likely to be precipitated from the cloud as rain which increases
the cloud lifetime (Albrecht, 1989). This thesis only focuses on instantaneous top-
of-atmosphere (TOA) radiation change due to aerosol-radiation interactions. To get
a comprehensive analysis on the total effects of aerosols to radiative balance one
needs to include also the RF, as well as rapid adjustments and climate feedbacks
(IPCC, 2021)

As water is one of the most abundant vapors in the atmosphere, one of the
most important properties contributing to the CCN activity and optical proper-
ties of aerosol particles is the ability of a particle to absorb moisture (Petters and
Kreidenweis, 2007; Seinfeld and Pandis, 2016). This ability is called hygroscopic-
ity. Hygroscopicity of an aerosol particle depends on its chemical composition (Xu
et al., 2020). Particles which have high hygroscopicity consist of, for example, sul-
fate or salt (Lohmann, 2015). Such particles can affect RF,; by affecting particle
optical properties, and RF,. through affecting CCN concentrations (Pilinis et al.,
1995; Zieger et al., 2013, 2017).

The climate effects of aerosol particles are strongly dependent on their horizontal
and vertical distribution in the atmosphere. Vertical distributions, or vertical pro-
files, of aerosol are representations of aerosol particle concentration as a function
of altitude. Vertical distributions of aerosols are affected by emissions, advection,
and deposition in the atmosphere (Kipling et al., 2016, Watson-Parris et al., 2019).
Emissions affect the vertical distribution directly by setting the initial amount of
the emitted aerosols. Deposition processes then constrain how far the aerosol is
transported. Further, hygroscopicity of aerosol particles affects the susceptibility to
aerosol removal inside a cloud. Especially in remote regions, vertical profiles are
strongly affected by the transport of aerosol particles as these regions lack emission
sources of particles (Croft et al., 2010; Rasch et al., 2000). One of the main processes
affecting transport of aerosol particles to remote regions is wet deposition, which is
a process where aerosol particles are removed from the atmosphere through their as-
sociation with water (Wang et al., 1978). Wet deposition can happen through nucle-
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ation, impaction, and below-cloud scavenging (Chate et al., 2011; Ladino et al., 2011;
Pruppacher and Klett, 1997). In-cloud nucleation scavenging refers to activation of
particles, which act as CCN or ice nuclei, to cloud droplets or ice crystals, respec-
tively, through nucleation process (Pruppacher and Klett, 1997). Further, when the
cloud droplets or ice crystals grow large enough they are removed from the cloud
through precipitation. In-cloud impaction scavenging is a process where aerosol
particles collide with cloud droplets or ice crystals (Chate et al., 2003). Below-cloud
scavenging refers to collision-coalescence of falling rain droplets or snow crystals
with aerosol particles below a cloud (Chate et al., 2011).

To properly understand the properties of aerosol particles and their impacts on
clouds, radiative effects and climate, the scientific community has developed differ-
ent kinds of models ranging from process-scale models all the way to global-scale
models, such as chemical transport models and global climate models. These mod-
els can be accurate in some aspects, for example modelling new particle formation
(NPF) in process-scale (Kiirten et al., 2018) and estimating the effects of volcanic
eruptions in global-scale (Hansen et al., 1992). However, in process-scale modelling,
the scientific community struggles to determine some thermodynamic properties of
different aerosol species. In addition, even though the wet deposition processes are
mostly well known, they are poorly represented in global-scale models (Eckhardt
et al., 2015). This is because the full representation of wet scavenging needs realistic
descriptions of microphysics of condensation, in-cloud microphysics, precipitation
as well as microphysics of aerosols which are represented very differently among
models (Eckhardt et al., 2015; Rasch et al., 2000). In addition, current global-scale
climate models have inaccuracies in describing different aspects of SOA formation,
which leads to uncertainties in radiative effects and cloud feedbacks (Sporre et al.,
2020; Tsigaridis et al., 2014).

Accurate global-scale model description, for example of nucleation and growth
of particles, requires the understanding of thermodynamic properties of aerosols
(Bergman et al., 2015). To get the information of these properties usually requires
process-scale models which can be validated against observations to evaluate the
performance of the model. For example, properly validated process-scale models
can be used in modelling hygroscopicity and hygroscopic growth. This information
can then be used to develop more accurate descriptions of new particle formation
and growth of aerosol particles in global-scale models.

Variability in simulated vertical profiles of aerosol particles can contribute to the
uncertainty in the estimation of RF,,; in global-scale models (Samset et al., 2013). Es-
pecially, the local vertical size distribution and composition of black carbon aerosol
in remote regions lead to huge differences between modelled results and observa-
tions, as has been shown by Bourgeois and Bey (2011) and Sharma et al. (2013).
As stated above, wet removal is one of the main contributors to how well aerosol
is transported over long-ranges and thus understanding and properly describing
the wet removal processes in global climate models leads to more realistic results
in terms of vertical profiles, especially in remote regions. In addition, proper wet
removal is important in describing the amount of deposited black carbon over the
Arctic (Bourgeois and Bey, 2011).

In addition to uncertainties in simulate aerosol vertical profiles, there are large
uncertainties in the estimation of the formation of SOA, clouds, and radiative ef-
fects in global climate models. These flaws can be due to uncertain sources, sinks,
and atmospheric processing of SOA. Thus, understanding and properly describing
processes leading to uncertainties, regarding SOA in global climate models, can
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enhance the performance of global-scale models and give more realistic results.

In this thesis, hygroscopicity, wet removal, and factors affecting SOA formation
and their effects to the climate are studied using process-scale modelling as well
as global-scale modelling, to address the uncertainties related to aerosol properties,
transport and SOA feedbacks in the atmosphere. The main objectives in this thesis
are:

1. To evaluate the performance of thermodynamic equilibrium process model in
modelling the hygroscopicity of dimethylamine-containing particles (Paper I)

2. To develop and evaluate the parameterization of wet deposition in a global
aerosol-climate model (Paper II)

3. To investigate how biotic stress in boreal trees affects the formed biogenic SOA,
clouds and radiative effects in a global aerosol-climate model (Paper III)

The structure of this thesis is as follows: first aerosol modelling in process and
global-scale is introduced in Chapter 2; then, in Chapter 3, a more detailed descrip-
tion of the hygroscopicity of aerosol particles is presented, with details of process-
scale modelling of hygroscopic growth in a thermodynamic equilibrium model. In
Chapter 4, the thesis will delve into introducing the global aerosol-climate model
ECHAM-HAMMOZ, with which all of the global model simulations in this thesis
were performed, and into the uncertainties in terms of wet removal and sources of
biogenic SOA in the model. Chapter 5 presents the key results found in Papers
I-IIT and the responses to the main objectives of this thesis. Finally, a review of the
papers used in this thesis and the author’s contribution are presented in Chapter 6
and the concluding remarks of the thesis are presented in Chapter 7.
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Aerosol modelling from process to global-scale

Models have been a part of our lives since we were little, whether it is building mod-
els of aeroplanes or model railways. Even car manufacturers utilize 3D models to
see how well they would perform in real life. Similarly, in different fields of science,
models are used to provide a numerical representation of real life situations and to
simulate them using computers. Especially in atmospheric sciences we need models
to represent the atmospheric behaviour of different compounds to help us under-
stand their dynamics, physics, and chemistry in process level and globally in the
whole atmosphere (Fanourgakis et al., 2019; IPCC, 2014; Mann et al., 2012; Morales
and Nenes, 2010; Pruppacher and Klett, 1997; Topping and Bane, 2022). In addition,
models can help us to test different scenarios and hypotheses of what might happen
if certain aspects in the atmosphere would be changed (Nebojsa Nakicenovic et al.,
2000). These aspects could be for example doubling the amount of carbon dioxide
emissions in the atmosphere or reducing the amount of black carbon aerosol in the
Arctic.

Aerosol models simulate the dynamic behaviour of aerosol particles defined by
different aerosol properties, such as chemical composition, size, and shape (Sein-
feld and Pandis, 2016). To understand this behaviour in more detail, models are
needed to simulate different physical processes which affect aerosol size distribu-
tions (Ceppi and Hartmann, 2015; Myhre et al., 2013). These processes can be for
example coagulation, nucleation, condensational growth of a particle, evaporational
shrinking of a particle, sedimentation, and deposition of particles to surfaces (Hinds,
1999; Seinfeld and Pandis, 2016). For a single component aerosol, the different pro-
cesses can change the total number of aerosol particles N(V,t) in a certain volume
V of gas at a certain time ¢ and this change is called the general dynamic equation
(GDE) (Friedlander, 2000; Gelbard and Seinfeld, 1979; Seinfeld and Pandis, 2016).
This equation is solved by aerosol models. The GDE has many representations, but
in general it is of the form

dN(V, 1) _ (dN(V,1) dN(V, 1) AN(V, 1)
dt —( T )m+(dt)m+(dt>m+s+1<, @.1)

where (%) is the change in the number of particles due to formation of new
nuc

particles through nucleation, (%) is the change in the number of certain
con

sized particles due to growth by condensation or shrinking through evaporation,
(dN(V,t)

I ) is the change in particle number due to coalescing collision between
coa

particles (coagulation), S represents the emissions of aerosol particles and R rep-
resents the sedimentation and deposition of particles (Gelbard and Seinfeld, 1979;
Huertas, 2016; Seinfeld and Pandis, 2016). Growth by condensation refers to a pro-
cess where vapors condense onto existing aerosol particles, increasing their size,
and shrinking through evaporation refers to evaporation of molecules from par-
ticles, reducing their size. Coagulation refers to a process where two randomly
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moving aerosol particles collide and stick together, thereby forming one larger par-
ticle (Hinds, 1999). Emissions and removal of aerosol particles are usually called
external processes as in these terms there is movement of particles across the fictive
walls of the volume of interest (Friedlander, 2000). Formation through nucleation,
coagulation and condensation are usually called internal processes as they happen
inside the volume (Huertas, 2016).

2.1 PROCESS-SCALE MODELLING

Process-scale models aim to give a detailed representation of aerosol dynamics, ther-
modynamics, chemistry, optical properties, or composition (Ghan and Schwartz,
2007). Thus, process-scale models are usually numerical representations of certain
individual processes of the GDE (Huertas, 2016). Process-scale models are usually
computationally light which gives them the capability to thoroughly test the theory
and calculations behind the process (Naumann, 2003; Wentzel et al., 2003).

The scientific community in atmospheric sciences uses a variety of process-scale
models. For example, evaporation of molecules from liquid phase particles can be
solved using models, such as the liquid-like evaporation model (LLEVAP) or the ki-
netic multi-layer model of gas-particle interactions in aerosols and clouds (KM-GAP)
(Shiraiwa et al., 2012; Yli-Juuti et al., 2017). These models can provide insight into
the evaporation dynamics of different aerosol particles under different conditions,
like high and low temperature and a wide range of relative humidities (RH).

Condensational growth of aerosol particles is driven by their ability to absorb
vapors. The ability of aerosol particle to absorb water vapor is called hygroscopicity.
To calculate the amount of absorbed water in an aerosol particle at thermodynamic
equilibrium, one needs to know the activity coefficient of water and the amounts of
all of the compounds in the particle. When the number of compounds increases, the
calculation becomes more difficult and thus numerical models are needed to calcu-
late the composition of the system at thermodynamic equilibrium. These models
can be for example uManSysProp, AIOMFAC or E-AIM (Clegg et al., 1998; Topping
et al., 2016; Wexler and Clegg, 2002; Zuend et al., 2008, 2010). E-AIM is shortly
presented in Paper L.

The skill of process-scale models to reproduce different aerosol processes is usu-
ally tested by evaluating and validating their results against observations in well reg-
ulated environments (laboratory experiments) (Ghan and Schwartz, 2007). Process-
scale models are tested thoroughly, and properly working models can then be used
to provide insight into the properties of different aerosol compounds. In Paper I,
the capability of the Extended Aerosol Inorganics Model (E-AIM) to evaluate hygro-
scopicity of dimethylamine-containing particles is presented. The properly tested
and defined aerosol properties can then be used in parametrizations which can fur-
ther be used, for example, in regional or global-scale aerosol-climate models. In
addition, most of the process models are constructed to work as an individual box
model which is a simple 3-dimensional, offline tool, allowing efficient modifica-
tion and evaluation of different aerosol processes (Topping and Bane, 2022). Box
models for different processes can then be used to work as part of a larger, multi-
dimensional program, such as global aerosol-climate model.
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Figure 2.1: A schematic representation of the atmospheric grid structure and inter-
action between grid cells in a GCM.

2.2 GLOBAL-SCALE MODELLING

Once the different aerosol process models are validated and box models for aerosol
processes are evaluated, they, or the information they provide, can be combined
and implemented into a larger-scale model, for instance a global aerosol-climate
model (Ghan and Schwartz, 2007; Kokkola et al., 2018; Lin et al., 2018). These gen-
eral circulation models (GCMSs) are complex representations of major climate system
components, such as atmosphere, land surface, oceans and sea ice (IPCC, 2014). An
atmospheric GCM simulates physical processes which transfer energy and matter,
such as aerosols, through the global climate system (Lupo et al., 2013). Usually, in
atmospheric GCMs the Earth’s atmosphere is divided into three-dimensional grid
cells according to latitude, longitude and altitude (IPCC, 2014). A schematic repre-
sentation of the grid structure of the atmosphere is presented in Fig. 2.1. The physics
of different system components are calculated in each grid cell and the neighboring
cells interact by moving energy and matter between each other (Lupo et al., 2013;
Topping and Bane, 2022). The available computational power and disk space define
how fine a resolution can be used in a GCM. Usually, the amount of grid points in
a GCM is large (in the order of hundreds of thousands up until several millions),
which demands a large amount of computational power and thus supercomputers
are needed to use them.

Atmospheric GCMs coupled with an ocean model are used to predict the future
behavior of the atmosphere and climate (IPCC, 2014). Once it has been validated
that a certain GCM is producing adequate results when comparing to the past and
present observations of the climate and atmosphere, the GCM can also be used to
test how the climate system evolves, based on how people will live in the future
(Nebojsa Nakicenovic et al., 2000; von Storch, 2010).

Even though the basic physics of aerosol processes in the atmosphere are the
same, aerosols and their interactions with the climate are represented quite dif-
ferently in different atmospheric GCMs. The different representation of aerosols
between atmospheric GCMs may originate from the fact that many of the described
aerosol processes occur at subgrid scales of GCMs (i.e., scales that are much smaller
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than the grid spacing of the GCM) and they have to be parametrizised for the grid
of the GCM in question. In addition, many GCMs have various representations
of parametrizations and calculations of aerosol processes such as activation and
removal. For example, cloud activation can be parametrizised very differently in
different GCMs (Abdul-Razzak and Ghan, 2002; Lin and Leaitch, 1997; Nenes and
Seinfeld, 2003). In addition, different models can have differences in the represen-
tation of aerosol size distributions. For example, aerosol size distribution can be
represented using the modal method, which presents the aerosol size distribution
as a sum of log-normal distributions called modes, moment method, which treats
the size distribution as a limited number of moments (particle number density, vol-
ume density, mean radius, etc.), or sectional method, which represents the size dis-
tribution as monodisperse hybrid size bins (Chen and Lamb, 1994; McGraw, 1997;
Seinfeld and Pandis, 2016; Vignati et al., 2004).

There are several atmospheric GCMs used by the scientific community and ev-
ery one of them is unique in its own way and all of them have their strengths
and weaknesses. Examples of GCMs are, for instance, the Community Atmosphere
Model (CAM) or the European Centre Hamburg Model (ECHAMS6) (Neale et al.,
2010; Stevens et al., 2013). The latter is shortly presented in Paper II and Paper III.
The performance of a GCM is hard to measure as some of them might simulate cer-
tain aspects, such as cloud properties, of the atmosphere better than others but are
inadequate on some other features. This is because many processes are heavily pa-
rameterized and many of the processes are not well constrained. Therefore, models
have to be tuned choosing values for uncertain, or even non-observable parameters
so that the model simulation better matches observations. Differences in how mod-
els treat these processes cause big differences between models (Oreskes et al., 1994).
In addition, in some of the models, when modelling the climate, it is possible that
even though the past is performing well, the future may have errors (Reifen and
Toumi, 2009). Thus, one cannot say which model is the best and to get the best
possible representation of the atmospheric processes, it is best to use an ensemble
of several GCM results, which has been done in the recent Intergovernmental Panel
on Climate Change (IPCC) reports (IPCC, 2014, 2021).

GCMs are very complex and their development requires a lot of time and work
as one needs to be accurate on the descriptions and theories behind the different
processes. Additionally, some of the theories may be revised in the future, which
needs to be taken into account in the improvements of models (Oreskes et al., 1994).
Sometimes, little modifications in some of the processes can have huge effects on
certain climate feedbacks and behaviors in the whole atmosphere (Lorenz, 1963).
Some of the processes in current GCMs, which cause this kind of big uncertainty,
are related to emissions or transport of aerosols (Bourgeois and Bey, 2011; Sharma
et al., 2013). Problems, related to transport and emissions of aerosols, are addressed
in Paper II and Paper III.
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Process-scale modelling - Hygroscopicity

Knowing the hygroscopicity of an aerosol compound can provide information on
identifying the species of ambient aerosols (Chang et al., 2010; Huang et al., 2022;
Peng et al., 2014; Zamora et al., 2019). In addition, hygroscopicity can affect the
optical properties of aerosol particles and CCN activity of the compounds (Vaisa-
nen et al., 2016; Zieger et al., 2013, 2017). Further, uptake of water vapor to existing
aerosol particles can alter their chemical composition through opening a path to
aqueous phase processing (McNeill, 2015). The scientific community lacks informa-
tion of thermodynamic and chemical properties of some of the atmospheric aerosol
particles, such as amine-containing particles, which leads to uncertainties in amine
induced new particle formation (NPF) and the subsequent growth of particles in the
models. Especially with respect to chemical properties, partitioning, and removal
processes, amine-containing particles cause uncertainties in global model simula-
tions (Bergman et al., 2015). Thus, more investigation is needed in terms of mea-
surements of thermodynamic properties, which can be used to develop and evaluate
process-scale models. These thermodynamic process-scale models can further be
used to test the understanding of physics and chemistry behind the observations.
Properly validated process-scale models can be used to develop parametrizations
for global-scale models.

In this chapter, calculations of hygroscopicity parameter and hygroscopic growth
are presented. In addition, this chapter presents the thermodynamic equilibrium
model, E-AIM, and how it is used to model hygroscopic growth of aerosol particles.

3.1 HYGROSCOPICITY

Hygroscopicity and hygroscopic growth of an aerosol particle are defined by the
ability of an aerosol particle to absorb water vapor and growth of the particle due
to absorption. When the aerosol particles grow large enough, due to condensation
of water and other compounds, they can act as CCN and further on participate in
the formation of cloud droplets in the atmosphere. A schematic representation of
absorption and growth of an aerosol particle is presented in Fig. 3.1

: +  Water absorption
Dry aerosol
particle

Figure 3.1: A schematic representation of water absorption and condensational
growth of an aerosol particle.
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For a solution, the water activity, a, is the partial pressure of water in a solution,
po, divided by partial pressure of pure water, p,s. Thus, for an aqueous droplet in
equilibrium with the gas phase, a,, can be expressed as

LR R — (3.1)

- 40 M !
Pos exp (RTPW%)

where S is the ambient saturation ratio around the droplet, ¢ is the surface tension of
the solution, My, is the molecular weight of water, R is the universal gas constant, T
is temperature, py, is the density of water and D is the diameter of the droplet (Koh-

ler, 1936; Petters and Kreidenweis, 2007). The term exp (%) is called the Kelvin

term, or curvature effect. The Kelvin effect describes the effectiveness of bonding of
molecules in a solution due to curvature of a droplet. When the droplet is small,
there is greater possibility of the molecules to escape from the droplet. Thus, the
Kelvin effect has to be taken into account in the case of nano-sized particles (Kohler,
1936; Thomson, 1872). The water activity in an aqueous droplet can be used to de-
termine the hygroscopicity parameter x. x is one of the ways of parametrizing the
ability of a particle to act as CCN in the atmosphere (Petters and Kreidenweis, 2007).
Petters and Kreidenweis (2007) proposed a parametrization for the hygroscopicity
parameter for a droplet to be of the form

Aw

K = (GFg —1) TP \RTpuDys ) (%) 1 (3.2)

S 7

where Dy, 5 is the droplet diameter in saturation ratio S and GF is the hygroscopic
growth factor of the droplet and it is defined at a certain saturation ratio S as

D

p,S
5 (3.3)

pAry

Here D, 4, is the diameter of the dried up droplet (when there is no or a very low
amount of water condensed to the particle) (Kim et al., 2016; Petters and Kreiden-
weis, 2007).

The calculation of the amount of absorbed water by the particle becomes complex
when the number of compounds inside the particle increases. For these calculations,
a thermodynamic equilibrium model was used in Paper I and it is presented in the
next section.

GFs =

3.2 E-AIM AND HYGROSCOPIC GROWTH

When a system is in thermodynamic equilibrium, there are no fluxes of energy or
matter between the system and its surroundings (Mandl, 1988). For example, when
an aerosol particle is in thermodynamic equilibrium with the surrounding water
vapor, the condensation of vapor to the particle and evaporation of vapor from
the particle are equal. Thermodynamic equilibrium is achieved when the thermo-
dynamic potential, Gibbs free energy (G), is minimum (Wexler and Clegg, 2002).
The Extended Aerosols Inorganics Model (E-AIM) is a thermodynamic equilibrium
model, which utilizes the minimization of Gibbs free energy. It can be used to cal-
culate, for example, the equilibrium water content in a particle. E-AIM is a unique
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modelling tool as it can handle non-ideal solutions (solutions where the interactions
between molecules are not identical) and it is currently one of the few available
models with accurate amine thermodynamics.

As E-AIM minimizes the Gibbs free energy, it can represent the amount of moles
of water in a solution when knowing the RH and the amount and thermodynam-
ical properties of the compounds in the solution. In addition, for calculating the
thermodynamic equilibrium, E-AIM calculates the activities of the water-ion and
water-organic solutions. The total water activity can be calculated as a product of
the water activities of the ionic and organic solutions (Clegg et al., 2001). In Paper I,
activity coefficients were calculated using the approach by Clegg et al. (1992, 1998),
for ionic organic compounds and the UNIFAC model for neutral organic compounds
(Fredenslund et al., 1975; Hansen et al., 1991).

If the dry particle diameter is known, to be able to calculate the hygroscopic
growth factor, also the information of the wet particle diameter is needed. Assuming
that water is the only compound which is allowed to be transferred between the
gas and liquid phases, E-AIM provides the density of the particle and the molar
amount of water in the particle liquid phase at a given saturation ratio. For a dry
particle, the saturation ratio can be assumed to be low (in Paper I the saturation
ratio was assumed to be 0.01). Thus, the mass of a spherical dry particle, m, 4,
can be calculated using the density, provided by E-AIM, at a saturation ratio of 0.01
and the dry diameter of the particle. If the molar amounts of other compounds are
known, the mass fractions in the dry particle can be calculated for each compound,
i, by

@ m; n;iM;
idry = 5 TS ar
jmj  xiniM;

(3.4)

where m; represents the individual mass of compound i in the particle, n; represents
the amount of moles of compound i and M; is the molar mass of compound i. Using
the mass fraction of individual compounds in the dry particle, the individual masses
in the particle can be calculated by

Midry = WidryMp dry- (3.5)

For a wet particle, the mass fraction for compound i, w; ¢, can be calculated using
Eq. 3.4, but including the molar amount of water at given saturation ratio S in the
summation, which is provided by E-AIM. As the masses of individual compounds
(excluding water), m; 4., do not change in the particle even as it is exposed to
saturation ratio S, m; 4, can be expressed using the mass of the wet particle, m,, s,
and the mass fraction of compound i in the wet particle, w; ;. Thus, the mass of
the wet particle can be calculated using Eq. 3.5. Further, the particle diameter at a
given saturation ratio can be calculated by

6m 1/3
D,s = (” ’S> , (3.6)

TTPp,S

where p, s refers to the density of the particle at saturation ratio S, provided by
E-AIM.

E-AIM assumes that the phase boundary between gas and liquid particle is a flat
surface. However, in Paper I, the measurements were done using nano-sized parti-
cles. Thus, to get the best agreement of E-AIM results with the measurements, one
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needs to take the Kelvin term into account for the saturation ratio. The saturation
ratio then becomes

40 M
S = SE*AIM exp <R’1—pl)ws> ’ (37)
p,

where Sg_aqv is the saturation ratio used in E-AIM calculations and p and ¢ are the
liquid phase density and surface tension of the particle, respectively, calculated by
E-AIM.

In Paper I, E-AIM was used to model hygroscopicity of particles containing
dimethylamine (DMA), sulfate and ammonia. The model results were evaluated
against measurements, where particles were generated using five different aqueous
phase DMA and sulfuric acid containing solutions with different molar ratios. This
was done to test the ability of E-AIM to model hygroscopic growth and to eval-
uate the skill of E-AIM in modelling interactions between aminium and other the
compounds contained in the particles. Further, the evaluation of E-AIM to model
hygroscopic growth of amine-containing particles can provide insight on the atmo-
spheric behaviour of amines as well as their thermodynamic properties.
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Global-scale modelling - Wet removal and biogenic
SOA

Current global aerosol-climate models are able to reproduce observed properties
of aerosol particles, such as aerosol and CCN concentrations, in certain regions,
especially near emission sources (Stier et al., 2005; Wang et al., 2011). However, many
of the models struggle to correctly reproduce the transport of aerosols to remote
regions, which causes uncertainty in estimating, for example, the vertical profiles of
aerosols as well as the amount of deposited black carbon over the Arctic (Bourgeois
and Bey, 2011; Kristiansen et al., 2016). Especially the transport of atmospheric black
carbon (BC) to the Arctic is difficult to model and the differences between modelled
and observed concentrations in the Arctic can be substantial (Sharma et al., 2013). In
addition, many of the models have uncertainties in representing the sources, sinks
and atmospheric processes of certain aerosol species adequately. For example, the
sources of SOA are uncertain, which causes variability in estimating the RF in global
aerosol-climate models (Sporre et al., 2020; Tsigaridis et al., 2014).

In Papers II-III the ECHAM-HAMMOZ global aerosol-climate model was used
to provide all of the simulations. In this chapter, the ECHAM-HAMMOZ model
and its aerosol microphysics package HAM are presented. In addition, the basics
of wet deposition in ECHAM-HAMMOZ and the development of a more physically
accurate parametrization of wet removal are presented. Furthermore, in this chapter,
the sources and processing of atmospheric biogenic SOA along with the abiotic and
biotic stress factors affecting trees are presented. Abiotic and biotic stress factors
modify the VOC emissions by the trees and thus affect the biogenic SOA formation
and further clouds and climate.

41 ECHAM-HAMMOZ

In Papers II-III the latest version of the ECHAM-HAMMOZ (ECHAMS6.3-HAM2.3-
MOZ1.0) global aerosol-climate model was used (Schultz et al., 2018). ECHAM-
HAMMOZ is a 3-dimensional aerosol-chemistry-climate model and it consists of the
sixth generation atmospheric general circulation model ECHAMS6.3 (Stevens et al.,
2013), the Hamburg Aerosol Model (HAM2.3) (Kokkola et al., 2018; Tegen et al.,
2019), and the tropospheric chemistry model Model of Ozone and Related Tracers
(MOZART1.0) (Schultz et al., 2018). The atmospheric host model ECHAMS6.3 has
been developed by Max Planck Institute for Meteorology and it solves the prog-
nostic equations for temperature, divergence, vorticity and surface pressure using
spherical harmonics (Stier et al., 2005). The physics in the model are solved on a
Gaussian grid.

ECHAMBS6.3 can be configured using five different resolutions with different
number of truncation and vertical levels. The horizontal grid is defined by the
triangular truncation of wave numbers in the spectral representation. In practice
this means that, for example, in truncation 255 (T255) the horizontal grid is divided
into approximately 0.54 ° x 0.54 ° latitude and longitude grid cells. The vertical grid
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in the model uses hybrid sigma-pressure levels, meaning that the lowest vertical
levels follow the topography of the Earth, while the upper vertical levels follow the
atmospheric pressure. The vertical levels can be selected to be L31, L47 or L95 which
state how many vertical levels there are. Each vertical representation incorporates
the model top to be at 0.01 hPa which corresponds to around 80 km in altitude, with
an exception of the lowest vertical resolution (L31), for which the model top is at 0.1
hPa (around 30 km in altitude). In ECHAMS®.3, the lowest resolution is T31L31 and
the highest is T255L.95. In Papers II-111I, the default resolution of T63L47 was used
in ECHAM-HAMMOZ simulations which means that the world is divided into ap-
proximately 1.9 © x 1.9 ° latitude and longitude grid cells, which corresponds to 96
x 192 grid points with 47 vertical levels.

In ECHAMS6.3 the meteorology can be nudged (as was done in Paper II) towards
reanalysis data. This means that the large-scale meteorological prognostic variables
can be pushed towards different operational weather reanalysis data using Newto-
nian relaxation. Such data can be, for example, ERA-Interim reanalysis data from
the European Centre for Medium-Range Weather Forecasts (ECMWEF) (Berrisford
et al., 2011; Simmons et al., 1989).

41.1 HAM

ECHAMBS6.3 is coupled with Hamburg Aerosol Model version 2.3 (hereafter referred
to as HAM) which includes all of the aerosol processes of the GDE (Eq. 2.1) within
ECHAM-HAMMOZ. HAM calculates the interactions between aerosols and the
atmosphere and it predicts the evolution of composition and size distribution of
aerosol populations. HAM has an extensive parametrization for both sectional and
modal aerosol size distribution representations in terms of all of the aerosol pro-
cesses (Kokkola et al., 2018; Stier et al., 2005; Tegen et al., 2019).

The modal aerosol module in HAM is called M7 and it uses a superposition of
seven log-normal modes to represent the aerosol spectrum (Vignati et al., 2004). The
different modes are called nucleation, Aitken, accumulation and coarse modes. The
Aitken, accumulation and coarse mode particles are divided into two populations,
soluble and insoluble, depending on how hydrophilic the particles are (Stier et al.,
2005). Each mode can be a mixture of different aerosol species. In addition, insoluble
particles can become soluble by condensation of soluble substances on the particles
or collision with soluble particles. The different modes are defined by using log-
normal modes, defined by the geometric standard deviation as well as the median
radius of each mode. In M7, the geometric standard deviation is fixed for each mode
and it is 2.00 for coarse mode and 1.59 for the other modes (Wilson et al., 2001).
The median radius, for each mode, can then be calculated using the corresponding
aerosol number concentration. The visualization of M7 aerosol spectrum as well as
the chemical compounds associated in each mode are presented in Fig. 4.1. The
mass and number concentrations of aerosols are transferred between modes when
they grow in different processes by merging the modes (Stier et al., 2005).

The sectional method of representing the aerosol size distribution in HAM is
called Sectional Aerosol module for Large Scale Applications v2.0 (SALSA) (Kokkola
et al., 2018). In SALSA the aerosol size distribution is defined using a hybrid bin
sectional approach in which each size bin (section) the aerosol particles are assumed
to be monodisperse and the width of the bins are fixed (Chen and Lamb, 1994). As
in M7, in SALSA the aerosol population is divided into soluble and insoluble pop-
ulations and the soluble population is further divided into two subranges to reduce
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Figure 4.1: A schematic representation of the aerosol spectrum of M7 and SALSA
and the corresponding chemical compounds associated in each mode or bin. The
chemical compounds are sulfate (SU), black carbon (BC), organic carbon (OC), min-
eral dust (DU) and sea salt (SS).

the number of compounds in smallest size bins. Diameters of aerosol particles in
the first subrange span from 3 nm to 50 nm including 3 bins and in the second
subrange from 50 nm to 10 ym. The schematic visualization of SALSA aerosol spec-
trum as well as the chemical compounds associated in each size bin are presented
in Fig. 4.1. For each size bin the microphysical processes and chemistry are cal-
culated separately as well as the NPF for the smallest size bin. In the hybrid bin
method, particles in different bins can be allowed to transfer between bins due to
evaporation, growth or through chemical interactions (Chen and Lamb, 1994).

As M7 has predefined mode ranges, it is unable to describe the coagulation and
condensational growth of particles with high accuracy. The inaccuracies in describ-
ing coagulation and condensational growth are due to using prescribed mode limits
which force the modes to vary very little in size. This can neglect mass or number of
aerosol particles in certain sizes, primarily causing underestimation in aerosol acti-
vation to cloud droplets as well as underestimation in light extinction (Korhola et al.,
2014). The sectional representation in SALSA, on the other hand, allows the model
to solve aerosol processes in GDE more accurately, thus describing the particle co-
agulation and condensational growth more properly. The more accurate solving of
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GDE is due to high number of size bins, which allows more accurate description
of aerosol size distribution. However, using the sectional method, and especially
with high number of size bins, the simulations become computationally heavy. In
Papers II-III ECHAM-HAMMOZ was used with SALSA aerosol size distribution
representation as it has been found to be more accurate than M7 representation.

4.2 WET DEPOSITION

As stated above, current global aerosol-climate models struggle to correctly model
aerosol size distributions and vertical profiles in remote regions which is mainly due
to poor representation of transport of aerosols. One process which affects the trans-
port of aerosols is wet deposition. In the atmosphere, wet deposition refers to a pro-
cess where aerosol particles are removed from the atmosphere through scavenging
by hydrometeors and precipitation (Wang et al., 1978). Wet removal is divided into
two processes: in-cloud and below-cloud scavenging. In-cloud scavenging is further
divided into two processes: in-cloud nucleation and in-cloud impaction scavenging.
A schematic representation of in-cloud and below-cloud scavenging processes are
presented in Fig. 4.2. Wet deposition affects aerosol transport by affecting the rate
of removal directly at source regions. If the rate is strong, aerosol particles are not
allowed to transport to higher altitudes or longer ranges in the atmosphere.

In-cloud nucleation scavenging refers to a process where aerosol particles can
act as CCN or ice nuclei (IN). When water vapor reaches supersaturation, aerosol
particles, acting as CCN, can activate to cloud droplets when growing large enough
(Kohler, 1936; Seinfeld and Pandis, 2016). In addition, particles acting as IN can form
ice crystals through collision with supercooled droplet, which initiates ice formation,
or adsorption of supercooled water on the surface of IN and transformation to ice
(Seinfeld and Pandis, 2016). Ice crystals can also be formed through transformation
of a supercooled droplet to an ice crystal. Cloud droplets and ice crystals, containing
the aerosol species, can then grow large enough to be precipitated to the surface of
the Earth and thus the aerosol particles are removed from the atmosphere (Korolev
et al, 2011, Wang et al., 1978). Activation of aerosol particles to cloud droplets
depends on the size and composition of the aerosol particle as well as the ambient
supersaturation (Kohler, 1936). Formation of ice crystals in the presence of IN, on
the other hand, depends on the ice nucleation rate, which depends strongly on the
ambient temperature and composition of IN (Hobbs, 1993; Tabazadeh et al., 2002).
In ECHAM-HAMMOZ particles acting as IN are only considered to be mineral dust
and black carbon containing particles (Lohmann et al., 2007).

In-cloud impaction scavenging refers to a process where aerosol particles collide
with existing cloud droplets or ice crystals and stick to them. Thus, the aerosol
particles are removed from the interstitial air of the cloud and associated with cloud
droplets or ice crystals (Chate et al., 2003; Ladino et al., 2011). The rate of removal
of aerosol particles, in in-cloud impaction scavenging, can be described with coagu-
lation theory (Pruppacher and Klett, 1997).

Below-cloud scavenging is a process where precipitating rain droplets or snow
crystals collide with aerosol particles below the cloud. Below-cloud scavenging is
based on collision-coalescence process. Thus, the rate of removal of aerosol particles
in below-cloud scavenging depends mostly on the collection efficiency (product of
collision and coalescence efficiency) of rain droplets or snow crystals (Chate et al.,
2011). Further, the collection efficiency depends on aerosol and falling hydrometeor
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Figure 4.2: A schematic representation of the wet removal processes.

size distribution (Bergman et al., 2012). Below-cloud scavenging has been found to
be inefficient in contributing to mass deposition budgets when compared to in-cloud
scavenging (Croft et al., 2009, 2010; Flossmann and Wobrock, 2010).

In current global aerosol-climate models, scavenging coefficients for in-cloud
processes are often prescribed and thus more accurate parametrizations for wet re-
moval are needed. Originally, in ECHAM-HAMMOZ with SALSA size distribution
representation, the change in certain aerosol mixing ratio (in size bin i), C;, in time
t, due to in-cloud scavenging was calculated as

dac; ’ Qliqfliq Qicefice
— = FC;if¢ + , 4.1
dt : lf ( Cliq Cice @1)

where Q" and Q™ are the total conversion rates of water and ice to precipitation,
f'7 and fi¢ are the liquid water and ice fractions, f¢ is the cloud fraction, Clig and
Cic refer to the cloud liquid and ice water mixing ratios and F; is the scavenging co-
efficient for size bin i including both in-cloud nucleation and impaction scavenging
(Croft et al., 2010). These scavenging fractions, including values for stratiform and
convective clouds with different phases, were prescribed and based on the work
by Stier et al. (2005) (Bergman et al., 2012; Stier et al., 2005). Even though using
fixed scavenging coefficients might give reasonable results, they have limitations in
taking into account the aerosol composition and updrafts leading to cloud droplet
activation in wet deposition calculations and thus more physical parametrizations
are needed to properly describe the transport of aerosol species to remote regions
(Croft et al., 2010). In Paper II a more physical parametrization for sectional aerosol
modules was developed in terms of in-cloud nucleation and impaction scavenging.

For in-cloud nucleation scavenging, the parametrization was based on activa-
tion of aerosol particles to cloud droplets and ice nucleation rates to calculate the
scavenging fractions for different aerosol compounds. For liquid clouds, the cloud
activation parametrization scheme, developed by Abdul-Razzak and Ghan (2002),
was used to calculate the size segregated cloud activation of aerosol particles. The
activation scheme calculates the online fractions of activated particles which were
used to define the scavenging coefficients, F; ;. 15, in liquid cloud case for each size
bin i. The activated fraction for number, n;, and mass, m;, for each size bin i are
defined by calculating the maximum supersaturation, Syqy, of the air parcel. The
maximum supersaturation is then compared to the lower, S;;, and upper, S; ,, crit-
ical supersaturation bounds in each aerosol size bin. Thus, the number and mass
fraction activated in each size bin are
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where 7;,,,, is the dry aerosol particle radius corresponding to Syx, and r;; and
r;, are the aerosol particle radii corresponding to S;; and S; ,,, respectively (Abdul-
Razzak and Ghan, 2002).

The original activation scheme in ECHAM-HAMMOZ calculates the fraction
of activated particles by considering only the volume of the soluble substance in
the particle and thus neglecting any insoluble material volume (Abdul-Razzak and
Ghan, 2002). The critical supersaturation, which is used in defining the maximum
supersaturation, is dependent on the particle size. The original activation scheme
assumed a new particle, defined from the soluble volume, for which the critical su-
persaturation was calculated. The assumption is usually good, as most particles in
CCN size range contain large fraction of soluble material, but becomes problematic
when the fraction of insoluble material in the particle is large. A schematic represen-
tation of the original assumption when the fraction of the insoluble material is large
is presented in Fig. 4.3. Thus, in Paper II, the calculations for the activation were
modified to account for the insoluble core of the particles according to technical
report by Kokkola et al. (2008).

For ice cloud case, in Paper II, the nucleation rate was assumed to be a surface-
based process as suggested by Tabazadeh et al. (2002). Thus, the scavenging coeffi-
cients for ice clouds were calculated by

s; AICNC
Pi,nuc,ice = ﬁ .’ (4.2)
171 !

where AICNC is the ice crystal number concentration (ICNC) obtained from the
host model ice cloud activation scheme, n; is the number concentration in size bin i
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and s; are the surface area concentration of size bin i.

For in-cloud impaction scavenging, the parametrization used wet aerosol size
and cloud droplet radii to calculate the removal rate and the method was based on
modal aerosol size distribution representation described by Croft et al. (2010). In
Paper II, this was done by approximating each size bin using a log-normal mode
in the calculations of scavenging coefficients for liquid cloud case, F; 1, and ice
cloud case, F; jip,ice-

When including the more physical scavenging coefficients to account for the in-
cloud nucleation and impaction scavenging, Eq. 4.1 expands to the form

dci _ cl
ﬁ - le

(Fi,nuc,liq + Fi,imp,liq) Qliqfliq (lenuclicg + Fi,imp,ice) Qicefice
+ . (4.3)
Cliq Cice
In Paper II the newly-developed in-cloud wet deposition scheme was tested with
ECHAM-HAMMOZ using SALSA size distribution representation by comparing to
the pre-existing calculation method. In addition, the sensitivity of the simulated
aerosol concentrations to aging, mixing and emission sizes was tested.

4.3 BIOGENIC SOA

Biogenic SOA can affect clouds by affecting the growth of particles to CCN sizes
as well as radiative effects trough aerosol-radiation and aerosol-cloud interactions.
Thus, one major contributor to inaccuracies in estimating the RF and clouds, in
global aerosol-climate models, stem from the description of sources, sinks, and at-
mospheric processing of biogenic SOA (Sporre et al., 2020; Tsigaridis et al., 2014).
For example, when comparing different global aerosol-climate models, there can be
large differences in chemical production of SOA and total organic aerosol sources
(Tsigaridis et al., 2014). Large differences in production of SOA can further cause
large difference in direct radiative effects between models (Sporre et al., 2020). Many
of the models struggle to properly describe atmospheric processing, sources and
sinks of SOA, and especially, with respect to sources of biogenic SOA, more research
is needed to properly evaluate the effects of SOA to atmosphere.

Biogenic sources, such as trees and plants, emit carbon containing molecules,
biogenic VOCs, to gaseous phase (Guenther et al., 2012). Plants and trees emit
biogenic VOCs constantly, but the emissions usually increase when the plants and
trees are attacked by insects (Kigathi et al., 2019). Thus, VOCs are also important for
the plants defense and communication mechanisms (Materi¢ et al., 2015; Sharkey
and Yeh, 2001). Terrestrial vegetation emits VOCs as a mean to protect them from
high temperatures and herbivores, to attract pollinators, and to even communicate
with each other (Materi¢ et al., 2015; Proffit et al., 2020; Runyon et al., 2006). In
the atmosphere, some of the VOCs are oxidized by OH radical, ozone, and NO;
almost immediately after emission to form less volatile compounds. The less volatile
compounds can form biogenic SOA particles through gas-to-particle partitioning of
the oxidation products (Faiola and Taipale, 2020; Hallquist et al., 2009; Jimenez et al.,
2009). The whole chemical transformation of these primary biogenic VOC emissions
to biogenic SOA particles is a complicated process including gas-phase oxidation
and multiphase ageing reactions (Hallquist et al., 2009). Thus, implementing the
whole chemical process to global aerosol-climate models becomes fairly complex.
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Biogenic VOC emissions in ECHAM-HAMMOZ are calculated using informa-
tion from the Model of Emissions of Gases and Aerosols from Nature (MEGAN)
version 2.1. In ECHAM-HAMMOZ, the whole land area of the Earth is divided into
16 different terrestrial types which are defined as plant functional types (PFTs), and
they include bare soil, different tree types, shrubs, grass types, and crop. For differ-
ent biogenic VOCs, MEGAN provides average emission factors (EFs), which can be
used with PFTs to calculate the total emission of each VOC in ECHAM-HAMMOZ
(Guenther et al., 2012; Henrot et al., 2017). In the model, the volatility basis set
(VBS) approach is used to treat the different organic compounds involved in SOA
formation (Koo et al., 2014). After the treatment, the gas-to-aerosol partitioning of
both SOA and POA is calculated in the model.

ECHAM-HAMMOZ, with the SALSA aerosol size distribution representation,
uses a simple VBS approach to calculate the biogenic SOA formation from bio-
genic monoterpene and isoprene (the main VOCs emitted by trees) emissions (Don-
ahue et al., 2006; Sporre et al., 2020). In the VBS approach, the individual organic
compounds in gas phase are categorized according to their volatilities, which are
represented with the saturation concentration coefficient, C*. The value for the sat-
uration concentration coefficient for each volatility bin is prescribed for a reference
temperature of 298.15 K and the temperature dependence is calculated, when the
gas phase SOA precursor physical properties and concentrations are known, using
the Clausius-Clapeyron equation. The temperature-dependent saturation concen-
tration coefficient is further used for the precursor gas partitioning to each size bin
in SALSA (Stadtler et al., 2018).

When trees experience stress, their optimal living conditions are altered and thus
the spectrum and rate of biogenic VOC emissions are altered (Faiola and Taipale,
2020; Holopainen and Gershenzon, 2010). Different stress factors can be abiotic or
biotic. Abiotic stress factors are caused by non-living stressors and they include light
and heat, drought, soil salinity, and cold (He et al., 2018). Biotic stress factors, on the
other hand, are caused by living stressors such as pathogens and insect herbivory
(Faiola and Taipale, 2020; Zhao et al., 2017). Especially, biotic stress factors, such
as insect herbivory, can enhance the VOC emissions of the trees and thus induce
increased SOA formation (Faiola and Taipale, 2020; Taipale et al., 2021). A schematic
representation of how biotic stress increases VOC emissions which in turn enhances
the SOA formation and thus affects clouds and direct radiative effects is presented
in Fig 4.4.

Biotic stressors can have a huge effect on the amount and size of formed SOA
from biogenic VOC emissions (Joutsensaari et al., 2015; Taipale et al., 2021). How-
ever, the biotic stress factors, especially insect herbivory, have not been studied
extensively in global aerosol-climate models (Faiola and Taipale, 2020). Thus, to
achieve more knowledge about how biotic stress affects SOA, clouds, and radia-
tive effects, in Paper III, ECHAM-HAMMOZ with SALSA was used to simulate the
effects of insect herbivore infestation in boreal trees.

In Paper III, the description of needleleaf evergreen boreal and broadleaf decid-
uous boreal trees, represented as PFTs, including their monoterpene EFs, was modi-
fied to account for different biotic stress percentages caused by insect herbivory. This
was done by increasing the percentage of the stressed trees and using EFs, obtained
from several observation based studies, in calculating the VOC emissions. Only
monoterpene EFs were studied as they were readily available from other studies
and since they are a major contributor to biogenic SOA especially in boreal region
(Faiola and Taipale, 2020; Hakola et al., 2006; Rinne et al., 2009). The modified
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Figure 4.4: A schematic representation of how biotic stress affects VOC emissions
from trees and thus formed biogenic SOA, clouds and direct radiative effects.

PFTs and EFs were used in ECHAM-HAMMOZ simulations to study the effects of
biotic stress affected VOCs to atmosphere in terms of SOA burden, CDNC and top-
of-atmosphere (TOA) clear-sky (without including clouds) and all-sky (including
clouds) RF,;.
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Overview of the key results

In this chapter, the main findings of this work are presented. First, the capability
of E-AIM to capture the measured hygroscopic growth of dimethylamine, sulfuric
acid and ammonia containing particles in process-scale will be discussed. Next,
the differences between pre-existing and newly-developed wet removal schemes,
in ECHAM-HAMMOZ global aerosol-climate model, as well as the sensitivity of
the newly-developed scheme to changes in BC emissions and particle aging will
be discussed in global-scale. Finally, the atmospheric effects of increased biogenic
SOA formation due to biotic stress to boreal trees will be discussed in terms of SOA
formation, clouds and radiative effects in global-scale.

5.1 EVALUATING HYGROSCOPICITY SIMULATED WITH THERMO-
DYNAMIC EQUILIBRIUM MODEL

Amines are derivatives of ammonia and they are present in the atmosphere in
gaseous and particulate phase. Dimethylamine (DMA) is one of the most abundant
atmospheric amines and it has been found that DMA can be present during NPF
event and during subsequent particle growth (Mékeld et al., 2001). Especially, DMA
can be an important stabilizing base for sulfuric acid and even a slight amount of
gaseous DMA can enhance nucleation rates massively compared to pure ammonia
(Almeida et al., 2013; Kiirten et al., 2014). Thus, it is evident that proper thermo-
dynamic models are needed to validate DMA thermodynamic properties to further
include them in for example global-scale models (Bergman et al., 2015). In Paper I,
E-AIM was used to compare the modelled hygroscopic growth of DMA containing
particles to measured values, to test the applicability of E-AIM in terms of amine
thermodynamic properties.

The measurements were conducted in laboratory environment using nano hygro-
scopicity tandem differential mobility analyzer (HTDMA) and aerosol mass spec-
trometer (AMS). In the measurements, aerosol particles were atomized from five
different DMA, sulphuric acid (SA) and water containing solutions. Solutions were
prepared by mixing different molar amounts of DMA and SA with deionized wa-
ter to reduce impurities. The molar ratios of these five DMA-SA solutions were
1:3, 1:2, 1:1, 3:2 and 2:1 and they were referred to as nominal molar ratios. From
the aqueous solutions, aerosol particles were atomized using a conventional aerosol
nebulizer to generate polydisperse aerosol population. The population was guided
to the HTDMA which selected nearly monodisperse aerosol population from the
polydisperse population. The monodisperse dry aerosol particles were exposed to
certain RH and the particle size for the exposed population was determined. The
analysis, in Paper I, focused on evaluating the modelled hygroscopic growth as
a function of RH and hygroscopicity parameter as a function of particle diameter
against those of measured values. The hygroscopic growth for the aerosol popu-
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