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Modelling studies on the effect of aerosols and cloud microphysics on cloud and fog
properties
Zubair Maalick
University of Eastern Finland, 2017
Abstract
Atmospheric aerosol particles influence the Earth’s climate either directly by scattering and
absorbing incoming solar radiation, or indirectly by influencing cloud properties. According
to our current understanding, anthropogenic aerosols induce a cooling effect on the Earth's
climate, but estimates of the effect's magnitude are very uncertain. To reduce this
uncertainty, it is important to gain more knowledge on how aerosols affect cloud properties,
and how cloud processing feeds back into aerosol properties.
In this thesis, the high-resolution large eddy model UCLALES is used as main tool to
simulate atmospheric dynamics. Aerosol processes are represented in UCLALES using the
sectional aerosol module SALSA. The aerosol module SALSA was further developed to
cover cloud droplets and precipitation with a sectional representation. With this tool, it is
possible to study the aerosol effect on cloud and fog properties in different atmospheric
conditions in more detail than before.
In this thesis, the developed model is employed to address different research questions. It
has been suggested that marine cloud brightening (MCB) is an efficient and cost effective
geoengineering solution to counteract climate warming. Here, it is shown that the efficacy
of the method has previously been overestimated. By accounting for all of the different
microphysical processes affecting aerosol particles, the aerosol dispersion in the boundary
layer was found to be less efficient than expected, and thus, the proposed emission fluxes
need to be re-estimated. The effect of aerosols on radiation fogs was also simulated, and it
was found that aerosols, as cloud condensation nuclei (CCN), have a significant effect on
the radiation fog life cycle. This effect was significantly enhanced by positive feedback
mechanisms. Beyond radiation fog, the skill of UCLALES-SALSA in simulating the
dynamics of marine stratocumulus clouds and their dependence on aerosols was
demonstrated. As a last topic, another large eddy model, PALM, was employed together
with a cloud parcel model to simulate how the surface topography affects cloud droplet
formation in low altitude clouds. These simulations were performed for the measurement
station at Puijo tower, which lies on top of Puijo hill. Simulations show that the high
orographic updrafts on the slopes of the hill can cause the in-cloud formation of droplets,
leading to a bi-modal cloud droplet distribution.
The results in this thesis demonstrate the importance of using detailed aerosol representation
in cloud-resolving models when aiming to understand cloud-aerosol interactions. It is shown
that, in order to reduce the uncertainties associated with aerosol-cloud interactions, not only
a detailed understanding of how aerosol affects clouds is required, but an understanding of
the associated feedback mechanisms is essential as well.
Keywords: aerosol-cloud interaction, large eddy model, microphysics, radiation fog.
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1. Introduction
The atmospheric boundary layer (ABL) is the part of the atmosphere in which the effects of
the Earth's surface on the atmosphere are directly felt, on time scales of less than a day (Stull,
1988). Many of the atmospheric phenomena we experience in our daily lives are special
characteristics of the ABL, and cannot be experienced in the upper part of the atmosphere. The
thickness of the ABL ranges from 10 m to 3000 m depending on the geographical location,
season and time of day. An interesting feature of the ABL is the presence of clouds, which not
only participate in the hydrological cycle (Seinfeld and Pandis, 2006), but also strongly affect
the Earth’s radiation budget. They exert a cooling influence on the Earth’s atmosphere by
reflecting incoming short wave (SW) radiation back into space, but also absorb and re-emit
outgoing longwave (LW) radiation, causing warming. The radiative properties of clouds
depend mainly on their thickness and location in the atmosphere, but also on their
microphysical properties. Another important aspect of the ABL environment is the presence of
turbulence, formed of different sized eddies that interact with each other. Eddies form when
thermals of warm air rise due to surface heating, cold air sinks due to radiative cooling, or
simply due to the interaction between wind and surface (Stull, 1988). The top of the ABL is
commonly determined by a sharp increase in temperature (creating a so-called inversion),
which separates the mixed layer from the so-called free atmosphere. This layer traps
turbulence, pollutants, and moisture below it, and prevents most of the surface friction from
being felt by the free atmosphere. Turbulence in the ABL affects the exchange of heat, mass,
and momentum at the surface, and thereby plays a major role in modulating the weather
(temperature, humidity, wind strength, air quality, etc.).
An aerosol is a mixture of gases and microscopic solid or liquid particles floating in the
atmosphere (Hinds, 1999). These particles are present in a multitude of forms and sizes, and
originate from various sources. The size of atmospheric aerosol particles ranges from very
small molecular clusters of 1-2 nanometres (nm, 10-9m) up to ~10 micrometres (μm, 10-6m).
The concentration of aerosol particles in the atmosphere also varies between different regions
and seasons. In a very clean environment, like the polar regions, aerosols are present in
concentrations as low as a few tens of particles per cm3 (Väänänen et al., 2013; Järvinen et al.,
2013). On the other extreme, aerosol concentrations in highly polluted metropolitan/industrial
cities can exceed 105 particles per cm3 (Wu et al., 2008; Mönkkönen et al., 2005). Globally,
the most abundant aerosol chemical components are sulphates, nitrates, black carbon, organic
carbon, sea-salt and mineral dust. Atmospheric aerosols affect human health (Holland et al.,
2005), climate (IPCC, 2013) and visibility (Chang et al., 2007).
The atmospheric lifetime of aerosols spans from a few hours to a few weeks (Williams et al.,
2002) and during that time, they undergo various microphysical and chemical processes, which
continuously change their properties. From the point of view of affecting the climate, it is
attributed that aerosols alter the global radiation budget (Haywood et al., 2009; Forster et al.,
2007), either directly, through aerosol-radiation interaction (ARI), or indirectly through
aerosol-cloud interaction (ACI), where aerosols modify the cloud droplet number
9

concentration by acting as a cloud condensation nuclei (CCN), a seed for droplet formation
(IPCC, 2013). The net contribution of anthropogenic aerosols, including both ARI and ACI, to
radiative forcing is negative. However, absorbing aerosols like black carbon heat the
atmosphere locally by absorbing shortwave radiation, thus making a positive contribution to
radiative forcing (Bond et al., 2013). As the properties of clouds and aerosols are extremely
variable both in space and time, it is difficult to estimate the magnitude of the aerosol effect on
climate, especially regionally.
The uncertainties in the estimation of aerosol-induced radiative forcing can be reduced by
integrating data from different platforms (ground-based networks, satellite, aircraft, etc.) and
techniques (in-situ measurement, remote sensing, and numerical modelling) (Penner et al.,
1994; Heintzenberg et al, 1996; Diner et al., 2004). According to the current estimates, the
greatest uncertainties in understanding the current climate change trends are around the role of
ACI. The understanding of ACI has increased in recent years, but it is still inadequate, because
of the large range of scales on which the different processes involved take place. In order to
increase our understanding of ACI, different measurement and modelling techniques are
needed to address these different scales, which makes it more difficult to study the entity of
ACI as a whole (Seinfeld et al., 2016). However, the improvement of the observational tools
and numerical models is an ongoing process. Representing ACI in numerical models is
challenging, because processes acting on small scales have large-scale consequences, such as
changes in cloud cover and cloud organisation. Global models, which have low spatial
resolutions, are unable to resolve ABL dynamics or clouds at small scales. Increases in model
resolution are limited by the availability of computational resources. Explicit numerical
simulations of these processes, even at the scale of entire clouds or multi-cloud systems, require
hundreds of hours on the most powerful computers available. Therefore, modellers have to
resort to simple parametric representations of these processes in large-scale atmospheric
models.
One approach to overcome these limitations has been to run a global climate model with a high
resolution (e.g. 3.5 km has been used by Tomita et al., 2005) for a short period of time, so that
the largest convective clouds could be represented also on the global scale (Putman and Suarez,
2011). However, due to the high computational demand involved, such climate simulations are
not feasible. Another approach is “super parameterization”, where a cloud-resolving model
(CRM) is embedded into each cell of a large-scale model as a compromise between process
level and global-level models (Randall and khairoutdinov, 2003; Grabowski and
Smolarkiewicz, 1999; Tao et al., 2009). This has been successful in getting reliable results
(Pritchard and Somerville, 2010; DeMott et al., 2011). Both of the above-mentioned
approaches provide a platform to study cloud-resolved circulation at the global level, but still
lack the ability to resolve cloud processes which, sometimes, require resolutions as high as a
few metres. Meso- or regional scale models with high resolutions, starting from tens of
kilometres, can also resolve ABL clouds. With the help of such high-resolution models, it is
possible to study ACI under idealised conditions or with known boundary conditions. Such
high-resolution models have been very successful in understanding cloud processes, turbulent
mixing, convection, meso-scale circulation and precipitation and aerosol-cloud interactions
(e.g. Rosenfeld et al., 2014). In particular, the large eddy simulation (LES) models, with their
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ability to simulate turbulence and cloud systems at a high resolution, have proved to be a useful
tool in studying the different types of clouds and their sensitivity to different meteorological
conditions (Stevens et al., 2005; Ackerman et al., 2009; Stevens and Seifert, 2008; Seifert et
al., 2015) and also to aerosols (Jenkins et al. 2013a; Xue and Feingold 2006). Such models
cannot provide us with quantitative global estimates of radiative forcing, but can provide
realistic insight into the magnitude of the effect of small-scale interactions (IPCC 2013).
In this thesis, the importance of representing aerosols and cloud microphysics in a cloud scale
model, to study ACI, is discussed.
The key objectives of this thesis are:
 To develop a high resolution LES model with realistic aerosol representation to study
the microphysics of aerosol-cloud interactions, and to employ the model to demonstrate
the importance of microphysical processes on cloud dynamics.
 To study the dispersion of sea-salt particles from artificially injected sea spray in order
to understand how different aerosol processes affect particle dispersion in a marine
environment. This will help us to assess the efficacy of a geoengineering technique
called “marine cloud brightening (MCB)”.
 To quantify the role of aerosols in the radiation fog life cycle. It is hypothesised that
aerosols are the main reason for the observed decline in fog events in Europe over the
last two decades. To test this hypothesis, the sensitivity of radiation fog to changes in
aerosol concentration and radiative properties is explored.
 To assess in detail how aerosol particles activate into cloud droplets both in stratus
clouds and in radiation fogs.
We implement aerosol microphysics in the LES model UCLALES (The University of
California, Los Angeles – Large Eddy Simulation, Stevens et al., 2005), which is specifically
designed to study boundary layer processes. To represent aerosols in UCLALES, we used the
already existing aerosol module SALSA (Sectional Aerosol module for Large Scale
Applications, Kokkola et al., 2008) and during the thesis, we extended SALSA to also cover
cloud microphysics. The new UCLALES-SALSA allows us to study ACI and ARI at a cloud
resolving scale, with a resolution as high as a few metres. This thesis is organised as follows:
Section 2 discusses clouds and fog formation in detail. Further, ACI and ARI are also discussed
in this section. Section 3 contains a description of the main aerosol microphysical processes.
An overview of the modelling tools used in this thesis can be found in Section 4. Section 5
discusses the application of the models and the results obtained. Conclusions and final remarks
are discussed in Section 6. A brief review of papers and author's contribution are both given in
Section 7.
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2. Aerosol effect on climate
From the climatic point of view, the importance of aerosols is based on their ability to affect
atmospheric radiation transfer. Contrary to greenhouse gases (GHG), aerosols induce an overall
cooling effect. However, the aerosol effect on climate is still poorly quantified, because the
estimations of radiative forcing vary greatly from observations to models, and even between
different models. Unlike most GHGs, atmospheric aerosols are short-lived, and thus their
concentrations vary a lot both spatially and temporally, with a strong dependence on the
distance from the emission sources. Such a large variability in conditions also hinders the
observational and modelling studies of the effect of aerosols on climate. This section provides
background information on aerosol interaction with radiation, clouds and fogs, which is
necessary to understand how aerosols affect atmospheric radiative transfer.

2.1. Aerosol cloud interaction
A cloud forms from a population of small water droplets or ice crystals suspended in the
atmosphere. Clouds, which cover around 2/3 of the Earth’s surface (on an annual average),
play a major role in maintaining the Earth’s radiative balance. They take part in the
hydrological cycle, the vertical transport of energy and chemical species, the removal of gases
and particles from the atmosphere (wet deposition), and act as medium for aqueous phase
chemical reactions (Seinfeld and Pandis, 2006). Clouds can be classified into different types
depending on the region in which they form, their altitude, and their structure (Jacobson, 2005).
The thread-like, hairy cirrus clouds are formed in the upper part of the troposphere (5 - 14 km).
Due to the cold temperatures, they are usually formed of ice crystals. Cumulus clouds are dense
clouds with visually sharp edges, with a cloud base as low as 500 m, and with a highly variable
vertical extent – from less than 1 km up to several kilometres. These towering clouds are called
cumulus congestus. They normally form due to surface-induced convection in warm
conditions. These clouds can grow to even larger sizes, reaching the tropopause and forming
cumulonimbus (thunderstorm) clouds. Beyond cumulus, another important ABL cloud type is
the stratocumulus cloud. Stratocumulus clouds usually form quite uniform cloud decks with a
high cloud coverage. They are commonly found at very low levels (less than 2000 m), and
especially in marine environments. In addition, different uniform stratus clouds can also be
found and, depending on their altitude, named altostratus, nimbostratus, or cirrostratus clouds.
Fogs and mists also contain cloud droplets, but they are not classified as clouds because of their
own characteristics and formation mechanisms close to the surface (Jacobson, 2005).
In the atmosphere, water vapour needs aerosol particles to condense on in order to form cloud
droplets. With a constant amount of water vapour and under the same meteorological
conditions (temperature and relative humidity), an increase in aerosol loading would result in
more, but smaller, cloud droplets. This increase in the cloud droplet number concentration
(CDNC) increases the cloud albedo, which causes the cloud to reflect more solar radiation back
into space (Fig. 1). This effect is known as the first aerosol indirect effect or “Twomey effect”
(Twomey, 1977). A decrease in initial cloud droplet size can also delay precipitation formation,
12

because the droplets need to exceed a certain size in order to initiate precipitation. This delay
in precipitation results in an increase in the vertical growth and lifetime of the cloud, and has
been termed the second indirect effect or “Albrecht effect” (Albrecht, 1989). In addition,
aerosols may absorb solar radiation and warm the surrounding air, which leads to the
evaporation of cloud droplets (without directly participating in cloud microphysics). This is
called the “semi direct” effect.

Figure 1: A schematic representation of both the Twomey and Albrecht effects, showing how
a polluted cloud is optically brighter and has a longer lifetime due to delayed precipitation.

Radiative forcing (RF) is defined as the instantaneous change in the Earth's radiative flux due
to a perturbation in the atmospheric state, e.g., due to a change in greenhouse gas or aerosol
concentration (usually compared to pre-industrial conditions). The effective radiative forcing
(ERF) additionally accounts for so-called rapid adjustments, which include changes in cloud
cover (Boucher et al., 2013). The ERF can be used as a metric when the magnitudes of different
anthropogenic forcings are estimated. The ERF due to ACI is estimated to be negative, most
likely between -1.2 Wm-2 and 0.0 Wm-2, with the best estimate of -0.45 Wm-2 (Fig. 2). This
high level of uncertainty is due to the large variability between the estimates from
measurements and modelling studies, and within different models. Recent cloud scale
modelling studies have suggested much lower estimates than global models, which suffer from
low resolution (IPCC, 2013). The growing work in fine-scale process modelling, regional scale
modelling, and increasing the internal consistency in global models, has led to a better
understanding of cloud systems and ACI (IPCC, 2013; Rosenfeld et al., 2014; Bony et al.,
2015), but further study of the microphysical processes and their different feedback
mechanisms is still crucial for better constraining the RF estimates.
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Knowing the exact magnitude of the cooling effect induced by aerosols is of broad interest; not
only because it affects the estimates of climate sensitivity from anthropogenic forcing, but also
because it can be viewed as a means to prevent or slow down the warming due to increased
GHG concentrations in the future. In response to air quality policies, aerosol emission has
decreased in developed countries over the past three decades. However, an increase in aerosol
emissions has been observed in other areas, especially in Asia (Lu et al., 2011; Kühn et al.,
2014). The impact of these changes on the global mean temperature is thought to be small, but
it has been argued that a decrease in anthropogenic emissions would suppress the cooling
effect, and the warming effect of GHGs would become more dominant.

Figure 2: Global mean positive and negative radiative forcings between 1750 and 2011.
Estimates of ACI and ARI, highlighted by a red circle (IPCC, 2013).

2.2. Radiation fog
The phenomenon of fog might not be considered as an extreme weather event like storms or
tornadoes, or not climatically as important as clouds, but it has a significant effect on daily
human life. Fog creates situations where our transportation systems on roads, rails, sea, and air
become more vulnerable, requiring specific safety measures to prevent accidents, which lead
to delays or cancellations. Financial cost and human loss related to fog events is estimated to
be comparable to tornados and storms (Gultepe et al., 2007). Around 35% of all weather-related
accidents in the civil aviation sector in the US are attributed to fog events (Herzegh et al.,
2004). These cause 168 fatal casualties per year on average.
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Fog is defined as a collection of suspended water droplets or ice crystals near the Earth’s
surface that leads to the reduction of horizontal visibility below 1 km. If the visibility exceeds
1 km, it is classified as mist (Hinds, 1999). There are many different types of fog, which are
usually named based on their formation mechanisms. Fog types include radiation fog,
advection fog, sea smog, valley fog, etc. In this thesis, we concentrate on radiation fog, which
is relatively easy to model with large eddy models, because there is no large scale advection
needed to describe the fog formation (Paper II, Paper III). The radiation fog life cycle can be
divided into three phases: onset, vertical development and dissipation (Fig. 3, Nakanishi, 1999).
Radiation fog formation is primarily controlled by the cooling of moist air through longwave
radiation and the vertical mixing of heat and moisture, which includes interaction with the land
surface. After formation, the development of fog is influenced by longwave cooling and
turbulence entrainment-detrainment at the top of the fog, and microphysical processes such as
droplet formation and sedimentation. Finally, radiation fog dissipation is driven by shortwave
warming of the air and surface, which leads to droplet evaporation both directly and through
turbulent mixing.

Figure 3: Radiation fog life cycle. The fog is forms and grows vertically during the night, due
to radiative cooling of the surface and fog top. The liquid water content in the fog is controlled
by droplet sedimentation, and thus, the fog droplet number concentration. After sunrise, the
fog starts dissipating due to solar warming of the air and surface, which leads to mixing.

In a similar way as in clouds, aerosol particles act as CCN during the radiation fog life cycle,
and have a strong impact on droplet concentrations (Bott et al., 1990; Zhang et al., 2014; Stolaki
et al., 2015; Paper II). As a higher droplet number concentration means smaller droplet size,
an increase in CCN concentration also affects sedimentation and, thus, changes the liquid water
content of the fog. Thus, the initial CCN concentration is a key parameter in fog development
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(Paper II). During the day, absorbing aerosols, such as BC, can warm the air near to the upper
layers of the fog, which can lead to the earlier dissipation of the fog (Paper II).
The influence that aerosols have on fog through different microphysical processes is recognised
as substantial, but poorly understood in many ways (Gultepe et al., 2007). This is due to the
very complicated interactions between aerosol particles, fog droplets, and surface meteorology.
Over the last few decades, a clear decrease has been observed in fog occurrence throughout
Central Europe (Vautard et al., 2009). This has occurred together with improved air quality due
to a decreasing trend in sulphur emissions (e.g. Giulianelli et al., 2014). This improvement in
air quality is important also from a climatic point of view, as 10-20% of Europe's daytime
warming during the mentioned period had been attributed to this reduced frequency in low
visibility conditions (Vautard et al., 2009). However, the hypothesis that improvements in air
quality have caused the simultaneous reduction in low-visibility (fog) events remains to be
verified. This is because so far all of the modelling efforts conducted have lacked several
important mechanisms affecting the aerosol-radiation and fog-atmosphere interactions.

2.3. Aerosol-radiation interaction
Atmospheric aerosols can affect the radiative flux by scattering and absorbing radiation (Myhre
et al., 2013). Cooling is associated with scattering, and is efficient for aerosol particles with
diameters close to the wavelength of visible light (Seinfeld and Pendis, 2006). Absorption
produces the opposite effect, i.e. atmospheric warming, and is efficient for all particle sizes.
Scattering and absorption are more efficient with incoming shortwave radiation, but large
particles, such as dust, also have the ability to influence longwave radiation, although to a lesser
extent than clouds or GHGs (Ramanathan and Feng, 2009). Apart from the properties of
aerosols, surface properties also strengthen (or weaken) the magnitude of ARI. On reflective
or bright surfaces, the cooling effect of aerosol light scattering is usually weaker than over dark
surfaces, and vice versa for absorbing particles.
In contrast with the relatively simpler role of scattering aerosols in the atmosphere, absorbing
aerosols affect the climate in multiple and opposite ways. Black carbon (BC), dust and brown
carbon are the major absorbing aerosol compounds in the atmosphere (Stier et al., 2007). In
this thesis, we have studied only the role of BC as an absorbing aerosol, because BC is the most
effective absorbing aerosol compound found in the atmosphere (Ramanathan and Carmichael,
2008). The influence of BC on climate is three-fold. First, BC absorbs incoming or reflected
(e.g. from snow or clouds) solar radiation, thus warming its surroundings, which can alter the
vertical temperature profile, and thus the hydrological cycle near the surface (Bond et al.,
2013). Second, the warming due to BC light absorption inside or in the vicinity of clouds or
fog layers leads to the evaporation of cloud or fog droplets, causing the semi-direct effect
(Paper II, Bond et al., 2013). Third, the deposition of BC on reflective surfaces, such as ice or
snow, decreases the surface albedo and thus, the amount of reflected light. Furthermore, as
darker surfaces absorb more light, deposited BC speeds up ice and snow melt (Law and Stohl,
2007; Ramanathan and Garmichael, 2008; Sand et al., 2013). The ERF due to increased
atmospheric BC concentrations from 1750 to 2011 is estimated to be +0.40 (+0.05 to +0.80)
16

Wm-2 (Stocker et al., 2013). Hence, atmospheric BC reduces the negative forcing produced by
scattering aerosols. Paper II focuses on the semi-direct effect of BC on radiation fog.
As shown in Fig. 2, the net contribution by ARI to RF is cooling, and it is estimated to be −0.45
Wm-2 with an uncertainty range from -0.95 to 0.05 Wm-2 (Boucher al., 2013). Since there is a
large spatial and temporal variation in aerosol properties, the global climate effect of ARI is
difficult to assess. Regional forcing has been comparatively well understood, but varies greatly
in different regions and in different seasons. Under cloud-free conditions above the ocean, an
estimate of RF is negative, but over the polar regions, positive radiative forcing has been
observed (Boucher et al., 2013).

2.4. Marine cloud brightening
The increase in anthropogenic greenhouse gas emissions is considered the main reason for the
observed global warming. The need for an emission cut has been acknowledged, but due to the
slow progress in the reversal of such emission trends, research communities are now looking
for other alternatives. Observed negative radiative forcing by the aerosols from volcanic
eruptions and observations of ship tracks over oceans gave birth to the idea of controlling or
counteracting the effect of GHGs by deliberately increasing aerosol concentrations in the
atmosphere, thereby increasing the planetary reflectivity. Such geoengineering methods to
counteract global warming through aerosols are termed solar radiation management (SRM)
(Shepherd et al., 2009). As of now, these techniques are just proposals and not yet being
implemented on a larger scale (Vaughan and Lenton, 2011), but are considered as a potential
tool to deal with the current climate change challenge (Irvine et al., 2016; Irvine et al., 2014;
Applegate and Keller, 2015). Due to the high coverage and easy accessibility of boundary layer
clouds, methods proposing to increase the planetary reflectivity by increasing cloud albedo
(aerosol indirect effect) are of considerable interest. One such method, marine cloud
brightening (MCB), is considered to have the potential to counteract the warming effect of
anthropogenically increased greenhouse gas concentrations.
Stratocumulus clouds are the most dominant cloud type, and cover approximately one-fifth of
the Earth’s surface (annual mean). Around 80% of all stratocumulus clouds form over the
ocean’s surface, and they cover 23% of all ocean surfaces (Wood, 2012). Marine stratocumulus
clouds (MSC) form usually between 500 - 1000 m above the ocean surface, with a thickness
of a few hundred metres. MSC play a crucial role in the global climate system as they
effectively reflect the incoming solar radiation above the dark ocean surface, and have a very
small impact on the outgoing longwave radiation. Thus, the net radiative effect of MSCs is
negative. MSCs are usually characterised by low cloud droplet number concentrations
(CDNC). In marine environments, CDNCs in MSCs range from less than 10 cm-3 in extremely
clean conditions to nearly 50 cm-3 above remote oceans (tropic and subtropical regions). Near
coastal areas, CDNC is around 200 cm-3 or even higher (Wood, 2012). The low CDNC values
of MSC over the oceans makes them more sensitive to changes in aerosol concentrations than
in polluted conditions. The satellite images of ship tracks (Fig. 4) in some specific
meteorological conditions show an optical thickening of the clouds due to aerosol perturbations
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below the tracks. The aerosols emitted from the ships’ exhausts change the cloud properties
through both the Twomey effect and a delay in precipitation formation.
Latham (1990) proposed deliberately increasing the albedo of low level MSCs by injecting seasalt particles into the air. Offline calculations and global simulations (Latham et al., 2012;
Latham et al., 2008) showed that a 0.06 increase in cloud albedo could offset the warming
caused by a doubling of atmospheric CO2 (+3.7 Wm-2, Forster et al., 2007), which, using an

Figure 4: Ship tracks off North America (Photo credit: www.nasa.gov)

emission rate of 1.45 x 106 m-1 s-1, would be possible if a uniform CDNC of 375 cm-3 over
oceans could be achieved. To this end, Salter et al., (2008) proposed the introduction of a fleet
of unmanned wind-powered vessels that could inject sea-spray into the air. Since then, many
studies using cloud parcel models (Bower et al., 2006), climate models (Jones et al., 2012;
Partanen et al., 2012) and cloud resolving models (Jenkins et al., 2013a; Jenkins et al, 2013b;
Wang et al., 2011) have been conducted to test the efficacy of this method. However, in global
studies, uniform CDNC has been assumed, and in many studies the aerosol removal processes
were not included, leading to an overestimation of the achievable albedo change. Korhonen et
al., (2010) used a chemical transport model, which takes into account these aerosol processes,
and found that the injected particles may suppress the in-cloud supersaturation and prevent
existing aerosol particles from forming cloud droplets, thus decreasing the efficacy of the
method. Later studies showed that MCB is also sensitive to different regions and aerosol sizes
(Alterskjær and Kristjánsson, 2013; Alterskjær et al., 2013). Such results raised questions about
the efficacy of the proposed method, and established the importance of detailed aerosol
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description in the models (Korhonen et al., 2010; Jones and Haywood, 2012; Alterskjær and
Kristjánsson, 2013).
Aerosol injection and cloud processes typically occur at the scale of tens of metres and can
only be represented by cloud resolving models. Using a cloud-resolving model, Wang et al.,
(2011) introduced point source emissions with a similar emission rate as proposed by Salter et
al., (2008) at a horizontal resolution of 300 m, and concluded that aerosol-cloud interaction is
regime-dependent. In a non-precipitating polluted regime, they achieved a 0.02 increase in
cloud albedo and found it difficult to achieve the proposed increase of 0.06 in cloud albedo.
Furthermore, Jenkins et al., (2013b) used a large eddy simulation (LES) model and, for the first
time, also approximately simulated the liquid water in the injected sea spray. They found that,
with the inclusion of water, the aerosol plume height may be notably suppressed. All such
results lead to the current understanding that the first published MCB calculations were too
simple, and, in order to gain a detailed understanding of the efficacy of MCB, high resolution
studies are needed, which also incorporate cloud and aerosol processes as well as transport
phenomena.
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3. Aerosol Processes
The lifetime of aerosols in the atmospheric boundary layer (ABL) is short, spanning from a
few hours to a few weeks. New particles form (or are directly emitted) continuously in the
atmosphere, grow, and transform chemically before being removed from the atmosphere. This
section discusses the main aerosol microphysical processes that significantly affect the aerosols
themselves, and also their interaction with the atmosphere.
It is best to characterise aerosols by their population instead of individual particles, because the
particle number and properties are extremely variable in space and time. The aerosol size
distribution, chemical composition, and shape of the particles are the most important aerosol
characteristics. Aerosols are usually classified according to their size, diameter ‘dp’, into four
or five distinct modes, which usually follow lognormal distributions (Hewitt and Jackson,
2009). If five modes are used, the first one is the cluster mode, which consists of small clusters
of molecules with diameters less than 2 nm. The cluster mode is followed by the nucleation
mode, with particle sizes between 2 to 30 nm. The nucleation mode has the smallest mass
concentration, but can contain the highest number of particles. New particles form and grow
mainly through condensation in the nucleation mode. The particle number in the nucleation
mode can also decrease through coagulation with larger particles. The third mode is the Aitken
mode, which contains particles between 25 nm and 100 nm in diameter. These particles are
large enough to become climatically relevant in humid conditions, where they grow due to
water uptake. Next is the accumulation mode, with particle sizes ranging from 100 nm to 1 µm
(Seinfeld and Pandis, 2006). Aitken and accumulation modes are the most persistent in the
atmosphere because all removal processes are slow for particles around 100 nm. Particles in
the accumulation mode take part in cloud formation and also interact with shortwave (SW)
radiation directly. Aerosol particles greater than 1 µm belong to the coarse mode (Hewitt and
Jackson, 2009). The upper limit of this mode (normally considered to be 10 µm) is determined
by the gravitational force. The coarse mode contains particles like sea-salts, volcanic ash,
pollen, and mineral dust. Because of the large particle size, the coarse mode has a high aerosol
mass concentration, but due to efficient gravitational settling, the aerosol number concentration
is low.

3.1. Particle origin in the atmosphere
Aerosols are classified in several ways according to their source. The most common
classification of aerosols is into primary and secondary aerosols. Particles that are emitted
directly into the atmosphere as a result of wind friction, incomplete combustion, mechanical
processes or from volcanic eruptions are classified as primary aerosols. Secondary aerosols
form in the atmosphere from gas-phase species (aerosols precursors). These gas-phase species,
after undergoing chemical transformation, condense to form additional aerosol mass through
condensation, or to form new particles through nucleation. The second important classification
of aerosols according to their source is into natural and anthropogenic aerosols. Natural sources
contain aerosols that are emitted into the atmosphere from oceans, vegetation, fires and
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volcanoes. Aerosols that are emitted into the atmosphere as a result of human activity are
termed anthropogenic aerosols. Anthropogenic aerosols are emitted from sources like the
combustion of fossil fuel and biofuel, industrial activities, transportation, and cooking related
activities. Beyond these, there are also some other classifications of aerosols, such as urban,
marine or continental aerosols, tropospheric or stratospheric aerosols.
In marine environments, sea spray drops are released into the air from breaking waves and
related bubble-bursts, causing the particle flux to be wind dependent. Sea-salt particles are
coarse mode particles with dry sizes that typically range between 0.01 and 10 µm (Clarke et
al., 2003). Normally, the largest particles fall back into the water and therefore are not
climatically important. Some studies have also shown that very large particles, i.e. up to 17
µm, may participate in warm rain formation (Jensen and Lee, 2008). On continental surfaces,
wind friction causes dust particles to be lifted into the air. The amount of lifting depends on the
wind speed and particle mass. The main sources of dust particles on the global scale are deserts
and arid regions. Normally dust particles (or mineral dust particles) are larger than 1 µm in
diameter, and thus are predominantly coarse mode particles. Aerosol particles from volcanic
eruptions (also called volcanic ash) contain fragments of pulverised rocks and minerals of sizes
ranging from micrometres to millimetres. Volcanoes also emit sulphur rich gases (Sulphur
dioxide, SO2, and hydrogen sulphide, H2S) that oxidise in the atmosphere to form sulphate
aerosols. Depending on the intensity and altitude of the volcanic eruption, aerosol particles and
gases can be transported up to thousands of kilometres and, if they reach the stratosphere, they
can persist up to years. Other important primary and natural aerosols are biogenic aerosols.
They are comprised of plant and insect debris, pollen, spores, bacteria and viruses. These are
also coarse mode particles, with sizes up to hundreds of micrometres. Seawater may also
contain biogenic matter, which can also be transported into the atmosphere along with seasalts.
Biomass burning is the intentional burning of forests, woodlands and agricultural lands. Forest
fires are natural fires caused predominantly by lightning, but about 90% of fires involve
biomass burning (Jacobson, 2005). Emissions from biomass burning include CO2, CO, NOx,
CH4, non-methane hydrocarbon and organic particulate matter. The quantity and type of
emissions from biomass burning depends on the type of land and meteorological conditions,
like moisture content, ambient temperature, humidity and wind speed. Because of the presence
of absorbing aerosols, biomass emissions have a critical impact on the climate. It is thought
that not only do biomass emissions have a direct effect on the climate by the absorption of
incoming solar radiation, but they also affect the climate indirectly by burning off the clouds
(Jacobson et al., 2014; Paper II). Other important anthropogenic sources include biofuel and
fossil fuel burning.
Major secondary aerosols arise from precursor gases like sulphur dioxide, nitrogen oxides
(NOx), ammonia (NH3) and organic compounds with different volatilities. The most important
condensing gas is sulphuric acid (H2SO4), which is produced in the atmosphere by the oxidation
of sulphur dioxide (SO2) emitted from fossil fuel combustion, volcanoes, biomass burning, or
from dimethylsulphate (DMS) emitted from oceans. H2SO4 condenses under all atmospheric
conditions to pre-existing particles to form aqueous sulphate particles, or it can nucleate
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homogeneously to form new particles. The composition of these sulphate particles can then be
modified by the condensation of other gases like NH3, HNO3, and organic compounds.
Recently, how the chemical transformation of atmospheric organic compounds results in the
formation of secondary organic aerosols (SOA) has been also widely studied. The formation
and evolution of SOA properties is still largely unknown. The most studied formation
mechanism of SOA is through the oxidation of volatile organic compounds (VOCs). SOA is
thought to contribute the majority of organic aerosol (OA) mass in the atmosphere. Current
research shows that about 90% of SOA is formed from biogenic VOCs (Ehn et al., 2014;
Tsigaridis et al., 2014).

Figure 5: Schematic diagram showing some of the aerosol sources and aerosol processes
in the atmosphere

3.2. Particle growth mechanisms
In order to survive the scavenging mechanisms and become climatically relevant (to act as
CCN and interact with radiation), freshly formed particles in the nucleation mode need to grow
(Kerminen et al., 2012). Condensation is the main particle growth mechanism in the
atmosphere. Due to condensation, particles grow from nucleation mode to Aitken mode, and if
there is enough condensable material, the growth continues up to the accumulation mode. Thus,
particle growth results in the increase of the particle number concentrations in both the Aitken
and accumulation modes. Sulphuric acid (H2SO4) has been identified as a key component
responsible for the particle growth in the early stages (Sipilä et al., 2010). However, other
compounds such as ammonia, amines and low-volatile organics can also condense on newly
formed particles (Kirkby et al., 2011; Almeida et al., 2013; Kulmala et al., 2014). After the
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initial growth, nitrates and semi volatile organics can also be responsible for particle growth
towards the accumulation mode (Riipinen et al., 2012; Schobesberger et al., 2013).
Condensation occurs when more vapour molecules arrive at the particle’s surface than leave it.
This results in the net growth of the particle. The opposite process is called evaporation.
Condensation/evaporation is driven by the difference between the vapour pressure (or
molecular concentration) at the droplet surface, 𝑃s(𝐶s), and the vapour pressure (concentration)
far away from the droplet, 𝑃∞(𝐶∞). The relation between the rate of the diameter change
(𝑑𝑑p/𝑑𝑡) and the concentration difference (𝐶∞ − 𝐶s) in the case of assuming spherical particles
can be given as (Seinfeld and Pandis, 2006):
𝑑𝑑p
4 𝐷i 𝑀 𝛽M (𝐶∞ − 𝐶s)
=
𝑑𝑡
𝜌 𝑑p

(1)

Here 𝑑p is the particle diameter, 𝐷i is the binary diffusion coefficient in air for the condensing
vapour, 𝑀 is the molecular mass of the condensing vapour, and 𝜌 is the mass density of the
condensed molecules. 𝛽M is the transitional correction factor, which was introduced to account
for the difference in the condensation fluxes at small and large aerosol sizes.
The saturation vapour pressure is defined as equilibrium vapour pressure over a macroscopic
(plane) surface. If the liquid surface is curved, the partial pressure required to maintain
equilibrium is always higher relative to the plane surface of the same composition. This
phenomenon is called the Kelvin effect and is expressed in the form of a correction factor, 𝐾𝑒,
which is determined at a given temperature (𝑇) by
𝐾𝑒 =

𝑝𝑠 (𝑇, 𝑑𝑝 )
𝑝𝑠 (𝑇, 𝑑𝑝 = ∞)

= exp (

4σ𝑀
),
𝜌 𝑅 𝑇 dp

(2)

where σ is the surface tension, 𝑀 is the molecular mass of the vapour, and 𝑅 is the ideal gas
constant.
In the atmosphere, particle motion is driven either by Brownian motion or by some external
forces like gravitational settling, turbulence, or electrostatic force (Seinfeld and Pandis, 2006).
While moving through the air, the particles collide and stick (or 'fuse' in the case of liquid
spheres) to each other, forming larger particles in the process. This process is termed
coagulation. Coagulation reduces the number concentration of the particles in the atmosphere,
but it conserves their total aerosol mass.
In accordance with the process that drives particle collision, coagulation is further sub-termed
Brownian coagulation (due to Brownian motion) or kinematic coagulation (motion due to
external forces) (Jacobson, 2005). In this thesis, mainly Brownian coagulation and coagulation
due to gravitational settling are considered. The coagulation rate depends on the particle
collision rate and number concentration. The collision rate between particles is defined by the
Knudsen number 𝐾𝑛 in air (Jacobson, 2005),
𝐾𝑛 =

2𝜆
,
𝑑p
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(3)

where 𝜆 is the mean free path of a particle. For 𝐾𝑛 ≪ 1, the Brownian coagulation coefficient
is limited by the diffusion of particles (continuum regime) (Jacobson, 2005). When colliding
with each other, for particles 𝑖 and 𝑗 in the continuum regime, with sizes 𝑟i and 𝑟j respectively,
the coagulation coefficient is given as
𝐾ij = 4 𝜋 (𝑟i + 𝑟j)(𝐷i + 𝐷j) ,

(4)

where 𝐷𝑖,𝑗 are the diffusion coefficients of the two particles, respectively. For 𝐾𝑛 ≫ 1, the
kinetic theory of gases holds and the particles are assumed to be in the free molecular regime.
In this case, the coagulation coefficient is given as:
𝐾ij = 𝜋(𝑟i + 𝑟j)2√(𝑣i2 + 𝑣j2) ,

(5)

where 𝑣 = √8𝑘B𝑇⁄𝜋𝑚 is the thermal speed of the particle of mass 𝑚 in air and 𝑘B is
Bolzmann’s constant. If 𝐾𝑛 ≈ 1, particles are in the transition regime and the coagulation
coefficient is calculated by the interpolation methods derived by Fuchs (1964).
It follows from the equations above that Brownian coagulation is at its most efficient between
different sized particles. Large particles, because of their large surface area, ‘capture’ the small,
fast-moving particles. Particles of similar sizes have a low coagulation rate. It is less likely for
large particles to collide with each other because of their slow motion, while small but fast
moving particles have a low probability of colliding because of their small surface area.
Overall, Brownian motion is the main mechanism for nucleation mode particle scavenging in
the atmosphere (Pierce and Adams, 2007). The coagulation coefficient in the case of
gravitational coagulation is given as:
𝐾ij = 𝐸coll,ij 𝜋(𝑟i + 𝑟j)2 |𝑉i − 𝑉j| ,

(6)

where 𝐸coll is called the collision efficiency, which gives the ratio between the total number of
collisions between particles and the number of particles in an area equal to droplet’s effective
cross sectional area (Seinfeld and Pandis, 2006). 𝑉𝑖,𝑗 are the terminal settling velocities of the
particles, respectively. Gravitational coagulation is high in cases of very large collectors, like
cloud droplets, sea spray or soil dust particles (Jacobson, 2005).
Both coagulation and condensation processes act more efficiently in clouds, where cloud
droplets with sizes of several micrometres provide a much larger surface area and volume for
aqueous phase chemical reactions than aerosol particles in subsaturated conditions. This is
called the cloud processing of aerosol, changing the properties of aerosol particles in several
ways as the aerosol is cycled through the cloud. The condensation of different chemical species
can lead to aqueous phase chemical reactions, producing non-volatile mass that remains in the
aerosol phase even after water evaporation. This can lead to a bimodal aerosol size distribution,
where the particles in the accumulation mode grow larger. The conversion of SO2 to sulphate
in cloud droplets is the best-known example of such a process. Thus, cloud processing not only
changes the size distribution of aerosols, but also affects the chemical composition of aerosols.
Further, cloud droplets also enhance the loss of small particles via collision-coalescence (or
coagulation), which leads to the growth of particles in the accumulation mode. Thus, not only
do the aerosols change the cloud droplet properties, but the clouds also modify aerosol
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properties, and this cloud processing of aerosols has important implications for aerosol-cloud
interactions.

3.3. Cloud droplet activation
Clouds are formed when the air parcel cools and the relative humidity (RH) exceeds 100% (or,
equally, the water saturation ratio S exceeds 1). Under such supersaturated conditions, water
vapour quickly condenses to form cloud droplets. In an atmosphere without aerosol particles,
water vapour would require highly supersaturated (SS = (S-1)*100 %) conditions (RH > 400%)
in order to form cloud droplets through homogenous nucleation. In actual atmospheric
conditions, water condenses on some available surface, which acts as a seed for cloud droplet
formation. Aerosol particles, which are able to act as such a seed, are termed cloud
condensation nuclei (CCN). Cloud droplet activation is described by the Köhler theory, which
explains the equilibrium between the liquid phase of the aerosol particle and water vapour.
Köhler theory is a combination of two processes, Kelvin effect and Raoult’s law, and is given
as
𝑆eq = aw exp (

4 𝑀w 𝜎
) ,
𝜌 𝑅 𝑇dwet

(7)

where 𝑆eq is the equilibrium saturation ratio, aw is the water activity of the solute, 𝑀w is the
molar mass of water, 𝜎 is the surface tension, 𝜌 is the density of the solution, and dwet is the
particle wet diameter. The exponential term in eq. 6 is the Kelvin effect (as explained in section
3.2), which accounts for the increase in vapour pressure due to the curvature of the droplet
surface. Raoult’s law, considering the influence from solutes, tends to decrease the water
vapour pressure:
𝑛𝑤
aw = 𝛾 (
).
𝑛𝑤 + 𝑖𝑛𝑆

(8)

Here aw is the activity of water, 𝑛w and 𝑛𝑆 are the number of moles of water and solute in the
solution, respectively, i is the dissociation factor of solute (e.g. the number of ions formed from
the salt molecule), and 𝛾 is the activity coefficient of water, which accounts for the non-ideality
of the solution. The more dilute the solution, the more ideal it becomes, and the more 𝛾 will
approach 1.
Köhler theory explains the relationship between saturation ratio and particle size. The critical
saturation ratio (Sc), which depends on the particle dry size and composition, can be calculated
by calculating 𝑆eq as a function of droplet diameter and finding the maximum of the curve. It
tells us the ability of a particle to activate if the maximum supersaturation (Smax) for the cloud
formation is known. The particle can activate into a cloud droplet if Sc < Smax. Thus, the CCN
concentration is actually a function of supersaturation, CCN(SS), giving the potential number
of droplets formed at a certain supersaturation. The wet diameter at which the equilibrium
saturation ratio is at a maximum is termed the critical diameter.
What controls the maximum supersaturation in the cloud is competition between the air parcel
cooling (increasing the supersaturation) and the condensation of water on droplets (decreasing
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the supersaturation). The maximum supersaturation at the cloud base is usually achieved when
these are of the same magnitude. In the case of clouds, the cooling is caused by the updraft
motion of air parcels, and thus it is the main parameter controlling which particles of all the
CCN available will actually form cloud droplets. The most sophisticated parameterizations for
cloud droplet number concentration usually solve the maximum supersaturation as a function
of updraft and aerosol present, and then use the Köhler theory to estimate which particles
activate as cloud droplets (e.g., Pruppacher and Klett 1978, Abdul-Razzak et al., 2002, Nenes
et al., 2003). As the atmospheric aerosol is chemically complex, numerical models often
parameterize the aerosol hygroscopic properties. A commonly used parameterization by Petter
and Kreidenweis, (2007) introduces the hygroscopicity parameter κ to represent a quantitative
measure of the water uptake characteristics of different aerosol chemical components, and thus
CCN activity.
It depends on the conditions whether the number of available CCN or the updraft velocity is
more important for cloud droplet number concentration (McFiggans et al., 2006, Reutter et al.,
2009). Usually, in cases with low total CCN, droplet activation is limited by CCN availability,
even with high updraft velocities. With high CCN concentrations, it is commonly observed that
an increase in total CCN no longer increases the droplet concentration, and thus, it is mainly
the updraft velocity that controls droplet activation.

3.4. Aerosol removal processes
Dry and wet deposition are the ultimate processes by which particles are removed from the
atmosphere. There are a number of factors that affect the deposition process, like the size and
shape of the particles, chemical composition, turbulence close to the surface, the amount of
precipitation, and surface type (Jacobson, 2005; Seinfeld and Pandis, 2006). Dry deposition
removes the particles from the atmosphere in the absence of precipitation. It occurs when a
particle comes into contact with a surface and sticks to or is absorbed by it. Particle properties
like size, density, and shape determine the rate of capture by the surface. In addition to that,
the surface type is also very important. For instance, the rate of deposition on smooth surfaces
(like ice) is lower than on rough surfaces (like vegetated land). There are different mechanisms
affecting particle removal in the vicinity of a surface; the most important are Brownian
diffusion, impaction and interception (Seinfeld and Pandis, 2006)
For small particles, impaction and turbulence are the dominant transport mechanisms, but when
aerosols grow large enough (coarse mode) they fall in the atmosphere due to gravity. This
sinking of large particles due to gravitational fall velocity is termed as sedimentation
(Jacobson, 2005). Coarse mode particles, like sea-salt and dust particles, are efficiently
removed from the atmosphere by sedimentation. Dry deposition is slow in accumulation mode
particles because of their relatively low fall speed and sizes small enough to follow the
streamlines to avoid impaction.
The dry deposition flux is directly proportional to the concentration 𝐶 of the particles above
the surface (Seinfeld and Pandis, 2006). The dry deposition flux is calculated as:
𝐹 = −𝑣d𝐶
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(9)

where 𝑣d is the deposition velocity, which depends on a variety of physical and chemical
processes. 𝑣d is used as a single parameter to determine the deposition flux, but it incorporates
several different processes. There are three distinct steps involved in dry deposition: (1) the
transport of particles from the atmosphere to the thin layer of air adjacent to the surface
(typically 10 cm), (2) the transport of particles across this layer to the surface through
molecular diffusion and (3) the surface uptake of the particles (Jacobson, 2005). Deposition
velocity is generally parameterized by taking into account the above three steps as resistances,
and calculated as a reciprocal of the sum of the different resistances. For the deposition
velocity, several parameterizations are available, such as Walcek et al., 1987, Russel et al.,
1993 and Zhang et al., 2001.
Wet deposition is the dominant removal process in precipitating regions. The scavenging of
aerosol particles and soluble gases from the atmosphere through precipitation (Cloud, fog, rain,
ice etc.) is termed wet deposition (Seinfeld and Pandis, 2006). The effectiveness of wet
deposition depends on the type and intensity of the precipitation and on the particle number
concentration and chemical properties (e.g. hydrophilic or hydrophobic) of the particle.
The wet deposition process can be divided into in-cloud and below-cloud scavenging. When
aerosols are inside a cloud, they can act as cloud condensation nuclei (CCN) or ice nuclei (IN)
and form cloud droplets. A fraction of the cloud droplets (or ice crystals) grow large enough to
form precipitation, which results in the effective removal of particles from the atmosphere.
This process is termed in-cloud scavenging or rainout. Aerosols between 0.08-1 μm efficiently
participate as CCN (Croft et al., 2010) and thus their number concentration is affected by
rainout. Aerosol mass is primarily scavenged by rainout for hydrophilic (“water loving”)
aerosols. Cloud droplets that do not grow into rain droplets eventually evaporate to re-form
aerosol particles, which might have different chemical properties than the original CCN due to
the chemical reactions that took place inside the cloud droplet. Smaller aerosol particles with
diameters less than 0.01 μm, which are inside the cloud but do not act as CCN, are quickly
scavenged by cloud droplets (or ice crystals) through impaction.
Particles located below the cloud base can be swept out by falling hydrometeors (rain or snow).
This wet deposition process is called below-cloud scavenging or washout. It is efficient in
removing very small and very large particles, for the reasons mentioned in the coagulation
discussion. For particles with diameters between 0.01μm and a few micrometres, the belowcloud scavenging rate can be several orders of magnitude smaller (Feng et al, 2007).

3.5. Aerosol effect on cloud dynamics
Cloud microphysical processes are closely linked with cloud thermodynamics, and thus affect
cloud dynamics. To complicate the aerosol-cloud interaction puzzle, the clouds also feed back
to the aerosol properties. A cloud droplet, right after its inception, will grow first by
condensation to the size at which collisions and coalescence become fast enough to modify the
droplet population. At that point, the droplet has a size of around 50 μm, after which its
sedimentation velocity increases quickly as a function of size, and drizzle is formed. A drizzlesized droplet still follows air updrafts, collides with smaller droplets and grows in size. After a
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while, the droplet may grow so large that its fall velocity becomes greater than the updraft and
it thus falls back to the cloud base level. Once below cloud base, it depends on the droplet size
and vertical profile of RH to determine whether it is large enough to survive below cloud
evaporation and can reach the surface as precipitation. Aerosols can modify this process by
increasing the amount of droplets, thus decreasing the mean size, which will delay the
formation of drizzle and precipitation. Because of that, a longer time is needed for precipitation
to form, and in some cases this can be observed as an increase in the cloud liquid water content
and height (Fig. 1). On the other hand, precipitation is an efficient way to remove aerosol
particles from the atmosphere (as discussed in the previous section). Thus, it reduces the
particle number concentration in the atmosphere, which, in turn, affects cloud formation, as a
lower particle concentration leads to bigger cloud droplets (Fig. 1).
The picture becomes even more complicated if cold cloud (where the cloud top temperature is
< 0C) processes are taken into account. Cold clouds contain ice particles and, like the formation
of cloud droplets, the formation of ice particles requires aerosols as seeds, which are called ice
nuclei (IN). Unfortunately, the general understanding of the aerosol indirect effect on cold
clouds is still fairly poor. The complications in understanding the aerosol effect on cold cloud
processes involves determining the ice fraction of a cloud, size, shape and ice water content.
Aerosols affect these mentioned properties but the extent of the effect is still not well
understood (Lohmann and Feichter, 2005). Another important factor is the number of freezing
processes that can initiate the ice formation. Unlike in the case of warm clouds, where vapours
need the aid of CCN to condense, in cold clouds, ice crystals can form by freezing cloud
droplets (below -40C), i.e. without the aid of IN. However, ice nuclei are beyond our scope, as
this thesis only focuses on warm clouds.
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4. Modelling tools
Most of our understanding of the atmospheric boundary layer (ABL) comes from observation
(e.g. remote sensing, satellite or sensors). In the real world, it is not possible to observe any
atmospheric process in isolation, as different processes happen and interact at the same time.
Numerical models provide us with a platform to study the ABL under controlled conditions,
and to perform sensitivity analyses of any particular processes or phenomena in isolation from
the rest of the processes. Numerical models can be used together with observational data to test
different research hypotheses. It would not be wrong to say that only the agreement of the
modelling and observational data indicates that a correct understanding of the respective
phenomenon has been developed.
The horizontal domain of a model is either global or regional (covering only part of the Earth),
with boundary conditions derived from a global model. Regional models allow for the use of
high resolution (finer grid spacing) than global models, because the available computational
resources are focused on a specific area instead of being spread over the globe. When smaller
scale phenomena that are not specific to any geographical location are studied, idealised model
setups are usually used. Over the past decades, high-resolution large eddy simulation (LES)
models have emerged as very useful tools in the field of atmospheric sciences. Turbulent flows
tend to differ from one another in their large eddy structure, while small scales in turbulent
flows tend to be statistically similar. The LES approach uses this philosophy by explicitly
resolving the large energy containing eddies and parameterizing the less crucial small-scale
eddies (Argyropoulos and Markatos, 2015). The influence of eddies on cloud formation and
other processes is therefore also directly simulated in LES studies.
LES models have been successfully used in boundary layer cloud studies, for example: nonprecipitating and precipitating shallow cumulus (Siebesma et al., 2003; Van Zenten et al., 2011)
and stratocumulus clouds (Moeng et al., 1996; Stevens et al., 2005; Ackerman et al., 2009);
sheared and stable boundary layers (Holtslag, 2006; Beare, 2006); radiation effect (Pincus et
al., 2013); and the diurnal cycle of cumulus clouds (Brown et al., 2002). LES has also seen
success in industrial applications (Fureby, 2008). In applications where very detailed
information on turbulence is needed, the solution can be provided through direct numerical
simulation (DNS) models. DNS provides an accurate numerical solution to the threedimensional Navier Stokes equation, without the need for a parametric turbulence model. It is
the most straightforward and accurate approach to solve turbulent flows, but also
computationally highly demanding, and thus only applicable for small simulation domains.
Lately, DNS has been used, for example, to study the mixing of air at cloud edges (Andrejczuk
et al., 2006).
Although it is possible with LES models to study atmospheric flows down to metre scales, it is
not always computationally feasible to represent all of the sub-micrometre scale processes
acting on aerosol and cloud droplets with such a high amount of detail. The major challenge in
modelling aerosol-cloud interaction is the representation of cloud activation and its sensitivity
to aerosols and dynamic parameters. Representing the aerosol size distribution and chemical
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composition accurately would require several hundreds, or even thousands, of variables, and
thus, resolving aerosol-cloud processes at that level in cloud-resolving simulations is in practice
out of computational range. In order to limit the computational cost, aerosol particle size and
composition still need to be heavily discretised depending on the model application (Paper I,
II, III, IV). Thus, highly detailed 0-dimensional models are usually used to study aerosol
microphysics and detailed chemistry. Using such models, it is possible to study in detail how,
for example, aerosol chemical composition and related particle phase thermodynamics affect
the droplet formation.
In this thesis, different modelling approaches have been used to study aerosol-cloud interaction
at the microphysical and cloud resolving scale. In Paper I, II, and III, the large eddy model
UCLALES has been used, and in Paper IV, a cloud parcel model is employed. This chapter
presents a brief description of the models used in this thesis.

4.1. UCLALES
UCLALES (Stevens et al., 2005) is a LES model that has been designed to study convective
boundary layers with shallow cumulus and stratocumulus clouds. In the standard model
distribution, a two-moment warm-rain microphysical scheme (Seifert and Beheng, 2006) is
implemented (Stevens and Seifert, 2008). This scheme assumes cloud droplets with a fixed
(user-specified) number concentration. Cloud (or rain) droplets are defined as liquid
condensate with appreciable fall velocities, and are allowed to evolve under the action of the
ambient flow and microphysical processes (auto-conversion, accretion, self-collection,
sedimentation). To take into account the condensation of water, a saturation adjustment scheme
is implemented in the model. This scheme diagnoses the cloud mass concentration as the
difference between total water and liquid water saturation mixing ratio. Thus, the actual
activation or evaporation processes are not accounted for.
The model enforces the surface by either free slip or no-slip boundary conditions on the gridscale tangential velocities, with free-slip being the default. The model supports different
methodologies for specifying the heat fluxes at the lower boundary (surface). They can be
prescribed or calculated based on the prescribed gradients or prescribed surface properties. The
grid is doubly periodic (in x-y) and bounded in the vertical, z. The vertical is spanned by a
stretchable grid and the horizontal is tiled by uniform squares. A sponge layer is applied to the
domain top in order to damp the spurious gravity waves. This artificial sponge layer prevents
the gravity waves from being reflected at the top boundary.
In UCLALES, atmospheric radiation can be prescribed or calculated during the simulation. For
the calculation of radiative transfer, a delta-four-stream radiative transfer scheme is used (Fu
and Liou, 1993). The scheme takes into account atmospheric gases and clouds, with the total
droplet number concentration and cloud water as an input. Further, a Monte Carlo spectral
integration is implemented in the default scheme to reduce the computational burden (Pincus
and Stevens, 2009).
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4.2. SALSA aerosol module and its cloud extension

In order to represent aerosols in UCLALES, we use the sectional aerosol module SALSA
(Kokkola et al., 2008). It is used to calculate the microphysical processes of nucleation,
condensation, coagulation, cloud activation, sulphate production, and hydration. SALSA's bin
setup is shown in Fig. 6. In its standard setup, SALSA uses 10 size bins to represent the aerosol
size distribution, with two parallel populations (external mixing), which constitutes a total of
17 size bins. In addition, the aerosol population is divided into 2 logarithmically spaced subranges (numbered 1 and 2) with 3 bins in the first and 7 bins in the second sub-range. SALSA
is designed to be flexible and allows for easy modification in the amount of size bins, subranges, and externally mixed populations. To reduce the computational burden of the module,
only the most (globally) relevant chemical compounds and microphysical processes are
included for each size range. Sub-range 1 contains 3 bins with average diameters ranging from
3 nm to 50 nm and contains only organic carbon and sulphates. Particles in this sub-range are
assumed to be internally mixed, and the only active processes are condensation and
coagulation. Sub-range 2 consists of 7 bins with particle diameters ranging from 50 nm to
10 μm. In this sub-range, the model assumes that particles are externally mixed and thus,
defines a soluble (2a) and an insoluble (2b) population. 2a contains organic carbon (OC),
sulphates (Su), sea-salts (SS), black carbon (BC) and mineral dust (Du), and 2b consist of OC,
Su, BC and Du. Particles of sub-range 2 are sensitive to all aerosol processes and can also
participate in cloud activation. Additionally, each size bin includes information on the number
concentration (N) of the particles it contains. SALSA does not restrict the shape of the size
distribution, making it possible to simulate both tropospheric and stratospheric aerosols.
Further details of the aerosol bins can be found in Laakso et al., 2016.

Figure 6: Schematic of SALSA parallel size bin layout.

In the new cloud-extended SALSA, additional size sections for cloud droplets and drizzle are
implemented, as shown in Fig. 7. As a compromise between accuracy and computational
burden, we defined cloud droplet and precipitation droplet bins (within the SALSA framework)
to be parallel to the aerosol bins (specifically, the 2a/b-bins by default) in terms of the dry
diameter of the activated cloud condensation nucleus (CCN). In this way, the properties of the
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aerosol size distribution are preserved upon cloud droplet activation, as well as the evaporation
of cloud droplets. The drizzle size bins range from 50 μm to 2 mm constituting 7 size bins, and
here the wet size of particles was followed for the accurate simulation of precipitation. The
cloud droplets that grew large enough were moved from cloud bins to the first bin of the drizzle
classes using an auto-conversion routine. The spectral resolution given by this bin layout is
quite coarse, but does provide a good compromise between computational cost and model
performance. A detailed description of the methods for solving aerosol microphysical
processes is given by (Kokkola et al., 2008, Paper III).
The evaporation and deactivation of cloud droplets was accounted for through the resolved
condensation, upon which the activated aerosol particles were released back to the aerosol bin
regime as illustrated in Fig. 7. For this to take place, a very simple diagnostic is used, where
sub-saturation with respect to water vapour is required and the cloud droplet diameter should
be 50 % of the critical diameter dictated by the properties of the CCN (or 2 μm at maximum).
These thresholds were obtained by physical reasoning and through experimentation with the
model.

Figure 7: A schematic of the parallel bin layout of extended SALSA, also showing the cloud
droplet and precipitation drops bins (From Paper III).

To reduce the computational cost during the simulations for this thesis, we neglected some
aerosol types from SALSA and defined only sulphate (Paper I, II and III), sea-salt (Paper I
only) and black carbon (Paper II only). Different setups were used for the aerosol
microphysics in different studies. Paper I considers only Brownian coagulation, and from
other processes, only water condensation and the dry deposition of particles are considered. In
Paper II, the sedimentation and deposition of cloud droplets are assumed, and processes
affecting aerosol concentration are neglected. Paper III includes most of the processes related
to aerosol cloud interactions that are described in earlier sections. In Paper IV, aerosol
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condensational growth is considered in detail, but other processes are omitted. The reasoning
behind these choices is presented in the closer introductions of the different papers.

4.3. Cloud parcel model
The cloud parcel model (CPM) we used in our study is a zero dimensional aerosol model
designed to study the evolution of the physical and chemical properties in an aerosol population
through cloud cycles. It is a sectional model in which dry size sections are defined using a
constant volume ratio between adjacent sections, and sections are allowed to move freely in
diameter space during water condensation and evaporation. The model includes options for the
following aerosol processes: condensation/evaporation, coagulation/chemical reactions in the
liquid phase, adiabatic processes and the emissions of gas phase species. The adiabatic
equations include differential equations for total pressure, air temperature and the altitude of
the air parcel. The model also includes modules for equilibrating the aerosol population with
water vapour and trace gases, and for calculating the optical properties of the aerosol
population. Further details of the model can be found in Kokkola et al., (2003a).
Beyond using the model in adiabatic mode, it can be also forced with air parcel trajectories
(Romakkaniemi et al., 2005, 2009; Paper IV). The CPM does not represent the dynamics
related to cloud formation or the mixing of different air parcels. Thus, any cloud resolving
model or large eddy model can be used to simulate the boundary layer dynamics and to obtain
a set of air parcel trajectories under those conditions. The CPM uses these trajectories to
simulate aerosol/cloud microphysics in the air parcel as it moves along the trajectory path.

4.4. PALM
The PArallelized LES Model (PALM) was developed at Leibniz University, Hannover (Raasch
et al., 2001; Maronga et al., 2015), Germany, and has been successfully applied for a variety
of boundary layer research questions related to turbulence both in the atmospheric and oceanic
boundary layer (e.g. Maronga et al., 2013; Park et al., 2013). The model is highly optimised
for use on massively parallel computers with distributed memory, but it will also run on
machines with shared memory architecture. One of the distinguishing features of PALM
(missing from UCLALES) is that it contains modules to account for the surface topography,
which allows the representation of surface obstacles such as buildings, hills or trees.
PALM was used in Paper IV to simulate the Puijo hill topography. Simulating the cloud
microphysics with detailed surface representation is computationally heavy due to the high
model resolution needed. Also, PALM lacks a detailed representation of aerosol cloud
interactions. In Paper IV, an alternative computationally feasible approach was used to study
cloud microphysics. Using the flow fields from PALM, particle trajectories were generated in
order to study how the topography affects the vertical motion of air parcels. Those particle
trajectories were later used as an input for a cloud parcel model to study the microphysics of
aerosols and cloud droplets to see how the topography affects cloud droplet formation.
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4.5. UCLALES-SALSA
In this thesis, SALSA is coupled to UCLALES with different levels of complexity. In the first
implementation, only the standard version of SALSA was included. Aerosol mass and volume
mixing ratios in different size bins are described as additional tracers in UCLALES. In the
standard version of UCLALES (Stevens and Seifert, 2008), a warm-rain microphysical scheme
(Seifert and Beheng, 2006) is implemented which uses a constant cloud droplet number
concentration (CDNC). We modified this scheme by introducing CDNC as an advecting tracer,
allowing CDNC to vary spatially and temporally (Paper II). The water supersaturation needed
to calculate the aerosol activation was not available, because the saturation adjustment scheme
is used to calculate the liquid water content. To calculate aerosol activation, we used our CPM
(Kokkola et al., 2003a, 2003b) to generate a parameterization of the droplet concentration as a
function of aerosol number concentration (pre-described size distribution), cooling rate and
updraft velocity.
Another important new feature of the model is the implementation of a simple land surface
model. In the default version of UCLALES, surface heat fluxes are prescribed (Paper I) but in
UCLALES-SALSA (Paper II and III), heat fluxes were determined with the parameterization
for soil energy balance, which was coupled with the radiation scheme (Ács et al., 1991). This
allowed interactive simulations in case of radiation fogs.
UCLALES-SALSA was further used to implement a fully interacting sectional description of
aerosols, clouds and precipitating particles in Paper III. Two methods are available for
simulating the formation of cloud droplets in SALSA. One is the parameterization by AbdulRazzak and Ghan (2002), which takes as an input the aerosol properties and updraft velocity
(along with atmospheric thermodynamic properties) to determine the maximum
supersaturation in a parcel of air and thus, the critical particle diameter for activation. Another
is based on computing the supersaturation in each grid box and the explicit simulation of water
condensation on particles. Once the wet diameter of a particle exceeds the critical diameter
corresponding to the resolved supersaturation from the host model, the particle is activated as
a cloud droplet. This parameterization is useful when the model vertical resolution is not
enough to capture maximum supersaturation at the cloud phase.
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5. Modelling application
5.1. Artificial injection of sea-salt particles in a marine environment
Following the idea of marine cloud brightening (MCB) (discussed in section 2.5) and the
recommendations of Korhonen et al., (2010), we used UCLALES-SALSA to test the artificial
injection of sea-salt particles in a marine environment at high resolution. After the work of
Korhonen et al., (2010) both Wang et al., (2011) and Jenkins et al., (2013b) have employed
cloud-resolving models to study how MCB works in realistic atmospheric conditions. In both
of these studies, a relatively low resolution of 300 m was used, which is not enough to capture
the particle loss rate near the emission source, where the particle concentration is highest. Stuart
et al., (2013) used a very high resolution (0.5 m horizontally) to mimic the emission source in
a LES model in order to observe particle loss through coagulation, and they observed particle
losses of up to 50% in some specific conditions. With our model, we used an intermediate
resolution (50 m) to resolve the small-scale turbulence and to capture the particle loss near the
source point. We aimed to assess how well particles disperse in the boundary layer before they
enter the cloud, and to estimate the particle loss rate through coagulation and sedimentation
before they become cloud droplets. We also explicitly simulated the effect of water evaporating
from (or condensing on) the sprayed sea-salt particles, a process which researchers have
speculated to be important before, but which has only been approximated so far (Jenkins et al.,
2013b).
Using a 50 m horizontal and 10 m vertical resolution in a domain size of 4.8 x 8.4 x 1.5 km,
we introduced an emission source that moves perpendicular to the wind direction and emits
sea-salt particles at a rate of 15 kgs-1, with the salinity of sea water being 35 gkg-1. Using this
setup, we performed various simulations and found that at such a high resolution, the model is
able to represent the emission source and dispersion of particles within the domain. The model
also successfully captures the particle loss through coagulation, dry deposition, and the
evaporation of water, the last of which leads to the occurrence of negative buoyancy and thus
to increased particle loss.
With this setup, we performed a set of simulations where the relative importance of the
considered microphysical processes was assessed by switching off different processes. We also
performed the same set of simulations at different times of day and with different resolutions
(Paper I). The baseline simulation includes all of the microphysical processes, i.e. the water
evaporation effect, coagulation, and sedimentation. The major findings from our simulation
are:
1. We observed a delay in particle transport to the cloud layer and an increased particle
loss as compared with the simulations in which aerosol water evaporation was not taken
into account. This delay is mainly because of the evaporative cooling, which occurs
when the emitted plume is mixed with the drier surroundings. Due to this cooling,
relative humidity increases and buoyancy decreases. This effect is illustrated in Fig. 8.
2. The lifetime of the formed cold pool is short during the night. The results were much
more striking when the simulations were repeated in the daytime (i.e. at 13:00) setup.
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During the day, the mixing of the boundary layer is slower, which results in higher
particle concentrations near the surface, and thus enhances the particle loss through
coagulation and sedimentation.
3. In order to quantify the effect of water evaporation on particle transport and particle
loss, we repeated the simulations with water evaporation switched off (illustrated by
the blue plume in Fig. 8). We found that the delay in particle transport due to water
evaporation amounts to about 10 min during the night and 20 min during the day. We
found a maximum loss of 20% of all particles, which means that 80% of the particles
remain in the air and are spread uniformly in the domain after 5 hours of emission.
4. The results in Paper I also highlight the importance of the model resolution used. With
a resolution of 300 m, which was also used in Jenkins et al., (2013b), the maximum
concentration of emitted particles was lower and the cold pool was not as cold as with
the higher (50 m) resolution. The temperature decrease due to evaporation was only 0.4
K and thus the lifetime of the cold pool was much shorter and fewer particles were lost
(3.1 %) through coagulation and deposition during the emission time.
The results of our study show that earlier global and cloud resolving model studies may have
overestimated the effective CCN enhancement of MCB. However, this over-estimation is
probably not enough to invalidate the findings. The scheme still holds the potential to
counteract GHG-induced warming, but more detailed studies and experiments are needed to
understand the effect of microphysical processes in order to ensure the efficacy of this
technique. We do however suggest that, while designing the actual emission vessels or when
performing further global scale modelling studies, the findings of high-resolution models
should be taken into account.

Figure 8: Schematic illustration showing the difference in artificial sea spray with (gray)
and without (blue) water evaporation. Black arrows show the buoyancy effect near the
emission source
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5.2. Radiation fog
Compared with clouds, fogs are much less frequently studied with detailed models. As
mentioned in Sec. 2.2, fog droplet properties are similar to those of cloud droplets, and aerosols
can be expected to affect fog droplet concentrations. Also, the recent findings of the decreasing
frequency of dense fog events with improving air quality support this hypothesis. However, as
the cooling rate at the top of the fog is quite small, the situation is similar to clouds with low
updraft velocities, and thus the fog droplet concentration should not be sensitive to the aerosol
concentration (Reutter et al., 2009). Instead, radiation fog has been shown to be sensitive to
meteorological conditions, surface properties and atmospheric radiation (Bott et al., 1990;
Gultepe et al., 2007). In the scientific community, the relationship between aerosol
concentration and radiation fog life cycle is still an open question. We used UCLALES-SALSA
(Paper II) and UCLALES-CLOUD-SALSA (Paper III) to simulate radiation fog events in
order to assess this relation.
With the first implementation of UCLALES-SALSA (Paper II), we used a parameterization
for fog droplet activation, which was a function of the cooling rate. We assumed a log-normally
distributed population of ammonium sulphate and black carbon (BC) particles as aerosol
background. Ammonium sulphate acts as the cloud condensation nuclei (CCN) while BC,
being a strong absorber of radiation, is assumed to counteract the CCN effect. We neglected
aerosol sedimentation, coagulation, and all fog feedback to the aerosol for simplicity. Thus,
aerosol-droplet interaction only accounted for droplet activation. These simplifications are
justified, as the goal of Paper II was only to get an overall picture of the aerosol effect on
radiation fog without comparison to any observations. With this model setup, we performed
simulations to generate radiation fog using a resolution as high as 4 m in the horizontal and 1
m in the vertical direction. In the reference simulation, we neglected black carbon and
introduced only ammonium sulphate with a mixing ratio of 800 #/mg and a log-normal aerosol
size distribution with a geometrical mean diameter of 200 nm. The fog appeared during the
night and grew vertically after formation. The parameterization for the droplet activation
worked well: particles activated at the top of the fog, followed by growth and sedimentation
down to the surface.
Our simulations revealed a positive feedback mechanism that made the fog more sensitive than
expected to changes in aerosol loading. We observed a strong increase in radiative cooling at
the top of the fog because of increases in aerosol loadings. This was caused by an originally
small increase in water content due a larger number concentration of cloud droplets. Thus, the
radiative cooling became stronger, enhancing the activation more than the increase of aerosol
loading could have done. This positive feedback loop is substantial and we found it to be a
major factor in radiation fog development. It is also important to note here that during the
dissipation phase, when the fog detaches from the ground and transforms into a cloud,
activation also happens at the base. From our simulation results, we conclude two main
findings:
1. With increasing CCN concentration, the droplet concentration increases only slightly.
However, even a small CDNC increase decreases the mean size of the droplets and
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delays their sedimentation. Thus, LWC increases at the top of the fog, enhancing the
radiative cooling, which feeds back into the number of formed droplets.
2. During sunny hours, the presence of absorbing aerosol (e.g. BC) counteracts fog
development and speeds up fog dissipation. However, this BC warming effect is much
smaller than the CCN effect on fog development.
The model setup used in Paper II had one severe shortcoming, as it was difficult to estimate
the exact altitude where the droplets formed. The maximum cooling rate is not at the fog
top, but slightly below it. However, it is not obvious that the maximum cooling rate is at
the same altitude as the maximum supersaturation, but in our parameterization, particles
were forced to activate at the same altitude as the fog top. With the new model setup of
Paper III, this issue could be avoided, as particles are activated when they reach their
critical size. In Fig. 9, we compare both models by using an initial CCN mixing ratio of
400 #/mg. Figure 10a shows the results using the parameterization of Paper II. Here, one
can clearly see the strong activation at the top of the fog, and below it, the monotonously
decreasing CDNC, which is due to droplet sedimentation and coagulation. The effective
separation of the cooling rate and supersaturation in Paper III allows for droplet activation
inside the fog, which happens after sunrise due to turbulent mixing. Figure 10 shows the
relation between supersaturation (Fig. 10a) and cooling rate (Fig. 10b) for the model setup
of Paper III. Simulating the radiation fog with UCLALES-CLOUD-SALSA reproduces
the feedback loops we found in Paper II, which thus validates our earlier findings with
UCALES-SALSA.
3. As higher aerosol loading leads to stronger radiative cooling at the top, the radiative
cooling at the surface decreases. The warm surface creates an unstable temperature
profile, which results in higher turbulent mixing near the surface. Thus, more droplets
are formed at the fog base or within the fog during the dissipation phase.
Overall, our modelling results show that aerosols effectively affect the radiation fog’s
microphysical properties due to the above two positive feedback loops. Our results also are in
line with the two phenomena observed in parallel, of a decrease in pollution and low visibility
conditions.
UCLALES-CLOUD-SALSA was further used to simulate radiation fog events that took place
at Cardington, UK in Feb. 2008 (Porson et al., 2011; Price, 2011). Our simulation results with
zero wind profile agree with the campaign measurements. However, in this simulation we could
not achieve a maximum fog height that was comparable to the measurements. We therefore
performed an additional simulation where we introduced a wind profile, which resulted in an
enhanced vertical development and also more droplet activation inside the fog. This happened
because the introduced wind causes turbulence, which enhances the mixing and thus, amplifies
the feedback loops.
Another important feature to note is that an increase in droplet concentration increases the
liquid water path (LWP) and thus delays the warming and fog dissipation after sunrise. We
expect that, because the surface warms less during a foggy day, a potential new fog will form
earlier during the next evening/night. In order to simulate this behaviour, the role of the land-
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atmosphere interaction is very important. We therefore suggest the implementation of a
detailed land-surface model in order to simulate such cases.

Figure 9: CDNC profile (#/mg) with an initial mixing ratio of 400 #/mg with (a) UCLALESSALSA and with (b) UCLALES-CLOUD-SALSA.

Figure 10: (a) shows the supersaturation profile of the simulations performed with
UCLALES-CLOUD-SALSA using initial CCN 400 #/mg and (b) shows the cooling rate
(Wm-2) of the same simulation.
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5.3. Cloud Droplet Activation
In clouds, most of the cloud droplets are activated at the cloud base, where the supersaturation
is usually highest. At the cloud top, like in radiation fogs, droplet activation is mostly driven
by radiative cooling, or by increased supersaturation due the mixing of air masses. Inside the
cloud layers, additional droplet activation may occur due to turbulent mixing or local updrafts.
We observed a similar phenomenon in our fog studies (Paper III). Sloped or hilly areas
provide good case studies to understand this phenomenon, because such slopes cause local
updrafts. The observations (Hao et al., 2013, Portin et al., 2014, Väisänen et al., 2016) at Puijo
hill measurement station as well as comparable studies elsewhere (Hammer et al., 2014, 2015)
also indicate such in-cloud droplet activation. In Paper IV, we used Puijo measurement station
observational data to model the effect of high updrafts caused by Puijo hill using the PALM
large eddy model and our cloud parcel model.

Figure 11: Simulated average wind fields and example trajectories of air parcels. In the
topography plot, a forest height 17 m is assumed (Figure from Paper IV).

The updraft is strongest near the surface and decreases as a function of height, which makes it
difficult to assess its effect on cloud activation if the measurement station is located in a high
tower. The topography-dependent flow fields around Puijo tower were modelled using the
PALM large eddy model (Raasch and Schröter, 2001, Maronga et al., 2015). The flow
trajectories obtained from the PALM were then used in our cloud parcel model (CPM) to study
the cloud microphysics. Figure 11 shows the topography of the area and a few selected
trajectories obtained from PALM. The CPM simulations show that the supersaturation at the
cloud base is 0.2 %, while the updraft due to the hill causes supersaturation inside the cloud
that can be as high as 0.4 %. If the in-cloud supersaturation becomes much higher than the
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supersaturation at the cloud base, new droplets may form. However, for the accumulation mode
particles, this secondary activation can cause only a limited increase in CDNC. The Aitken
mode particles need much higher supersaturations to activate, because Aitken mode particles
are smaller and usually also composed of lower hygroscopicity compounds. The second
activation leads to a bimodal cloud droplet size distribution. Our results show that the newer
and smaller droplets grow to around 5 – 7 μm and larger ones between 8 – 12 μm. These results
agree well with the measurements at Puijo tower.

5.4. Aerosol and cloud dynamics
UCLALES has been used in the past to study boundary layer cloud dynamics (e.g. Stevens et
al., 2005). The use of a high resolution enables LES models to represent the cloud structure
and its dynamics in great detail (Ackerman et al., 2009). However, the detailed treatment of
cloud and aerosol microphysics remains difficult because of the high computational burden.
Therefore, the default version of UCLALES does not contain any description of aerosols, as is
the case for most of the LES models. Instead, it assumes a prescribed cloud droplet
concentration. Using the detailed aerosol description in UCLALES-CLOUD-SALSA, the
aerosol cloud interactions, including cloud feedback to aerosol, can be studied in detail. In
order to test the explicit representation of cloud droplets and precipitation, UCLALESCLOUD-SALSA was configured with data from the DYCOMS-2 flight RF02 (Stevens et al.,
2003). The model simulations were performed using the same setup used in Ackerman et al.,
(2009). In order to evaluate the aerosol effect, we also performed simulations with the default
version of UCLALES, using the same setup.
In the simulations performed in Paper III, UCLALES-CLOUD-SALSA formed a
stratocumulus cloud layer below the inversion layer. During the simulation, the cloud
processing decreased the concentration of CCN, and together with sunrise and decreased
radiative cooling, that led to the formation of precipitation. This was followed by the transition
of the cloud state from stratocumulus to cumulus type clouds, resembling open cell circulation
structures, a trend that was also observed during RF02 (Stevens et al., 2003). On the other hand,
a thick cloud layer was produced and maintained in the simulations with default UCLALES.
During the day, the shortwave heating by the solar irradiation counter-acts the longwave
radiative cooling at the cloud top and thus reduces the cloud driven mixing. This reduction in
mixing supports the formation of a decoupled structure of the boundary layer. Efficient wet
removal of the aerosols, which leads to a thinner cloud, makes this cloud-topped boundary
layer even more sensitive to undergoing such changes. In this way, a feedback loop is formed,
where wet removal reduces the aerosol concentration, which reduces droplet concentrations,
and thus speeds up precipitation. This is similar to what has been observed in the transition
from closed to open cellular structures in marine stratocumulus. However, the model domain
used in our simulations was too small (5km x 5km) to notice such a change in mesoscale cloud
organisation.
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6. Conclusions
The response of cloud properties to changes in aerosols contributes one of the largest
uncertainties to current projections of climate change. Aerosol-cloud interactions involve
processes occurring at microscopic level. In this thesis, these processes are accounted for in lot
of detail when aerosol-cloud interactions are studied at high resolution. The main focus was to
develop, validate and refine the representation of aerosols and related processes in the large
eddy model UCLALES. To this end, the sectional aerosol module SALSA was implemented
in UCLALES, and SALSA was further modified to represent the cloud droplet size distribution
and the precipitation droplets with a sectional size resolving method. In the different research
questions studied, UCLALES-SALSA performed well in simulating the aerosol microphysics
and cloud/fog dynamics, fulfilling the first objective set for the thesis.
The second objective was to study the role of explicit aerosol microphysics on the efficacy of
marine cloud brightening, especially to account for water evaporation from sprayed sea water
(Paper I). The inclusion of SALSA in UCLALES and detailed implementation of
microphysical processes related to condensation and coagulation proved essential for
addressing the behaviour of the particles after emission. The model realistically captures the
buoyancy effect due to water evaporation, which ultimately leads to a higher particle loss rate
due to sedimentation and coagulation processes, and a delay in particle mixing in the ABL.
The overall results of the sea spray simulations (Paper I) show that the geo-engineering
method of marine cloud brightening (MCB) could have the potential to counteract global
warming, but more high-resolution studies are needed to quantify the overall efficacy of this
method.
Like in clouds, aerosols affect the fog life cycle, and testing this was set as a third objective.
UCLAES-SALSA was used to simulate radiation fogs and the fog behaviour was analysed
under different aerosol loadings. With the original version of SALSA, the model simulates the
activation of fog droplets by using a parameterization that depends on the aerosol number
concentration, updraft velocity, and cooling rate. The modelling results show that the fog life
cycle is sensitive to the concentration of both CCN and absorbing aerosol, but the CCN effect
dominates (Paper II). The findings from Paper II were partly revisited in Paper III, where the
full UCLALES-SALSA was employed and thus, droplet activation was calculated explicitly.
We observed two important positive feedback loops connected to aerosol-fog interaction
(Paper II and III). First, a higher aerosol loading leads to smaller droplets, which slows the
droplet sedimentation. This delay in sedimentation increases the liquid water content, which
enhances the radiative cooling at the fog top, which, in turn, leads to more efficient droplet
formation. Second, the increase in radiative cooling at the top of the fog weakens the cooling
of the surface, which leads to the formation of turbulence near the surface. This facilitates
particle activation inside the fog layer before and during the dissipation phase. The existence
of these feedback loops supports the hypothesis that the decreasing frequency of fog events all
over Europe is connected to the decreasing trends in aerosol concentrations.
The last objective was to study how aerosol particles activate into cloud droplets. The
importance of droplet formation in different aspects of radiation fog development was already
shown in papers II and III. In addition, in the case of boundary layer clouds, the strong updrafts
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due to surface topography (hills, slopes etc.) also affect the cloud droplet activation. Puijo hill,
located in Kuopio (Finland), provided a useful case study to analyse the effect of updraft on
cloud droplet activation. The results show that high supersaturation can occur inside the cloud,
leading to a bi-modal cloud droplet size distribution. This was both modelled as well as
observed at the Puijo station. However, in-cloud supersaturation causes only limited
enhancement in the cloud droplet number concentration (CDNC).
There is a great demand for more accurate and reliable high resolution models for a variety of
applications. This includes higher resolution climate simulations, predictions, re-analysis and
comparison with observations. Significant advances beyond the current state-of-the-art climate
modelling capability are needed in order to overcome the current limitations. In view of recent
progress in computer resources, high-resolution models are now in the spotlight. LES models,
with their ability to resolve large energy containing eddies, are proving to be a useful tool for
understanding the complex microphysical processes that occur at resolutions of down to a few
metres. In the context of climate change, the understanding of ACI is still poor. In order to
generate reliable future climate projections, the understanding of ACI is vital. This thesis is an
attempt to highlight that high resolution LES models are a useful tool for understanding ACI.
The uncertainties associated with ACI can be addressed with such tools.
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7. Review of the papers and the author’s contribution
Paper I investigates the efficacy of artificial sea-salt geoengineering in the marine
environment, especially how the interaction between sprayed sea water and the environment
affects the dispersion of the particles. When sea spray is released to ambient RH lower than the
water saturation over the seawater particle, the evaporating water decreases the ambient
temperature and thus causes negative buoyancy, which could result in delaying the transport of
particles to the top of the boundary layer. Additionally, we also studied the number loss of the
aerosol particles through coagulation and dry deposition on the surface near the source point
before being mixed over the boundary layer. The effect of model resolution in studying aerosol
processes was also discussed. I was the main developer of the early version of UCALESSALSA used in paper I, and performed all the simulations. I also wrote the paper and did all
of the data analysis together with the co-authors.

Paper II studies how aerosol affects the properties and lifecycle of radiation fog. It showed
that the changes in CCN concentration produce feedback mechanisms that makes radiation fog
highly susceptible to changes in aerosol properties, thus supporting the observations of the
decreasing frequency of low visibility events with improving air quality. The paper also shows
that BC, as an absorbing aerosol, has a noticeable effect on fog height and dissipation time but
its relative effect compared to changes in the CCN concentration is small, even if BC
concentration is high. The sensitivity of fog formation to meteorological conditions was also
discussed. For the paper, I performed all the simulations, participated in the results analysis
and wrote the paper together with the co-authors. The aerosol-radiation interaction code used
was developed and implemented by Dr Thomas Kühn.

Paper III contains the description and evaluation of the fully coupled UCLALES-SALSA
model. The new model is based on the UCLALES model, coupled with an extended version of
the SALSA, which contains sectional descriptions for aerosols, clouds and precipitating
particles. The strategy for the layout of the cloud droplet bins emphasises the tracking of sizeresolved aerosol particle properties both in- and outside of clouds and through cloud cycles. As
an example case of the model’s skill at representing aerosol-cloud interactions, the simulation
results for marine stratocumulus clouds and radiation fogs were presented. For the paper, I
participated in the model development, which was mainly carried out by Dr Juha Tonttila. I
performed fog simulations, and participated in the results analysis and commented on the
manuscript.

Paper IV reports the effect of surface topology on the cloud droplet formation in the case of
low level stratus clouds. The topology around the Puijo hill measurement station was included
in the PALM large eddy model simulator to simulate the 3D winds arriving at the station. A
set of trajectories was obtained from the simulations, and used as an input for the cloud parcel
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model, to study aerosol-cloud droplet microphysics in detail. As a result, it was shown that the
hill might induce updrafts that are strong enough to cause cloud droplet formation inside the
cloud as well as at the bottom. This was seen both in the measurement data and the modelling
results. I performed the cloud parcel model simulations, and analysed the results related to
cloud droplet size distributions from both the simulations and the measurements. I also
contributed to the finalisation of the manuscript.
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