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Abstract

Clouds can reflect, absorb and re-emit radiation, thereby inducing a cooling or
warming effect on the climate. However, the response of clouds to a changing
climate is highly uncertain and the representation of clouds in state-of-the-art
climate models remains a key challenge for future climate projections. Fac-
tors contributing to this uncertainty include processes on the microphysical
scale involving aerosol particles with the size of just a few nanometers to mi-
crometers. This thesis focuses on the representation of aerosol-cloud-radiation
interactions in global climate models. Using idealized experiments from a
model-intercomparison project with different anthropogenic aerosol forcings,
it was found that both sulfate and non-sulfate aerosols yield an increase in
cloud albedo in five regions of subtropical marine stratocumulus clouds. The
changes in cloud albedo in the models were driven by changes in the cloud
droplet number concentration and liquid water content. Further, it was found
that the microphysical coupling of underlying aerosol-cloud interactions in
models seems to dominate on the monthly timescale in subtropical marine stra-
tocumulus regions, which can not be confirmed in observations. Quantifying
the effect of aerosols on cloud properties in observations remains challenging.
In addition, comparisons with satellite retrievals and the global climate model
NorESM showed that this model is not able to capture elevated aerosol above
cloud, seen in observations in two regions of marine stratocumulus clouds.
Sensitivity experiments revealed that the model is most sensitive to the aerosol
emissions, convection and wet scavenging in terms of the vertical aerosol dis-
tribution. Finally, the representation of aerosol absorption in global climate
models was investigated. It was found that most of the models underestimate
absorption by aerosols in a focus domain in Asia. Sensitivity studies with
NorESM give rise to variations that lie within the large inter-model diversity.





Sammanfattning

Då moln dels kan reflektera, men även absorbera och emittera strålning kan de
ha antingen en kylande eller en uppvärmande effekt på klimatet. Klimatföränd-
ringens inverkan på molnigheten är dock mycket osäker och representationen
av moln i de senaste klimatmodellerna är fortfarande en utmaning för framtida
klimatprojektioner. Faktorer som bidrar till denna osäkerhet innefattar mikro-
fysikaliska processer som involverar aerosolpartiklar med storleken av bara
några nanometer till mikrometer.

Denna avhandling fokuserar på hur interaktioner mellan aerosoler, moln
och strålning är representerad i globala klimatmodeller. Denna avhandling ba-
seras på analys av modeller som ingår i ett internationellt modell-jämförelse-
projekt, och experiment med en specifik global modell. Idealiserade experi-
ment med olika antropogena aerosolnivåer visar att både sulfat- och icke-
sulfat-aerosoler ger en ökning av moln albedo i regioner av subtropiska ma-
rina stratocumulus moln. Förändringarna i moln albedo i modellerna drivs
av förändringar i koncentrationen av molndroppar och vatteninnehållet. Jäm-
förelse mellan modeller och satellitobservationer visar att den mikrofysiska
kopplingen av underliggande aerosol-moln-interaktioner i modellerna verkar
dominera på månadsskala i subtropiska marina stratocumulus regioner, något
som inte kan bekräftas av observationer. Att kvantifiera effekten av aerosoler
på molnens egenskaper i observationer är fortfarande en utmaning. Vidare vi-
sar jämförseler mellan satellitdata och den globala klimatmodellen NorESM
att denna modell inte kan fånga de ovanliggande aerosoler ovanför molnen,
som har observerat i satellitdata i två regioner av marina stratocumulus moln.
Känslighetsexperiment avslöjade att modellens vertikala fördelning av aeroso-
ler är mest känslig för aerosolutsläppets höjd, konvektion och våtdeposition.
Slutligen undersöktes hur absorptionen av aerosoler är representerad i globala
klimatmodeller. De flesta modellerna underskattar absorptionen av aerosoler i
fokusområdet i Asien. Känslighetsstudier med NorESM ger upphov till varia-
tioner som ligger inom variationer mellan modellerna.
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1. Introduction

Clouds play a crucial role in the entire climate system, through their abil-
ity to reflect shortwave solar radiation or absorb and re-emit terrestrial long-
wave radiation, thereby determining the radiative budget of the earth and fur-
ther through transport of moisture influencing the global hydrological cycle.
Hence, an accurate representation of clouds in global climate models is essen-
tial for future climate projections. However, discrepancies in the representation
of clouds between global climate models and observations have been found, in
particular for low marine clouds over the subtropical oceans.

A complex interplay between processes across different scales influences
cloud properties, from microphysical scales up to large-scale circulation, which
makes the representation of clouds in climate models challenging. The spatial
resolution of global climate models is usually around 100km for each grid box
and thereby not fine enough to resolve processes on the cloud-scale, so that
parameterizations are used to describe these physical processes.

Processes on the microphysical scale involve aerosol particles, which are
small solid or liquid particles suspended in air, with a size range from nanome-
ters to micrometers. These tiny particles can be emitted directly into the atmo-
sphere or formed from vapors, originating from anthropogenic sources such
as industrial pollution or from natural sources such as deserts or sea spray.
Aerosols influence the radiative budget of the earth, through their interaction
with radiation and clouds. Dependent on their chemical composition, size
and hygroscopicity, they can absorb or reflect solar radiation, and absorbing
aerosols for instance can thereby induce cloud dissipation through local circu-
lation changes. Further, they have the ability and are also a necessity in the real
atmosphere to form cloud droplets. If air is cooling, water condenses on the
surface of these particles. An increase in aerosol number concentration leads
to more numerous and smaller cloud droplets assuming a constant liquid water
content of the cloud, enhancing thereby the cloud reflectivity, which is referred
to as cloud albedo effect. More numerous and smaller cloud droplets in turn
yield a suppression of precipitation and clouds can persist for longer time. The
estimated radiative forcing of the interaction between aerosol particles and ra-
diation and clouds is negative, i.e. a cooling effect on the climate, but there is
a large uncertainty concerning the magnitude (Myhre et al., 2013).

This thesis investigates the representation of aerosol-cloud-radiation in-
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teractions in global climate models. In Paper I, we investigate the represen-
tation of the cloud albedo effect in global climate models in five regions of
marine stratocumulus clouds. With idealized experiments using enhanced an-
thropogenic aerosol emissions, provided by the Coupled Model Intercompar-
ison project phase 5 (CMIP5), we separate the effect of anthropogenic sulfate
and non-sulfate aerosols on the cloud albedo. Paper II is extending the ap-
proach of using correlation coefficients, which we used in Paper I, for a model-
observation comparison. We compare satellite data, model output and also
reanalysis to investigate the representation of aerosol-cloud-radiation interac-
tions in CMIP5 global climate models with the focus on the relation between
cloud droplet number concentration and liquid water content. The vertical dis-
tribution of aerosols in climate models is crucial for determining the radiative
forcing by aerosol-cloud-radiation interactions. We identify processes which
control the vertical aerosol distribution in the global climate model NorESM
with performed sensitivity experiments in Paper III. The model performance is
thereby evaluated using satellite retrievals. Absorbing aerosols contribute to a
positive radiative forcing, i.e. a warming effect on the climate. The represen-
tation of absorbing aerosols in global climate models is evaluated in Paper IV,
including a multi-model intercomparison and model-observation comparison.
Further, sensitivity experiments are performed with the global climate model
NorESM to investigate possible model improvements in the representation of
absorbing aerosols over Asia.
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2. Aerosol-cloud-radiation
interactions

2.1 Aerosols

Atmospheric aerosols are small solid or liquid particles suspended in air. Typ-
ical sizes range from a few nanometers to tens of micrometers and the amount
per cm3 air varies between 1 and 1 000 000 particles. Nevertheless, these tiny
particles have a large impact on the climate through their ability to scatter and
absorb solar radiation and to act as cloud condensation nuclei (CCN), thereby
changing cloud properties. Further, they can have severe effects on human
health through urban pollution, restrict visibility or acidify rain.

2.1.1 Sources, sinks and spatial distribution of aerosols

Aerosol particles originate not only from natural sources such as deserts, oceans,
volcanic eruptions, forest fires or vegetation, but also from anthropogenic ac-
tivities, mainly attributable to combustion of fossil fuels and biofuels due to
e.g. traffic and industry. Another way to classify the source of aerosols is
by the geographical location; for instance marine, urban, continental or rural
aerosols.

Aerosols can be emitted directly into the atmosphere as primary particles
in the condensed phase. Natural primary particles are for instance mineral dust
and sea spray raised by wind friction at the surface of desert or arid regions and
the ocean, or pollen from biological activities. Anthropogenic primary parti-
cles originate from incomplete combustion of fossil fuels or biomass burning,
such as black carbon (BC). Further, aerosols can be formed in the atmosphere
as secondary particles through nucleation or condensation from vapors, the so
called aerosol precursors, and is referred to as gas-to-particle conversion. We
distinguish between heterogeneous condensation, where condensation occurs
on already existing particles and on the other hand homogeneous nucleation,
the generation of new particles without the necessity of already existing par-
ticles, where the latter one occurs more rarely. Frequently occuring aerosol
precursors are for instance sulfur dioxide or volatile organic carbon, where the
latter forms secondary organic aerosols (SOA) and is mainly emitted through
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anthropogenic combustion processes or biomass burning. Another process
of secondary particle formation is in-cloud processing, where aerosols form
through evaporated cloud droplets.

Aerosol particles are removed from the atmosphere through dry and wet
deposition. The main removal process of soluble aerosols is wet scavenging,
which is usually divided into in-cloud scavenging and below-cloud scavenging.
In-cloud scavenging refers to activation of aerosol particles as cloud droplets
and below-cloud scavenging to wash-out through precipitation. Dry deposition
includes processes such as sedimentation, turbulent diffusion and impaction
and affects mainly bigger particles.

The source and removal fluxes are assumed to be balanced after a certain
time, so that the residence time τ of aerosols can be defined as

τ =
B
S
=

B
R

(2.1)

with the column burden B, the source flux S and the removal flux R (Boucher,
2015). Aerosol particles in the troposphere, which is the lowest layer of our
atmosphere, have a short residence time of only a few days to weeks, compared
to carbon dioxide which remains in our atmosphere for centuries. However,
aerosols can be transported over a long-range in the vertical but also horizontal
direction, for instance continental aerosols can be found over oceans or marine
aerosols over the continents.

Hence, the global aerosol distribution is dependent on sources, sinks and
transport processes. Figure 2.1 shows a typical global distribution of four main
aerosol species; Saharan dust can be transported from continental desert and
arid regions over the Atlantic, sulfate aerosols from industrial pollution or vol-
canic eruptions are dominant in the Northern Hemisphere, whereas biomass
burning aerosols such as BC occurs over two main biomass burning regions lo-
cated in the Southern Hemisphere. The aerosol burden is highest in the bound-
ary layer and decreases with height. However, aerosols can also be transported
to the free troposphere and a local maximum, the so called Junge layer, occurs
in the stratosphere, the atmospheric layer above the troposphere.

2.1.2 Physical, chemical and optical properties of aerosols

The shape, size and chemical composition are the most important features of
aerosol particles and can change while ageing through mixing processes or
chemical reactions. The main chemical components of atmospheric aerosols
are ammonium, sulfate, nitrate, sodium chloride, elemental and organic car-
bon, magnesium, calcium, potassium, soot, and water. A common classifi-
cation of aerosol species, which is used in climate models, is the division into
sulfate, organic aerosols, black carbon (BC), dust and sea salt. Aerosols can be
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Figure 2.1: Global aerosol distribution produced by the Goddard Earth Ob-
serving System Model, version 5 (GEOS-5) with a resolution of 10 km. Vi-
sualized are the aerosol species sulfate (white), biomass burning aerosols, here
called smoke (green), dust (orange) and sea salt (blue). Source: William Putman,
NASA/Goddard, 2017

either externally or internally mixed. An external mixture is an aerosol popu-
lation composed of individual pure aerosol compounds, whereas in an internal
mixture, individual particles consist of different compounds. Internal mixing
of particles is accomplished through coagulation with other particles or con-
densation of vapors. Condensation of vapors onto particles changes thereby
their size and hygroscopicity which in turn changes their optical properties
and also activation ability as cloud droplets.

There are several ways to represent aerosol populations, most commonly
used is a log-normal size distribution, either in regard to the particle number,
surface area, volume or mass. Size ranges of particles are divided into four dif-
ferent modes, the nucleation (particle diameter 0.001 < d < 0.01 µm), Aitken
( 0.01 < d <0.1 µm), accumulation (0.1< d < 2.5 µm) and coarse (d > 2.5 µm)
mode (Seinfeld & Pandis, 2016). Particles in the nucleation mode are formed
through gas-to-particle conversion. They grow rapidly, through condensation
of water vapor or coagulation with other particles and thereby transition to the
Aitken mode. Aitken mode particles can also be emitted as primary particles
through combustion processes, for instance BC. Accumulation mode particles
originate mainly from the Aitken mode and in-cloud processing but can also
be emitted directly into the atmosphere through combustion processes, for in-
stance organic aerosols. Particles in the accumulation mode can persist for a
longer time since coagulation becomes less efficient for larger particles; how-
ever, accumulation aerosols can be efficiently removed through wet deposition.
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Coarse mode particles are emitted directly into the atmosphere and are mainly
created through bulk-to-particle conversion, such as dust from deserts or sea
salt from sea spray. Due to their large size, and thereby large gravitational
settling, they can be efficiently removed through dry deposition. Figure 2.2
summarizes the size modes of aerosols and their different production and re-
moval processes. The global mean aerosol population is in terms of a number
size distribution dominated by particles in the nucleation and Aitken mode;
however, particles in the accumulation mode account for most of the surface
area and coarse mode particles of the total aerosol volume and mass. Aerosols
which will be activated as cloud droplet are mainly found in the accumula-
tion mode, while particles in the coarse mode can dominate radiative effects of
aerosols.

Nucleation
mode

Accumulation 
mode

Aitken
mode

Coarse
mode

Particle Diameter

Condensation

Coagulation

Dry deposition

Wet deposition

10 nm 100 nm 2.5 µm

Nucleation Cloud
processing

Primary
particles

Primary
particles

Figure 2.2: Size modes of aerosols and their different production and removal
processes. Adapted from Seinfeld & Pandis (2016).

Optical properties of aerosols are determined by their chemical composi-
tion, size, hygroscopicity and shape. The shape of particles depends thereby
on the ageing state; for instance, fresh emitted BC particles in agglomerate
shape can collapse quickly which favors further condensation onto the parti-
cles (Peng et al., 2016). Aerosols can scatter and absorb shortwave solar and
longwave terrestrial radiation, which can in turn be re-emitted. The radiative
properties of individual aerosol species are described through a wavelength de-
pendent complex refractive index m = n− ki, with the real part n representing
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the light speed in the material and the imaginary part k the absorption strength
(Boucher, 2015). The refractive index of aerosol mixtures is derived using the
refractive index of individual compounds.

A variable which represents optical properties of aerosol populations is the
aerosol extinction coefficient, i.e. the sum of scattered and absorbed solar radi-
ation by all aerosols. The column integrated aerosol extinction is called aerosol
optical depth (AOD) and is commonly used as a proxy for the CCN concen-
tration, cf. Andreae (2009). The higher the aerosol number concentration the
more solar radiation will be reflected and absorbed which yields a higher AOD.
However, a higher AOD could also be accomplished by a dominance of larger
particles. The absorption AOD (AAOD) gives only the absorbing part of the
AOD.

To conclude, aerosols can undergo several processes in the atmosphere
such as condensation or evaporation of vapors on particles, coagulation be-
tween particles or chemical reactions which further change their size, shape,
hygroscopicty and chemical composition and in turn affects their optical prop-
erties and ability to serve as CCN. To determine climatic effects of aerosols,
which are mainly related to their interactions with radiation and clouds, the
mixing and ageing state is important. Climatic effects of aerosols will be fur-
ther discussed in section 2.3.

2.2 Clouds

Clouds are a crucial part of the climate system as they can scatter solar ra-
diation and absorb and re-emit longwave radiation. Furthermore, they are an
important part of the global hydrological cycle due to their transport of mois-
ture. Clouds consist of liquid droplets, ice crystals or both and their formation
depends on processes across different scales, from the micro- and macrophys-
ical scale to large-scale circulation.

2.2.1 Cloud microphysics

Three components are required to form a cloud: saturated water vapor, a mech-
anism to cool air, and aerosol particles on which the water vapor can condense
and form a liquid cloud droplet or ice crystal.

From the microphysical perspective, aerosol particles are a necessity in the
atmosphere to form cloud droplets. As air is cooling, water vapor condenses
on a priori existing particles, which is referred to as heterogeneous nucleation.
The activation of aerosols to serve as CCN is thereby described through the
Köhler theory and depends on their size and chemical composition. The the-
ory combines the Kelvin effect and the Raoult effect. The former describes the
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reduction of saturation vapor pressure with a decreasing surface curvature of
the particle, so that larger particles need a lower critical supersaturation to be
activated as cloud droplets. The Raoult effect refers to the decrease in satura-
tion vapor pressure for particle solutions, for instance salt dissolved in water.
The dissolved ionic bonds of the soluble particle lower the equilibrium vapor
pressure and prevent water from evaporating. Thus, solute particles need a
lower critical supersaturation to become activated as cloud droplets. The Köh-
ler equation can be defined as

e
es

∼ 1+
a
r
− b

r3 (2.2)

with the saturation ratio e
es

, the Kelvin effect a
r and the Raoult effect b

r3 (Lamb
& Verlinde, 2011). The larger and solute a particle, the lower the required su-
persaturation for the activation as cloud droplet. Hydrophobic and insoluble
aerosols are in general less efficient as CCN compared to hydrophilic solu-
ble aerosols (Pruppacher & Klett, 2012). However, homogeneous nucleation
on the other hand, i.e. water vapor condenses spontaneously and forms water
droplets is not possible in the atmosphere, since supersaturations of approxi-
mately 340% would be required (Lamb & Verlinde, 2011).

The formation of ice particles in pure ice clouds or mixed-phase clouds can
be accomplished by two different processes, homogeneous freezing or hetero-
geneous nucleation. Homogeneous nucleation, i.e. the spontaneous deposition
of water vapor to form ice crystals, is similar to the homogeneuos nucleation
for liquid droplets not likely in the atmosphere since too high supersaturations
would be required. However, homogeneous freezing, i.e. the freezing of an
already existing cloud droplet occurs at temperatures below -38◦ C (Lamb &
Verlinde, 2011). For heterogeneous ice nucleation, ice formation occurs at the
surface of aerosol particles, the so called ice nuclei (IN); most efficient are
thereby particles from biological origin and solid material, opposed to CCN,
which are efficient if they consist of soluble material (Lamb & Verlinde, 2011).
Several mechanisms can lead to heterogeneous nucleation: 1) deposition nu-
cleation, water vapor is supersaturated in regard to ice and deposits onto IN,
2) contact nucleation, IN collide with a liquid droplet which freezes and 3)
freezing nucleation, which distinguishes between condensation freezing on
one hand, i.e. IN is coated with soluble material which favors condensation
and on the other hand immersion freezing, where IN enter the droplets during
the condensation process.

Once an aerosol is activated as cloud droplet or ice particle, the further
growth depends on diffusion of water vapor and collision-coalescence of droplets
and ice crystals. In mixed-phase clouds, ice particles grow at the expense of
water droplets as described by the Wegener-Bergeron-Findeisen process (Prup-
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pacher & Klett, 2012). When cloud droplets and ice crystals reach a certain
size and are large enough, they transition to rain droplets or snow and then
precipitate.

2.2.2 Cloud distribution and classification of clouds

Clouds are usually classified by their height and thickness or based on their
dynamical regime. Clouds with a cloud base below 2km are classified as low
clouds such as e.g. stratus or stratocumulus, whereas mid-level clouds, e.g.
altocumulus have a cloud base between 2 and 6km and high clouds such as
cirrus around 7km height. Cumulonimbus clouds have a low cloud base but
can reach up to the tropopause where they usually develop an anvil.

Cloud formation, evolution and appearance depends on the atmospheric
circulation, thus cloud types differ between different dynamical regimes and
thereby regions. Figure 2.3 shows the global distribution of cloud cover; ap-
proximately two thirds of the earth’s surface are covered with clouds (Boucher
et al., 2013). Strong and deep convection in the tropics occurs due to higher in-
solation and instability which forces the air to rise; deep convective clouds can
form and reach up to the tropopause. These clouds are mixed-phase clouds and
consist of liquid droplets and ice crystals. Strong updrafts within the cloud also
favor the development of heavy precipitation. In the subtropical trade wind re-
gions, marine low stratocumulus clouds over the subtropical oceans are driven
by other dynamical processes. Due to their location in the subsiding branch of
the Hadley circulation, a temperature inversion forms at the cloud top which
limits their vertical extent. The temperature inversion causes radiative long-
wave cooling at the cloud-top which helps to maintain the cloud. The moist
ocean surface further serves as a dynamical source of water vapor. The forma-
tion and development of clouds in the midlatitudes is determined by frequent
low pressure systems in the stormtracks with convective frontal cloud systems.
In the arctic, mixed-phase low stratus clouds are predominant (Boucher et al.,
2013).

2.2.3 Climatic effects of clouds

Clouds can reflect shortwave solar and absorb and re-emit longwave terres-
trial radiation. The radiative effect is usually divided into a negative effect in
the shortwave and a positive effect in the longwave. Their climatic effects
depend thereby on their height, thickness and geographical location. Low
clouds mainly reflect shortwave solar radiation as opposed to thin cirrus clouds
which reflect only little solar radiation but trap longwave radiation which in
turn yields a warming. Deep convective clouds such as cumulonimbus have
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Figure 2.3: Global distribution of cloud cover, mainly based on the passive sen-
sor MODIS. Source: NASA/Goddard, 2014

nearly no net radiative effect; their shortwave cooling and longwave warm-
ing balance each other. Especially low marine stratocumulus clouds over the
else dark ocean surface contribute with their high albedo significantly to the
radiative forcing (Stevens & Brenguier, 2009; Wood, 2012).

The cloud radiative effect (CRE) is derived through radiative fluxes at the
top of the atmosphere and defined as

CRE = (FSW
clear−sky −FSW

all−sky)− (FLW
clear−sky −FLW

all−sky) (2.3)

with the clear- and all-sky radiative fluxes of the incoming shortwave (SW)
solar radiation and the outgoing longwave (LW) radiation at the top of the at-
mosphere. Radiative effects of clouds can change due to aerosol perturbations
and aerosol-cloud interactions are described in the following section.

2.3 Aerosol-cloud-radiation interactions

Figure 2.4 shows the classification of aerosol-radiation and aerosol-cloud inter-
actions. Aerosol particles can interact directly with radiation and as described
in section 2.1, individual aerosol species have different optical characteris-
tics, so that the ability to reflect or absorb radiation depends on the aerosol
species and further their size, shape and hygroscopicity. For instance, sul-
fate and sea salt aerosols scatter solar radiation, while organic aerosols and
dust mainly scatter, whereas BC mainly absorbs radiation. These direct in-
teractions of aerosols with radiation are referred to as the radiative forcing
of aerosol-radiation interactions. Absorbing aerosols thereby contribute to a
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warming effect on the climate and BC for instance with its strong absorptivity
is the second strongest warming agent after carbon dioxide (Ramanathan &
Carmichael, 2008). Furthermore, the radiative forcing of absorbing aerosols
can induce rapid adjustments through local heating of an atmospheric layer,
which in turn adjusts the vertical temperature and relative humidity distribu-
tion and influences circulation processes and cloud properties (Hansen et al.,
1997).

As described in section 2.2, aerosol particles can serve as CCN, dependent
on their size, chemical composition and hygroscopicity, and their activation as
cloud droplet is described through the Köhler theory. As most efficient CCN
are considered thereby hydrophilic soluble particles, however, also hydropho-
bic aerosols can become coated and activated as cloud droplet (Boucher et al.,
2013). Assuming a constant liquid water content, an increase in aerosol num-
ber concentration yields more numerous and smaller cloud droplets, which
in turn leads to an enhancement in cloud albedo. This radiative forcing of
aerosol-cloud interactions, referred to as the cloud albedo effect (Twomey,
1977), induces also rapid adjustments. Since the precipitation efficiency is
decreased for more numerous and smaller droplets, the cloud can persist for a
longer time, referred to as the cloud lifetime effect (Albrecht, 1989). This pre-
cipitation interaction makes aerosol particles to an important part of the global
hydrological cycle.

The aforementioned cloud albedo and cloud lifetime effects occur in warm
clouds consisting of liquid water droplets. Besides their ability to serve as
CCN for warm clouds, aerosols can also serve as IN (see section 2.2). An
increase in aerosol number concentration can increase the number of IN or
increase the number of cloud droplets which can freeze and form ice crystals.
In mixed-phase clouds, aerosols can inhibit the freezing process, referred to
as the thermodynamic effect, reduce riming, or boost the freezing process,
referred to as the glaciation effect (Lohmann, 2002). However, the radiative
forcing of aerosol interactions with ice clouds are highly uncertain (Lohmann
& Feichter, 2005).

The effective radiative forcing of aerosol-cloud-radiation interactions, which
is mainly considering aerosol effects on warm-phase clouds, is the sum of the
radiative forcing and rapid adjustments, and has an estimated negative forcing
with a large uncertainty in magnitude [-0.9 (-1.9 to -0.1) Wm−2] (Myhre et al.,
2013). This cooling effect by aerosols has damped global warming due to
greenhouse gases and the combined effects of greenhouse gases and aerosols
explain the global warming estimate of ∼ 1◦C from 1880 to present-day (Sam-
set, 2018). Reductions in anthropogenic aerosol emissions, such as e.g. ob-
served in Europe between 1980 and 2010 (Granier et al., 2011) could amplify
climate warming due to greenhouse gases (Matthews & Zickfeld, 2012; Sam-
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Figure 2.4: Classification of aerosol-cloud-radiation interactions. Adapted from
Boucher et al. (2013).

set et al., 2018a). However, reductions of emissions are essential to achieve a
better air quality especially in large urban areas.

Observations of aerosol-cloud-radiation interactions are discussed in chap-
ter 3 and in chapter 4 they are investigated from a modeling perspective.
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3. Observations of aerosol-cloud-
radiation interactions

Instruments and methods to measure aerosol and cloud properties are described
in the following chapter. Further, observations of aerosol-cloud-radiation in-
teractions are briefly reviewed.

3.1 Measurements of aerosol and cloud properties

To observe aerosol-cloud-radiation interactions, measurements of aerosol and
cloud properties are necessary, such as aerosol number concentration, AOD,
cloud droplet number concentration and liquid water content. While the cov-
erage of in-situ measurements is limited, remote sensing instruments allow an
analysis of aerosol-cloud-radiation interactions on the global scale.

Remote sensing instruments are categorized as passive or active sensors;
passive sensors measure radiation which is naturally scattered and re-emitted
by clouds and aerosols, while active sensors on the other hand emit radiation
and measure the back-scattered radiation. Passive sensors measure either ex-
tinction and/or scattering in the shortwave or absorption and emission in the
longwave. For measurements in the shortwave, ground-based instruments use
sunphotometry and spaceborne sensors on board of satellites measure e.g. with
an occultation technique. Another example of passive sensors are microwave
radiometers which measure the liquid water content. Active remote sensing in-
struments are e.g. lidars, which measure radiation in the visible spectrum and
radars, which measure in the radio-wave spectrum. Aerosols are almost trans-
parent to radio-wave radiation, thus a radar is not suitable for the measurement
of aerosols. However, a radar measures cloud properties such as e.g. precipita-
tion. A lidar can be stationed at the ground thereby pointing upwards towards
the atmosphere while a spaceborne lidar on board a satellite faces downwards.
Passive sensors measure column integrated aerosol and cloud properties such
as AOD, cloud optical depth or cloud fraction. Active sensors have the advan-
tage of providing aerosol and cloud properties vertically resolved, for instance
the total aerosol extinction.

In-situ measurements, however limited in their spatial coverage, give a
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more complete characteristic of aerosol and cloud properties at the measure-
ment site. Instruments focus usually either on physical or chemical properties
of aerosol particles and cloud droplets, so that typical aerosol and cloud droplet
size distributions and number concentrations can be derived. Optical particle
counters or impactors measure the number concentration and size. For mea-
surements of the chemical composition, filter instruments or mass spectrome-
try is used. Furthermore, many other instruments are in use to measure more
specific properties such as absorption, scattering or hygroscopicity of aerosols.
In-situ measurements can be permanent stationary or measurements are con-
ducted for a limited time period, for instance flight measurements during field
campaigns. Most aerosol instruments can only measure the total aerosol con-
centration or size distribution and not subdivide individual aerosol species,
which can be done in models.

Finally, laboratory measurements, such as e.g. cloud chambers, facilitate
observations of fundamental processes on the microphysical scale. Aerosol
particles can be injected into the chamber, which mimics thereby certain at-
mospheric conditions, and their ability to serve as CCN or ageing processes
can be studied.

3.2 Observed aerosol-radiation interactions

To observe radiative effects of aerosols, scattering, absorption or total extinc-
tion of radiation are typically analyzed, which can be measured with differ-
ent instruments as described in section 3.1. To estimate radiative effects of
aerosols, the AOD observed from satellites is often used (see e.g. Su et al.,
2013). However, the radiative forcing due to aerosol-radiation interactions is
not well constrained (Myhre et al., 2013).

Not only the large global variability of the chemical composition of aerosols,
as highlighted e.g. by Jimenez et al. (2009), complicate observational con-
straints, also the ageing and mixing state contribute to the uncertainty of radia-
tive aerosol effects. Most extensively studied are absorbing aerosols, in par-
ticular BC, which contribute to a warming of the climate and exert a radiative
forcing that is still uncertain (Myhre et al., 2013). For instance, BC which has
a strong absorptivity can be coated and become hydrophilic, thereby reducing
its lifetime and concentration due to increased wet removal (Stier et al., 2006).
Dependent on the particle structure, the coating can also amplify the absorp-
tion ability and measurements revealed that emitted BC quickly collapses and
forms spherical particles. Coating of organic material around the then formed
BC core enhances absorption through the lensing effect (Peng et al., 2016).
Also the radiative effect of organic aerosols has been recently discussed and
photochemical ageing processes of BrC were found to either decrease, which is
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referred to as bleaching (Dasari et al., 2019; Zhong & Jang, 2014), or increase
(Noziére et al., 2007; Tsigaridis & Kanakidou, 2018) the absorption strength.

Rapid adjustments due to aerosol-radiation interactions have been widely
observed (e.g. Brioude et al., 2009; Koren et al., 2004; Wilcox, 2010; Wilcox
et al., 2016) and as shown by Koch & Del Genio (2010), subsequent cloud
adjustments to forcing from aerosol-radiation interactions of BC and other ab-
sorbing aerosols, depend both on the altitude of the aerosols in relation to the
cloud, and the cloud type. Hence the wide range of previous studies on the
topic are not univocal. For instance, the heating effect of absorbing aerosols
has been found to be enhanced with the cloud cover beneath (Chand et al.,
2009). Further, aerosol particles above cloud can be mixed in through cloud-
top entrainment and act as CCN, which leads to cloud thickening (Wilcox,
2010) and Wilcox (2012) found that the positive radiative forcing of aerosol-
radiation interactions by absorbing smoke aerosols above marine stratocumu-
lus clouds over the southeast Atlantic, is largely compensated by a cloud thick-
ening, which induces a cooling effect. Brioude et al. (2009) found an increase
in cloud fraction due to biomass burning aerosols above marine stratocumulus
clouds, whereas Koren et al. (2004) found a dissipation of continental cumulus
clouds with a high concentration of biomass burning over the Amazon region.
Furthermore, Wilcox et al. (2016) have shown that BC aerosols can suppress
turbulence in the boundary layer, which leads to higher relative humidity and
favors cloud development.

To summarize, aerosol-radiation interactions depend on the spatial distri-
bution of aerosols and further their mixing and ageing state, which affects also
their ability to serve as CCN. Rapid adjustments due to aerosols can lead to a
cloud thickening or cloud dissipation dependent on the cloud type and height
of the aerosol relative to the cloud.

3.3 Observed aerosol-cloud interactions

For the observation of aerosol effects on cloud properties, the cloud droplet
number concentration, cloud liquid water path or precipitation are usually in-
vestigated. Previous studies have pointed at the dependence of aerosol-cloud
interactions on dynamical regimes (Michibata et al., 2016; Neubauer et al.,
2017; Stevens & Feingold, 2009; Zhang et al., 2016). The susceptibility of
clouds to aerosol perturbations decreases with increasing number of aerosol
particles and as shown by Carslaw et al. (2013), the cloud droplet number con-
centration increases more with increasing aerosol concentration in pristine pre-
industrial conditions. This non-linear dependence of the cloud droplet number
on the aerosol number concentration has been categorized into three regimes
by Reutter et al. (2009): 1) the aerosol-limited regime, where the cloud droplet
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number increases with increasing aerosol number concentration and is nearly
independent of the updraft velocity, 2) the updraft-limited regime, with a re-
versed dependence, i.e. the cloud droplet number is increasing with higher
updraft velocities, but is nearly independent of the aerosol number concentra-
tion and 3) the transitional regime, where the cloud droplet number depends
on both updraft velocity and aerosol number concentration. Chen et al. (2016)
showed further that for the classification of regimes, not only the cloud droplet
number, but also the relative dispersion of the cloud droplet spectrum should
be considered.

However, aerosol-cloud interactions are not readily observable; buffer-
ing mechanisms such as meteorological variability can cover the influences
of aerosols on cloud properties (e.g. Bender et al., 2016; Peters et al., 2014;
Stevens & Feingold, 2009; Toll et al., 2017). A prominent manifestation of
the cloud albedo effect in observations, not only measurable but also clearly
visible, are ship tracks (e.g. Coakley et al., 1987; Peters et al., 2011). Particles
released with the exhaust from ships into the clean maritime air, can lead to
new cloud formation or change properties of already existing clouds. These
are examples of aerosol-cloud interactions, where the enhancement of aerosol
number concentration leads to an increase in the cloud reflectance. Figure 3.1
shows an example of ship tracks, observed with the Moderate Resolution Imag-
ing Spectroradiometer (MODIS) aboard the Aqua satellite on January 16, 2018
over the Atlantic Ocean. Ship tracks have been mainly observed in marine low
stratocumulus clouds (Coakley et al., 2000), a cloud type which has been found
to be sensitive to aerosol perturbations (Kirkevåg et al., 2013; Wood, 2012).
Aerosols from different continental sources have been observed in subtropi-
cal regions of marine stratocumulus clouds (Chand et al., 2008; Devasthale &
Thomas, 2011; Waquet et al., 2013; Winker et al., 2013) and the fairly constant
cloud cover allows observations of aerosol perturbations on cloud properties
and rapid adjustments induced by overlaying aerosols. As shown by Koren
et al. (2014), aerosol perturbations can lead not only to an increase in cloud
reflectivity but can also lead to invigoration of warm convective clouds.

Further, observational evidence for the cloud albedo effect was found in
volcanic regions, and volcano tracks similar to ship tracks were observed (Toll
et al., 2017). Volcanic eruptions release a large amount of sulfur dioxide into
the atmosphere, which forms sulfate aerosols through chemical reactions. In-
fluences of volcanic aerosols on cloud properties have been observed by e.g.
Gassó (2008); Schmidt et al. (2012); Yuan et al. (2011) and a decrease in the ef-
fective radius of cloud droplets with increased aerosol concentration after vol-
canic eruptions has been found (Malavelle et al., 2017; McCoy & Hartmann,
2015). If the eruption strength is large, sulfur dioxide can also be injected into
the stratosphere yielding a strong cooling of the global surface temperature
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Figure 3.1: Ship tracks over the Atlantic Ocean. Observed with MODIS aboard
the Aqua satellite on January 16, 2018. Source: NASA, 2018

(Robock & Mao, 1995).
However, rapid adjustments due to aerosol-cloud interactions, i.e. suppres-

sion of precipitation have been proven difficult to observe (Bender et al., 2018;
Malavelle et al., 2017) and for instance George & Wood (2010) showed that
the variability in cloud droplet number concentration can be driven by meteo-
rological variability.

To summarize, the cloud albedo effect has been confirmed in observations
and is regime dependent; further, cloud susceptibility to aerosol perturbations
decreases with increasing CCN concentration. The cloud lifetime effect on
the contrary has been proven difficult to confirm in observations and buffering
mechanisms such as meteorological variability seem to dominate variations in
cloud liquid water content.
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4. Representation of aerosol-
cloud-radiation interactions in
global climate models

4.1 Global climate models

Global climate models are numerical models which solve fundamental physi-
cal equations and are used as a tool for understanding basic physical processes
in our atmosphere and the ocean and for future climate projections. Funda-
mental physical equations to represent motion in both our atmosphere and the
ocean are based on the principles of conservation of mass, energy and momen-
tum. These equations are non-linear and have to be solved numerically. The
physical equations are thereby discretized, which means represented as finite
volumes on a grid; atmospheric models use either a geographical coordinate
Gaussian grid or a spectral resolution, i.e. prognostic variables are represented
as spherical harmonics. In the vertical, pressure-sigma-coordinates are com-
monly used, i.e. sigma coordinates follow the topography in the lower atmo-
sphere and transition with increasing height to only pressure coordinates.

The typical resolution of one grid-box of a climate model is around 100km,
whereas e.g. numerical weather forecast models have a finer resolution of 7km
and cloud-resolving models even finer. Non-linear terms and small scale pro-
cesses, smaller than a typical grid box, can not be resolved explicitly and have
to be parameterized in global models. Such processes are for instance turbu-
lence or clouds. Earth system models are global models in which different
parts of the entire climate system are coupled such as vegetation, aerosols
and oceans. Models can be run in a coupled ocean-atmosphere version, but
atmospheric-only model simulations are usually performed with prescribed sea
surface temperature and sea ice due to the high inertia of ocean circulation pro-
cesses. Most of the state-of-the-art climate models include a representation of
the radiative forcing by aerosol-cloud-radiation interactions, but with a differ-
ent level of complexity. However, models which include these effects were
found to better reproduce recent temperature trends (Ekman, 2014) and also
the historical global mean temperature (Wilcox et al., 2013).
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4.2 Modeling of aerosol-cloud-radiation interactions

Global climate models which include a treatment of aerosols represent usually
five individual aerosol types, namely dust, sea salt, BC, organic aerosols and
sulfate. Prescribed emission inventories provide thereby aerosol emissions,
although sea salt and dust are often wind-driven and calculated in the mod-
els. Emission estimates of aerosols from emission inventories can be highly
uncertain dependent on the region (Chow et al., 2010) and contribute to un-
certainties in the modeling of aerosols. To represent the temporal evolution of
aerosol populations, three modeling methods are used. Most of the state-of-
the-art models use a modal approach, where the size distribution of aerosol is
divided into a certain number of aerosol modes. The sectional approach di-
vides the aerosol size distribution into size bins. Focusing on the aerosol mass
concentration, the bulk approach can be used, which uses a fixed aerosol size
distribution (Boucher, 2015).

Once emitted, aerosol particles can undergo several processes in mod-
els, such as condensation, coagulation or deposition. The representation of
aerosol-radiation interactions in global models is prescribed through optical
properties of the individual pure aerosol components and also of mixtures be-
tween them. Sulfate and sea salt are usually prescribed as reflecting, organic
aerosols and dust as mainly reflecting with only weak absorptivity, while BC
is defined as mainly or even fully absorbing. A complex refractive index (see
section 2.1.2) is thereby defined at different wavelengths, with the real part
representing the light speed in the medium and the imaginary part the absorp-
tion ability. For the optical properties of internally mixed particles, models use
e.g. a volume mixing rule or the Maxwell-Garnett equation to calculate the
refractive index of the mixture. The equivalent refractive index according to
the Maxwell-Garnett mixing rule is defined as

m2
e = m2

1
m2

2 +2m2
1 +2v2(m2

2 −m2
1)

m2
2 +2m2

1 − v2(m2
2 −m2

1)
(4.1)

with the refractive indexes m1 and m2 and the volume fractions v1 and v2 for a
mixture of two components (Boucher et al., 2013).

However, not all models represent internal mixing of aerosols and an im-
proved model performance compared to observations was found if this process
is included in models (Lesins et al., 2002; McMeeking et al., 2011). The inter-
nal mixing of a particle can be either implemented assuming a homogeneous
or a core-shell structure of particles. The latter allows thereby an absorption
enhancement due to coating of an absorbing core through the lensing effect
(Bauer et al., 2007; Lack et al., 2012; Peng et al., 2016). To calculate the
physical interaction of aerosols and radiation, Mie-theory is applied in mod-
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els which assumes all particles to be spherical. Figure 4.1 shows a simpli-
fied schematic diagramm of the representation of aerosol processes in climate
models. In the real atmosphere, aerosol particles have different shapes and are
not spherical as simplified in models. Furthermore, optical properties depend
highly on the mixing and ageing state of particles as shown e.g. by Dasari et al.
(2019); Peng et al. (2016); Tsigaridis & Kanakidou (2018), which is often sim-
plified or not represented in global climate models and optical properties are
only wavelength-dependent.

Aerosol emissions:
emission inventories or wind-driven
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cloud droplets

Figure 4.1: Simplified schematic diagram of aerosol modeling.

The cloud albedo effect, i.e. an increase in cloud droplet number concen-
tration and simultaneously decrease in size of cloud droplets with increasing
aerosol number concentration, is parameterized in models through a modifi-
cation of the effective radius. Wilcox et al. (2015) found that model diversity
in the global mean cloud albedo effect is primarily caused by parameteriza-
tions of the effective radius in the models and the pre-industrial sulfate column
burden. The effective radius is dependent on the cloud droplet number concen-
tration, which is in turn linearly dependent on the aerosol number concentra-
tion and rises with an increasing aerosol concentration. Some models use the
aerosol mass instead of aerosol number concentration for predicting the cloud
droplet number concentration. However, the parameterization of the cloud
droplet number varies between different models; for instance a simplified log-
linear relation between aerosol number and cloud droplet number (e.g. Quaas
& Boucher, 2005) can be used or a further dependency on the size, composition
and supersaturation (e.g. Abdul-Razzak & Ghan, 2000). Furthermore, some
models consider only the number concentration of sulfate aerosols, whereas
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more sophisticated models allow coating of hydrophobic particles with hy-
drophilic material, so that all particles can contribute to the cloud droplet num-
ber concentration. The parameterization of the cloud droplet number concen-
tration has been found to contribute to uncertainties in the radaitive forcing of
models in subtropical low cloud regions (Penner et al., 2006; Storelvmo et al.,
2009).

The representation of autoconversion, i.e. conversion from cloud to rain
water, determines the cloud lifetime effect in models. Most models use a criti-
cal radius for cloud droplets from which cloud droplets become rain droplets.
Further a limiting factor is often a fixed collection efficiency. Previous stud-
ies have pointed at the importance of the autoconversion parameterization for
rapid adjustments of aerosol-cloud interactions (Rotstayn & Liu, 2005) and the
representation of the cloud lifetime effect in models (Michibata & Takemura,
2015). Rotstayn (2000), Rotstayn & Liu (2005) and Golaz et al. (2011) found
a large impact of the critical radius on aerosol-cloud interactions. Replacing a
fixed critical radius with a radius dependent on the liquid water path and cloud
droplet number concentration in combination with substitution of a constant
collection efficiency with an efficiency that depends on the particle size, yields
stronger aerosol effects on cloud properties (Rotstayn & Liu, 2005).

4.3 Discrepancies between observed and modeled aerosol-
cloud-radiation interactions

In the following, a few examples of discrepancies between models and obser-
vations in terms of aerosol-cloud-radiation interactions are highlighted.

Discrepancies have been found for the representation of aerosol-radiation
interactions; aerosol absorption was found to be widely underestimated in
state-of-the-art climate models (Samset et al., 2018b), in particular over Asia
and the Indo-Gangetic-Plain (Pan et al., 2015). Recent studies have been point-
ing at the importance of the representation of organic aerosols in models, which
are often prescribed as mainly reflecting and do not consider the strong ab-
sorbing BrC (e.g. Gustafsson & Ramanathan, 2016). The necessity to include
BrC as an individual aerosol species in climate models has been demonstrated
by Wang et al. (2016) and Brown et al. (2018) and has lead to an improved
agreement with observations. As discussed in section 3.2, mixing and age-
ing processes can influence radiative properties of aerosols and further model
improvement compared to observations has been found if BC absorption en-
hancement and BrC bleaching are accounted for in models (e.g. Chen et al.,
2017; Saleh et al., 2014). However, also the representation of basic physical
processes such as transport and deposition of aerosols can cause discrepancies
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between models and observations (e.g. Textor et al., 2006, 2007).
The vertical distribution of aerosols in models plays an important role and

can influence both aerosol-radiation and aerosol-cloud interactions. Large dis-
crepancies in the vertical aerosol distribution have been found between models
and satellite observations and also between models (Kipling et al., 2016; Koffi
et al., 2012, 2016). In Paper III, we investigate the representation of the ver-
tical aerosol distribution in the model NorESM. The model does not capture
elevated aerosol layers in two subtropical marine stratocumulus regions com-
pared to satellite retrievals. An improved representation of the vertical aerosol
extinction in the boundary layer is found for a down-scaled resolution of the
observations. However, elevated aerosol layers can still not be captured by
the model and the resolution is not the limiting factor in this case. Sensitivity
experiments reveal that the model is most sensitive to aerosol emissions, con-
vection and wet scavenging and highlight the importance of the representation
of these basic physical processes.

A focus in this thesis is on regions of stratocumulus topped marine bound-
ary layers over subtropical oceans, where the representation in climate models
remains challenging and large discrepancies in radiative forcing between mod-
els and observations have been found (Bender et al., 2016; Bony & Dufresne,
2005; Medeiros et al., 2008). Models often underestimate cloud cover in these
regions, but overestimate cloud thickness (Karlsson et al., 2008), also known
as the ’too few too bright’-problem (Nam et al., 2012).

Not surprisingly, aerosol-cloud interactions have been extensively studied
in these regions. Bender et al. (2016) investigated the cloud albedo effect in
climate models compared to satellite retrievals in five regions of low marine
stratocumulus clouds. While the model mean showed a distinct cloud bright-
ening effect on the month-to-month scale, as confirmed by Frey et al. (2017)
(cf. Paper I), in two of the studied regions no clear brightening effect or even
the reversed effect was found in observations. Bender et al. (2016) suggest
that absorbing aerosol above cloud may contribute to this discrepancy and as
shown by Frey et al. (2017) (cf. Paper I), aerosols above clouds in climate
models did not influence the scene albedo. Peers et al. (2016) has shown fur-
ther that the aerosol amount above cloud is often underestimated and that in
particular BC is often prescribed as too reflective in climate models compared
to satellite observations. In Paper III, we confirm that in the model NorESM,
the amount of aerosol above cloud is underestimated in marine stratocumulus
regions, however, changing the absorption strength of BC does not improve
the aerosol extinction in this model in the studied regions.

Further, buffering mechanisms such as meteorological variability seem to
mask aerosol effects on cloud properties on the microphysical scale (Ben-
der et al., 2016; Peters et al., 2014; Stevens & Brenguier, 2009). The rela-
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tion between cloud droplet number concentration and liquid water content has
been studied extensively to investigate the cloud lifetime effect, which has
been proven difficult to observe (Bender et al., 2018; Malavelle et al., 2017;
Neubauer et al., 2017). Meteorological co-variation hampers the isolation of
aerosol effects on the liquid water content. Bender et al. (2018) (cf. Paper
II) found a strong correlation between the cloud droplet number concentration
and liquid water content in models in marine stratocumulus regions which can
not be confirmed in observations and suggest that the underlying microphys-
ical coupling may be too dominant in the models. Further constraints of the
regional dependence of the relation between cloud droplet number and liquid
water path (Gryspeerdt et al., 2019) can help to improve the representation
in models. Furthermore, a recent study has introduced a new method to de-
termine the CCN concentration from satellite observations, accounting for the
geometrical thickness of clouds, to disentangle aerosol effects and meteoro-
logical variability. According to this method, a higher sensitivity to aerosol
perturbations has been found (Rosenfeld et al., 2019).
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5. Methodology

This thesis includes model-observation comparisons as well as multi-model
intercomparisons to investigate the representation of aerosol-cloud-radiation
interactions in global climate models. One specific global climate model was
used to test the sensitivity to several processes concerning aerosol-cloud-radiation
interactions. In Paper III, the Norwegian model NorESM1-M was used to iden-
tify processes which control the vertical aerosol distribution, while in Paper
IV the new atmospheric component of the Norwegian model, CAM5.3-Oslo,
was used to unravel processes which influence aerosol absorption most in this
model.

5.1 Studied regions

To study the representation of the cloud albedo effect in global climate models,
we focus on five regions of subtropical marine stratocumulus clouds (cf. Klein
& Hartmann, 1993) in Paper I, a cloud regime which representation in global
models remains challenging (Bender et al., 2016; Bony & Dufresne, 2005;
Medeiros et al., 2008; Qu et al., 2014) and has been found to be sensitive
to aerosol perturbations (Carslaw et al., 2013; Kirkevåg et al., 2013; Wood,
2012).

Aerosol-cloud-radiation interactions have a large spatial and temporal vari-
ability and we supplement the five regions of marine stratocumulus clouds with
two anthropogenic polluted regions and three volcanic regions in Paper II to
investigate these interactions in different regimes and to evaluate model per-
formance using observations.

For studying the vertical aerosol distribution in one specific climate model
in Paper III, we focus again on the five regions of marine stratocumulus clouds
since aerosol above clouds is frequently observed in these regions (e.g. Chand
et al., 2008; Devasthale & Thomas, 2011; Waquet et al., 2013; Winker et al.,
2013).

Finally, with the focus on the representation of aerosol absorption in Paper
IV, we chose a focus domain in Asia where all absorbing aerosol species (dust,
BC and organic aerosols) are present. Influenced by the monsoon circulation,
this region is also from a dynamical point of view of interest and model biases
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have been found in particular in the post-monsoon season (Pan et al., 2015;
Sessions et al., 2015).

5.2 Observations

While only model output is used in Paper I, we use observational data of
aerosol and cloud properties from remote sensing instruments from both satel-
lites and ground-based stations in Paper II, III and IV.

To study aerosol-cloud-radiation interactions, we used satellite retrievals of
MODIS (Remer et al., 2005) on board the Terra and Aqua satellites as part of
the A-train satellite constellation. MODIS is a passive remote sensing instru-
ment and measures back-scattered solar radiation. The total column integrated
aerosol extinction is provided. Further, derived products of the liquid water
path, effective radius and cloud droplet number concentrations are used. The
spatial horizontal resolution of MODIS is 1◦ in latitude by 1◦ in longitude.

To study the vertical aerosol distribution, we use satellite retrievals of the
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP; Winker et al.,
2013) lidar aboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observations (CALIPSO) satellite in Paper III. CALIOP is an active re-
mote sensing instrument and measures back-scattered radiation at two wave-
lengths. While passive sensors give only the column integrated aerosol extinc-
tion, CALIOP resolves the total aerosol extinction in the vertical. The retrieved
variables are aggregated to a uniform 2◦ in latitude by 5◦ in longitude grid with
a vertical resolution of 60m for each satellite overpass.

Further, ground-based stationary data from the Aerosol Robotic Network
(AERONET; Holben et al., 1998) version 3 (Giles et al., 2019) was used in
Paper IV to investigate the representation of aerosol absorption at different
sites within a focus domain. The measurement instruments of AERONET are
passive sensors which are using the method of sun-photometry and the total
aerosol extinction is derived at different wavelengths with an algorithm. The
total vertically integrated aerosol extinction (AOD) and AAOD are provided.

5.3 Reanalysis

Data assimilation is used to provide initial conditions which are needed for the
numerical integration in models, combining observations and model-produced
values, so called first-guess estimates (Parker, 2016). In numerical weather
forecast models, this process is usually performed every six hours and global
fields produced with the data assimilation serve as input fields for the model
projections. A reanalysis is produced using data assimilation of the recent past
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(Bengtsson & Shukla, 1988; Trenberth & Olson, 1988) and gives a long-term
data set which is used for climate monitoring and research purposes.
In Paper II and IV, we use output of the Modern-Era Retrospective Analy-
sis for Research and Applications version 2 (MERRA-2; Gelaro et al., 2017),
a long-term global reanalysis for aerosol observations. MERRA-2 assimi-
lates not only meteorological observations but also AOD observations from the
Advanced Very High Resolution Radiometer (AVHRR), MODIS, AERONET
ground stations and over desert regions also AOD from the Multiangle Imag-
ing SpectroRadiometer (MISR). However, the AAOD is not assimilated, but is
dependent on the aerosol mass which in turn is constrained during the AOD
assimilation (Buchard et al., 2017). MERRA-2 is produced using the God-
dard Earth Observing System version 5 (GEOS-5) Earth system model and the
Gridpoint Statistical Interpolation analysis system (GSI) assimilation system,
with a spatial horizontal resolution of 0.5◦ in latitude by 0.5◦ in longitude.
Monthly mean model output is available from the year 1980. The GOCART
aerosol module, which is coupled to the GEOS-5 model, is used for the mod-
eling of aerosol particles. Aerosol types represented are dust, sea salt, sulfate,
organic aerosols and BC. Emissions of dust and sea salt are wind-driven and
calculated in the model; a detailed description of the used aerosol emission
inventories can be found in Randles et al. (2017). The reanalysis does not in-
clude parameterizations of aerosol-cloud interactions, and serves in Paper II
as a reference for the absence of microphysical coupling between aerosols and
cloud properties and is compared to models and observations.

5.4 Model intercomparison projects

To allow a better comparison between climate models, predefined experiment
setups are provided by model intercomparison projects. Using the same ex-
periment setup and initial conditions helps to trace back and identify sources
for model discrepancies. In this thesis, model output provided by two dif-
ferent model intercomparison projects was used. The Coupled Model Inter-
comparison project phase 5 (CMIP5; Taylor et al., 2012) focuses on climate
variability and climate change and provides e.g. experiments of different cli-
mate forcing scenarios with increased carbon dioxide concentrations. For Pa-
per I, we used AMIP-type experiments, i.e. prescribed sea surface temperature
and sea ice (sstClim experiments), and a change in the aerosol forcing while
all other climate forcing agents such as greenhouse gases are kept constant
at pre-industrial representatives. For the first sensitivity experiment, all an-
thropogenic aerosol emissions are increased to the level of the year 2000 as
representative for present-day. In the second sensitivity experiment, only an-
thropogenic sulfate emissions are increased to present-day level, so that the
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effect of only sulfate aerosols on the cloud albedo could be separated. The ef-
fect of non-sulfate aerosols was derived through the deviation between the two
sensitivity experiments. The radiative forcing due to increased anthropogenic
aerosol emissions is determined by the difference between the sensitivity ex-
periments and a control experiment with all climate forcings kept constant at
pre-industrial level. In Paper II, we used the historical experiment which sim-
ulates the recent past and uses observed forcings.

The second model intercomparison project, used in Paper IV, is the Aerosol
Comparison between Observations and Models (AeroCom). This model inter-
comparison project focuses on the understanding of climatic aerosol effects
and experiments are targeting specific uncertainties in aerosol modeling such
as aerosol emissions. We used the control simulation of AeroCom phase III
models for the year 2010. Compared to CMIP5, AeroCom provides more
model output of different aerosol properties.

5.5 Models NorESM1-M and CAM5.3-Oslo

In Paper III, model experiments were performed with the global climate model
NorESM1-M (Kirkevåg et al., 2013) to test the sensitivity to various processes
influencing the vertical distribution of aerosols. The model was thereby run
in an AMIP-type configuration. In Paper IV, we use the new version of the
atmospheric component of the model, CAM5.3-Oslo (Kirkevåg et al., 2018),
for sensitivity experiments focusing on processes which influence aerosol ab-
sorption. Here, a nudging configuration of the model was chosen. Nudging is
a type of data assimilation, where the prognostic equations are expanded with
a non-physical relaxation term, which adjusts the temporal evolution of a vari-
able towards the observations. Thus, the model does not produce first guess
fields (see section 5.3).

The atmospheric component of NorESM1-M is based on the Community
Atmosphere Model (CAM) version 4 (CAM4), while the aerosol module in
CAM5.3-Oslo is coupled to CAM version 5.3 (CAM5.3). The spatial resolu-
tion was increased from 1.9◦ in latitude by 2.5◦ in longitude to 0.9◦ in latitude
by 1.25◦ in longitude in the new model version. Figure 5.1 shows the structure
of the new version of NorESM; the different components of the Earth system
model such as ocean and vegetation are connected with a coupler.

Aerosol types represented in the model are dust, sea salt, sulfate, primary
organic aerosols and BC. In the new version a new treatment for SOA is in-
cluded. Anthropogenic fossil fuel and biofuel emissions are inserted at the sur-
face while biomass burning emissions are emitted at several emission levels,
emission heights are thereby following recommendations by Dentener et al.
(2006). The new model version with a higher vertical resolution subsequently
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Figure 5.1: Schematic diagram of the different components of the Norwegian
Earth System Model (NorESM). Adapted from Trond Iversen.

has more emission levels. While only sea salt emissions were wind-driven and
calculated online in NorESM1-M and prescribed dust emissions were used,
both sea salt and dust emissions are wind-driven in the new version, cf. Zen-
der et al. (2003).

Emitted aerosol particles can undergo several processes such as conden-
sation, coagulation or cloud processing; the aerosol number concentration is
thereby tagged with these different production processes and is not a prognos-
tic variable in the model as in many other climate models. This means that the
predefined "background" lognormal modes can be changed due to condensa-
tion, coagulation and cloud processing (Kirkevåg et al., 2018) and the aerosol
number concentration is calculated a posteriori using look-up tables.

Further, aerosols can be externally or internally mixed in the model. The
optical properties of the pure individual aerosol species are prescribed with
a wavelength dependent refractive index. Sulfate and dust aerosols are pre-
scribed as reflecting, organic aerosols as mainly reflecting and BC is in NorESM1-
M described as fully absorbing while CAM5.3-Oslo uses a lower refractive
index of 0.71 based on (Bond & Bergstrom, 2006). For internal mixtures, a
volume mixing rule is used to determine the optical characteristics, except for
mixtures involving BC where the Maxwell-Garnett mixing rule is applied (see
section 4.2). Also optical characteristics of aerosols are calculated offline us-
ing look-up tables. The mixing and condensation onto particles can change the
hygroscopicty of particles. For instance, BC which is hydrophobic can become
hydrophilic and activated as cloud droplets.

Furthermore, aerosol-radiation and aerosol-cloud interactions are parame-
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terized in the model. The cloud albedo effect is represented through a modifi-
cation of the effective radius in dependence of the cloud droplet number con-
centration. The cloud droplet number concentration is in turn dependent on the
aerosol number concentration and vertical velocity through supersaturation,
based on the parameterization by Abdul-Razzak & Ghan (2000). The cloud
lifetime effect, i.e. suppression of precipitation with increasing aerosol num-
ber concentration is represented through autoconversion which is the transfor-
mation from cloud droplets to rain droplets. Autoconversion is triggered by a
critical radius and a critical precipitation limit in the model.

All aerosol species can be removed by dry and wet deposition. However,
dry deposition which includes gravitational settling, primarily affects larger
particles in the coarse mode. Wet deposition is split into in-cloud and below-
cloud wet removal. The former refers to the activation of aerosols as cloud
droplets and the latter to wash-out through precipitation.
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6. Summary of Papers included
in this thesis

This thesis focuses on the representation of aerosol-cloud-radiation interac-
tions in state-of-the-art climate models. Multi-model comparisons and com-
parisons with observations from multiple instruments were used to evaluate
model performance. Besides discrepancies between observations and models,
also a large diversity among the models was found in terms of their represen-
tation of interactions between aerosols and radiation, and aerosols and clouds.

6.1 Paper I

Paper I focuses on the representation of the cloud albedo effect in global
climate models in five regions of marine stratocumulus clouds, a cloud type
where representation in climate models was found to remain challenging. Six
models provided output of three CMIP5 experiments with different aerosol
emissions. Using these experiments, the effect of anthropogenic sulfate and
non-sulfate aerosols on the cloud albedo was separated. A linear relation
between cloud fraction and albedo on the monthly time scale in the chosen
regions was used to derive the cloud albedo, cf. Bender et al. (2016). As
expected, sulfate aerosols yield a stronger increase in cloud albedo, but also
non-sulfate aerosols increase the cloud albedo in the models. A large diversity
in the cloud albedo response due to changed emissions was found among the
models and different regions. Changes in cloud albedo in the models are driven
by changes in liquid water path and cloud droplet number concentration.

6.2 Paper II

The focus of this study is on aerosol-cloud-radiation interactions in CMIP5
models, in comparison with observations and reanalysis. Model output of
the historical CMIP5 experiment was used. We apply the approach also used
in Paper I of using correlation coefficients to evaluate model performances
and study the relation between several variables relevant for aerosol-cloud-
radiation interactions. The five regions of marine stratocumulus clouds also
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chosen in Paper I were supplemented with three volcanic regions and two heav-
ily polluted regions. In the volcanic regions we find an increase in observed
cloud droplet number concentration due to an increase in aerosol number con-
centration, which is not found in the models. In marine stratocumulus regions,
a positive correlation between cloud droplet number concentration and liquid
water path was found in the models, which is not in agreement with observed
negative correlations. MERRA-2 reanalysis does not include a representation
of aerosol-cloud interactions and serves as a reference for no aerosol-cloud ef-
fects. The reanalysis shows weak and non-significant correlations in marine
stratocumulus cloud regions, which indicates that the microphysical coupling
in the models might be too strong and other processes dominate cloud proper-
ties on this temporal and spatial scale.

6.3 Paper III

The radiative forcing by aerosol-radiation and aerosol-cloud interactions are
dependent on the vertical distribution of aerosols relative to the position of
the cloud and discrepancies between observed and modeled vertical aerosol
profiles have been found in previous studies (e.g. Koffi et al., 2012, 2016).
In Paper III, we evaluate the model performance of the global climate model
NorESM1-M using satellite retrievals. The model is not able to reproduce
the observed satellite extinction profile in five regions of marine stratocumu-
lus clouds but interpolating the resolution of satellite data to the corresponding
model levels leads to a better agreement between observed and modeled pro-
files in the boundary layer, highlighting the importance of the model resolution
for the representation of boundary layer processes. However, elevated aerosol
layers seen in two of the studied regions are still not reproduced and the model
resolution does not seem to be the limiting factor in this case. Following a
study by Kipling et al. (2016), we perform further sensitivity experiments to
identify processes which control the vertical aerosol distribution most in this
model. While Kipling et al. (2016) analyzes distributions of individual aerosol
species on the global scale in the HadGEM model, we focus here on the total
aerosol extinction in five regions of marine stratocumulus clouds using an-
other climate model. The model is most sensitive to the emissions height, size
of emitted particles, convection and wet scavenging. Emitting aerosols above
the boundary layer yields an increase in aerosol extinction but still underes-
timated in magnitude and also without the occurence of a pronounced local
maximum seen in the observations. Further, our results indicate that mixing in
the boundary layer and wet scavenging may be too efficient in the model.
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6.4 Paper IV

Absorption by aerosol particles is often underestimated in climate models (Sam-
set et al., 2018b). In this study, we investigate the representation of absorbing
aerosols in state-of-the-art climate models with the focus on an Asian region,
using an inter-model comparison and model-observation comparison. Further,
sensitivity experiments with the model CAM5.3-Oslo, the new version of the
atmospheric component of the model NorESM1-M which was used in Paper
III, were performed to identify processes which have most impact on the ab-
sorption by aerosols in this specific model. The model shows a strong response
to changes in the driving meteorology and aerosol emissions. Also, adjusting
the absorption ability of dust in the model leads to a better agreement with ob-
servations. A large model diversity was found among four AeroCom phase III
models in the focus domain and differences in aerosol absorption were mainly
driven by differences in the column burden of absorbing aerosols. The range
of aerosol absorption changes due to the different sensitivity experiments does
not cover the large inter-model variability range.
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7. Concluding remarks and
outlook

The representation of clouds in global climate models remains one of the key
challenges for future climate projections. Clouds are an important part of the
entire climate system; they scatter, absorb and re-emit shortwave solar and
terrestrial longwave radiation thereby determining the radiative budget of the
earth and influence the global hydrological cycle due to their transport of mois-
ture. A complex interplay of processes across different scales makes the rep-
resentation of clouds difficult.

In this thesis, we investigate the representation of aerosol-cloud-radiation
interactions in climate models and how these processes affect larger-scale prop-
erties such as e.g. AOD, liquid water content or cloud fraction. We investigate
model diversity and identify model biases compared to observations; further,
performed sensitivity experiments with the global climate model NorESM are
used to identify the most important processes in terms of 1) the vertical distri-
bution of aerosol and 2) absorption of radiation by aerosols.

We show here that the underlying microphysical coupling may be too
strong in the models in five regions of marine stratocumulus clouds and a
comparison with observations and reanalysis reveals that these processes on
the microphysical scale are less dominant in the real atmosphere. We con-
firm thereby previous studies which pointed at the masked effect of aerosols
through buffering mechanisms, such as meteorological variability. More ob-
servations and improved retrievals of cloud droplet number concentration and
liquid water content from observations are necessary to further isolate and con-
strain aerosol effects on cloud properties and to improve thereby their repre-
sentation in global climate models.

A large diversity appears among the studied climate models both in their
representation of aerosol-radiation and aerosol-cloud interactions. Parameter-
izations of these processes in models are important and have been found to
cause model spread. However, the model diversity found in this thesis can not
be fully explained by differences in these parameterizations, but are further re-
lated to basic physical processes in the models such as convection, deposition
and emissions of aerosols. This highlights the importance of further investiga-
tion of these processes and the need to constrain e.g. aerosol emissions.
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Sensitivity experiments in this thesis are performed in a single model frame-
work, where one parameter at a time is changed. These experiments helped to
identify processes to which the model is most sensitive. However, a modeling
approach of sampling a broader parameter space at a time could allow further
model development.

Finally, some specific ideas which could be further addressed are:

• In Paper I, idealized CMIP5 experiments were used, and all except of
one model included the cloud albedo and cloud lifetime effect, so that
disentangling these two effects was not possible. A further study, fo-
cusing on individual effects of either the cloud albedo or cloud lifetime
effect would be suitable.

• There is constant improvement in computation resources, model ap-
proaches and model resolution. We highlight the importance of the ver-
tical model resolution in Paper III and it would be interesting to use the
soon to be released NorESM2 for similar sensitivity studies and investi-
gate model differences and improvements compared to observations.

• For Paper IV, more sensitivity simulations are in planning to address
in-cloud wet scavenging of aerosols. Furthermore, the focus domain
is highly influenced by the summer monsoon circulation, so that a more
detailed seasonal analysis could help to identify model biases in different
seasons.
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