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Abstract
Complex interactions between aerosols, clouds, and radiation impact Earth's climate. However, several aspects of these
interactions remain uncertain, which has led to extensive research over the last decades. This thesis explores some
unresolved aspects by focusing on subtropical low-level stratocumulus (Sc) clouds, which have a significant cooling effect
on climate. The clouds are also sensitive to varying aerosol conditions, which can influence their formation, properties,
and lifetime. Clouds over the South East Atlantic have been studied in detail, using both numerical modeling and satellite
observations, to shed light on the interactions between aerosols, clouds, and radiation. This geographical region displays
a large and semi-permanent Sc cloud deck and is also subjected to meteorological conditions that bring large amounts of
light-absorbing aerosols from biomass fires over the African continent. The biomass-burning plumes also bring enhanced
levels of moisture, and the individual influence of the aerosols and the moisture on the low-level cloud properties have
been investigated.

The analysis of satellite retrievals showed a radiative impact (sensitive to aerosol composition and aerosol optical depth)
of moist aerosol layers in the free troposphere over the South East Atlantic; however, it was not possible to observe
a clear influence of these humid aerosol layers on the underlying low-level clouds. Aerosol-radiation interactions were
implemented in a large eddy simulation (LES) code that was used to model stratocumulus to cumulus transitions (SCT) in
weather situations where moist absorbing aerosol layers were in contact with low-level clouds and mixed into the marine
boundary layer (MBL). In these simulations, the heating by the absorbing aerosol within the MBL affected the persistence
of the Sc clouds by accelerating the SCT, especially during daylight and broken cloud conditions. However, the humidity
accompanying the absorbing aerosol was also found to be important --  it reduced the deepening of the MBL when located
above the Sc deck and delayed the SCT when in contact with clouds. Furthermore, the additional moisture resulted in a
radiative cooling effect that was comparable to the radiative cooling effect caused by the aerosol itself. The simulated SCTs
were found to be mostly driven by increased sea surface temperatures, regardless of aerosol conditions. This result was
different compared to two other LES models where the SCT was driven by drizzle under the same low aerosol conditions.
On a larger scale, it was found that an explicit description of aerosol-cloud interactions in a climate model led to smaller
differences between the simulated and mean observed values of the shortwave cloud radiative effect compared to when
a non-interactive parameterization was used.

Keywords: Aerosol-cloud-radiation interactions, cloud microphysics, biomass burning, stratocumulus to cumulus
transition, cloud radiative effect.
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Abstract

Complex interactions between aerosols, clouds, and radiation impact Earth’s
climate. However, several aspects of these interactions remain uncertain, which
has led to extensive research over the last decades. This thesis explores some
unresolved aspects by focusing on subtropical low-level stratocumulus (Sc)
clouds, which have a significant cooling effect on climate. The clouds are
also sensitive to varying aerosol conditions, which can influence their forma-
tion, properties, and lifetime. Clouds over the Southeast Atlantic have been
studied in detail, using both numerical modeling and satellite observations, to
shed light on the interactions between aerosols, clouds, and radiation. This
geographical region displays a large and semi-permanent Sc cloud deck and
is also subjected to meteorological conditions that bring large amounts of
light-absorbing aerosols from biomass fires over the African continent. The
biomass-burning plumes also bring enhanced levels of moisture, and the indi-
vidual influence of the aerosols and the moisture on the low-level cloud prop-
erties have been investigated.

The analysis of satellite retrievals showed a radiative impact (sensitive to
aerosol composition and aerosol optical depth) of moist aerosol layers in the
free troposphere over the Southeast Atlantic; however, it was not possible to
observe a clear influence of these humid aerosol layers on the underlying low-
level clouds. Aerosol-radiation interactions were implemented in a large eddy
simulation (LES) code that was used to model stratocumulus to cumulus tran-
sitions (SCT) in weather situations where moist absorbing aerosol layers were
in contact with low-level clouds and mixed into the marine boundary layer
(MBL). In these simulations, the heating by the absorbing aerosol within the
MBL affected the persistence of the Sc clouds by accelerating the SCT, es-
pecially during daylight and broken cloud conditions. However, the humidity
accompanying the absorbing aerosol was also found to be important – it re-
duced the deepening of the MBL when located above the Sc deck and delayed
the SCT when in contact with clouds. Furthermore, the additional moisture
resulted in a radiative cooling effect that was comparable to the radiative cool-
ing effect caused by the aerosol itself. The simulated SCTs were found to be
mostly driven by increased sea surface temperatures, regardless of aerosol con-
ditions. This result was different compared to two other LES models where the
SCT was driven by drizzle under the same low aerosol conditions. On a larger



scale, it was found that an explicit description of aerosol-cloud interactions in
a climate model led to smaller differences between the simulated and mean
observed values of the shortwave cloud radiative effect compared to when a
non-interactive parameterization was used.



Sammanfattning

Komplexa interaktioner mellan aerosoler, moln och strålning påverkar jor-
dens klimat. Dock återstår flera osäkra aspekter av dessa interaktioner, vilket
har lett till omfattande forskning inom området. Denna avhandling utforskar
några av dessa aspekter genom att fokusera på låga, subtropiska stratocumulus-
moln (Sc), som har en betydande kylande effekt på klimatet. Molnen är också
känsliga för varierande aerosolbetingelser, vilket kan påverka deras bildning,
egenskaper och livslängd. Moln över sydöstra Atlanten har studerats i detalj,
med hjälp av både numerisk modellering och satellitobservationer, för att be-
lysa interaktionerna mellan aerosoler, moln och strålning. I denna geografiska
region finns ett semi-permanent täcke av Sc och områdets meteorologiska för-
hållanden gör att det nås av stora mängder ljusabsorberande aerosoler från den
afrikanska kontinenten, där de släpps ut vid förbränning av biomassa. Biomas-
sabränderna för också med sig förhöjda nivåer av fukt, och den påverkan av
aerosolerna respektive fuktigheten på molnens egenskaper har undersökts.

Satellitmätningar visade en strålningspåverkan (känslig för aerosolernas
sammansättning och optiska djup) av fuktiga aerosollager i den fria tropo-
sfären över sydöstra Atlanten; det var dock inte möjligt att urskilja en tydlig
påverkan av dessa fuktiga aerosollager på underliggande låga moln. Aerosol-
strålningsinteraktioner implementerades i en kod som simulerar turbulent flöde
och kan lösa upp stora virvlar (så kallad Large Eddy Simulation, eller LES).
Koden användes sedan för att modellera övergången från stratocumulus till cu-
mulus (stratocumulus to cumulus transition eller SCT) i vädersituationer där
fuktabsorberande aerosollager är i kontakt med de låga molnen och blandas in
i den marina gränsskiktet (marine boundary layer eller MBL). I dessa simule-
ringar var den semi-direkta effekten av absorberande aerosol inom MBL den
som mest påverkade Sc-molnens varaktighet genom att accelerera SCT, sär-
skilt under dagtid och då molntäcket var delvis uppsprucket. Men fuktigheten
som åtföljer absorberande aerosol var också viktig och visade sig minska för-
djupningen av MBL när lagret fanns ovanför Sc-täcket och försena SCT när det
var i kontakt med molnen. Vidare hade den extra fukten en kylande strålnings-
effekt som var jämförbar med den som orsakades av aerosolen själv. De SCT
som simulerades av LES-koden drevs mestadels av ökningar i havsytans tem-
peratur, oavsett aerosolbetingelser. Detta skiljer sig från resultat från två andra
LES-modeller som simulerade SCT drivna främst av duggregn under samma



låga aerosolbetingelser. Slutligen, när en interaktiv aerosol-molninteraktion
användes i en klimatmodell, var skillnaderna mellan de simulerade och ge-
nomsnittliga observerade värdena av kortvågig strålningspåverkan från mol-
nen generellt mindre, jämfört med vid användning av en icke-interaktiv para-
metrisering.



Resumen

Las complejas interacciones entre los aerosoles, las nubes y la radiación
afectan el clima de la Tierra. Sin embargo, varios aspectos de estas interac-
ciones permanecen inciertos, lo que ha llevado a una extensa investigación en
las últimas décadas. En esta tesis se exploran algunos aspectos no resueltos
enfocándose en las nubes estratocúmulos (Sc) subtropicales de baja altura, que
tienen un efecto de enfriamiento significativo en el clima. Las nubes también
son sensibles a las diferentes condiciones de aerosoles, lo que puede influir en
su formación, propiedades y duración. Las nubes sobre el Atlántico Sudori-
ental fueron estudiadas en detalle, utilizando modelos numéricos y observa-
ciones satelitales, para arrojar luz sobre las interacciones entre los aerosoles,
las nubes y la radiación. Esta región geográfica se caracteriza por la presencia
semipermanente de una gran área cubierta por nubes Sc, y también está su-
jeta a condiciones meteorológicas que traen grandes cantidades de aerosoles
absorbentes de luz originados en los incendios de biomasa que se producen
en el continente africano. Las plumas de aerosoles de combustión de biomasa
también transportan mayores niveles de humedad, y se investigó la influencia
individual de los aerosoles y la humedad en las propiedades de las nubes de
bajo nivel.

El análisis de datos satelitales mostró un impacto radiativo (sensible a la
composición y el espesor óptico del aerosol) de las plumas húmedas de aerosol
en la tropósfera libre sobre el Atlántico Sudeste; sin embargo, no fue posible
observar una influencia clara de estas plumas en las nubes bajas subyacentes.
Las interacciones entre aerosoles y radiación se implementaron en un código
de simulación de grandes remolinos (LES) que se usó para modelar las tran-
siciones de estratocúmulos a cúmulos (SCT) en situaciones meteorológicas
en las que las capas húmedas de aerosol absorbentes estaban en contacto con
nubes bajas y se mezclaban con la capa límite marina (MBL). En estas sim-
ulaciones, el calentamiento asociado al aerosol absorbente dentro de la MBL
afectó la persistencia de las nubes Sc al acelerar la SCT, especialmente durante
el período diurno y las condiciones de nubosidad fragmentada. Sin embargo,
también se encontró que la humedad que acompañaba al aerosol absorbente
es importante: reduce la profundización de la MBL cuando se ubicaba sobre
las nubes Sc y retrasa la SCT cuando está en contacto con las nubes. Además,
la humedad adicional causó un efecto de enfriamiento por radiación que fue



comparable al provocado por el propio aerosol. Las SCTs simuladas fueron
principalmente impulsadas por el aumento de las temperaturas de la superficie
del mar, independientemente de las condiciones de los aerosoles. Este resul-
tado fue diferente en comparación con otros dos modelos LES en los que la
SCT fue impulsada por llovizna cuando las mismas condiciones de baja con-
centración de aerosoles fueron utilizadas. A mayor escala, el trabajo de tesis
encontró que una descripción explícita de las interacciones aerosol-nube en un
modelo climático condujo a diferencias más pequeñas entre los valores simu-
lados y los valores medios observados del efecto radiativo de onda corta de la
nube en comparación con cuando se utilizó una parametrización no interactiva.
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BC Black carbon

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
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CCN cloud condensation nuclei

ERA5

HadGEM3-GC3.1 Hadley Centre Global Environmental Model-Global Coupled version
3.1
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MBL Marine boundary layer
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sion 2
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SAM System for Atmospheric Modeling
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SST Sea surface temperature
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1. Introduction

Two important components of the Earth’s atmosphere are aerosols (small
solid or liquid particles suspended in the air) and clouds. They interact with
each other and with radiation in multiple and complex ways, which are difficult
to accurately quantify both from a numerical modeling and an observational
perspective. As a consequence, these interactions represent a large source of
uncertainty in current projections of future climate (Forster et al., 2021).

The eastern sides of the subtropical oceans are especially interesting for
studying aerosol-cloud-radiation interactions. The climatic features of these
regions favor the existence of low-level stratocumulus (Sc) clouds in the pres-
ence of diverse aerosol conditions (e.g. aerosol type and concentrations),
which can influence the formation, properties, and lifetime of the clouds. Sc
clouds are important for Earth’s radiation budget because they reflect a sub-
stantial amount of solar radiation back into space, thereby contributing to cool-
ing the climate (Chen et al., 2000; Wood, 2012). When these clouds are ad-
vected from the subtropical oceans towards the equator, they are progressively
replaced by cumulus clouds, through a process known as stratocumulus to cu-
mulus transition (SCT). This process is complex and influenced by meteoro-
logical conditions, but aerosols can also play an important but not completely
understood role.

Among the subtropical oceanic regions, the Southeast Atlantic stands out
because it hosts one of the largest Sc cloud decks on the planet (Adebiyi and
Zuidema, 2016; Zuidema et al., 2016). It also receives large quantities of light-
absorbing aerosols released by biomass fires over the African continent, espe-
cially during the biomass burning season, which extends from June to October
(De Graaf et al., 2020; Deaconu et al., 2019; Ichoku et al., 2003). The biomass
burning aerosols are typically transported westwards in layers in the free tropo-
sphere, above the Sc clouds, but they can also make contact with the underlying
clouds and mix into the marine boundary layer (MLB). In addition to aerosols,
biomass burning plumes often contain enhanced humidity that originates from
the continent (Adebiyi et al., 2015; Deaconu et al., 2019; Haywood et al., 2004;
Zhou et al., 2017). Analyzing these situations is scientifically interesting but
also challenging because both the absorbing aerosols and the moisture can in-
fluence the clouds individually – and the influence can be different depending
on whether the plume is above, in contact with, or below the Sc clouds.
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Two of the tools that can be used to study the interactions between aerosols,
clouds, and radiation are satellite retrievals and numerical models. They both
have advantages and disadvantages. Satellites provide observations of reality
over regional and global scales. However, satellite instruments and retrievals
have limitations and uncertainties that can limit their usefulness. Retrieving all
the desired atmospheric variables using only satellite observations is also not
always possible. Furthermore, it is difficult to isolate the individual impacts
of specific variables or processes (e.g aerosol loading, or moisture) on other
variables (e.g. cloud properties). These relations can be more easily explored
with numerical models. However, there is a need to improve the accuracy
of the representation of aerosol-cloud-radiation interactions in models, where
some processes have to be parameterized while others cannot be included at
all (depending on the scale simulated by the model). Improving the models is
a challenge because several aspects of aerosol-cloud-radiation interactions are
not completely understood.

In line with the issues described above, the main goal of this thesis is to
study the impacts of aerosols on subtropical low-level clouds using both nu-
merical models and satellite observations. In paper I, weather situations where
moist aerosol layers are overlying but separated from low-level clouds over
the Southeast Atlantic are studied using satellite observations. First, the com-
position of the aerosol layers and their impact on the radiative fluxes in the
free troposphere are analyzed. Thereafter, we investigate if the aerosol com-
position, aerosol loading, and moisture in the aerosol layer cause an observ-
able influence on the low-level clouds. Paper III focuses on weather situations
where biomass burning aerosol plumes are in contact with, and mixed into the
boundary layer. The goal is to explore the individual influence of aerosols and
moisture on the Sc clouds, the MBL, and the SCT using a large eddy simu-
lation (LES) model in which aerosol-radiation interactions are implemented.
Paper IV explores the mechanisms driving the SCT under different aerosol
conditions over the Southeast Atlantic using a set of different LES models. Fi-
nally, paper II examines how different horizontal resolutions and different lev-
els of complexity of the aerosol-cloud interaction parameterization in a global
climate model affect the Sc clouds and the SCTs in four subtropical oceanic
regions.
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2. Aerosols

Atmospheric aerosols are solid or liquid particles suspended in the air.
They can be classified as primary aerosols, when emitted directly to the at-
mosphere, or as secondary aerosols, when produced in the atmosphere from
gaseous precursors (Boucher, 2015). The sources of these particles can be
natural (e.g. biogenic emissions, natural wildfires, sand storms, sea spray,
and volcanic eruptions) or anthropogenic (e.g. agriculture, biomass burning,
construction, and fossil fuel combustion), and their sizes range from a few
nanometers to several tens of micrometers.

Aerosols alter the Earth’s radiative budget through direct scattering and
absorption of radiation (aerosol-radiation interaction) and by changing the mi-
crophysical and optical properties as well as the persistence of clouds (aerosol-
cloud interactions) (Bellouin et al., 2019). Despite extensive research over
many years, aerosols remain the most uncertain among all known anthro-
pogenic climate forcings. This has limited the capability of scientists to dis-
tinguish the individual impacts of aerosols and greenhouse gases in driving
historical climate change. In consequence, this has prevented the possibility to
make more reliable projections about the future climate, in which the anthro-
pogenic aerosol emissions are an important variable.

2.1. Aerosol-radiation interactions

Atmospheric aerosols scatter and absorb solar and terrestrial radiation.
Their ability to do so depends on the wavelength of the radiation and on the
size distribution, shape, chemical composition, and mixing state of the aerosol
particles (Bellouin et al., 2019; Hansen and Travis, 1974). Some aerosols like
sea salt, sulfate, organic carbon (OC), and nitrate, are very efficient at scatter-
ing visible wavelengths. Other particles, like black carbon (BC) and mineral
dust, are able to absorb light and are referred to as absorbing aerosols.

Aerosol-radiation interactions can either increase or decrease the planetary
albedo depending on the brightness of the aerosols relative to the underlying
surface (Bellouin et al., 2019). An example relevant to this thesis are biomass
burning aerosols, composed mainly of BC and OC. When plumes of these par-
ticles overlie clouds the radiation reflected back to space is reduced, which has
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a warming effect on climate. Conversely, the same plumes, depending on how
dark the aerosol is, can increase the outgoing planetary shortwave radiation
when located over the dark ocean surface, leading to a cooling effect.

Aerosol-radiation interactions are also referred to as the direct aerosol ef-
fect. The last denomination is also used in this thesis (including the papers).

2.1.1. Aerosol optical properties

The ability of aerosols to interact with radiation at different wavelengths is
described by their optical properties, which are difficult to measure and model
because of the diversity of aerosols and the temporal variations of size, shape
and chemical composition they experience (Hess et al., 1998).

Several concepts and parameters are used when describing aerosol optical
properties:

Scattering cross section (Csca): Is the hypothetical area perpendicular to
the incident radiation that would intercept all the radiation that is scat-
tered by a scattering particle. (AMS, 2023c)

Absorption cross section (Cabs): Is the area that, when multiplied by the
irradiance (flux of radiant energy per unit area) incident on a particle,
yields the radiant flux absorbed and dissipated by the particle. (AMS,
2023a)

Extinction cross section (Cext): Is the sum of the absorption and the scat-
tering cross sections.

Scattering and absorption factors (Qsca and Qabs): They measure the
ability of particles to scatter and absorb radiation and are computed as
the ratios of the scattering and absorption cross sections to the geometric
cross section (Cg) of the particle (Boucher, 2015):

Qsca =
Csca

Cg
, Qabs =

Cabs

Cg
(2.1)

Single scattering albedo (ω0): Is the ratio of scattering to extinction ef-
ficiency ω0 = Qsca/Qext , where extinction is the sum of scattering and
absorption Qext = Qabs +Qsca. A single scattering albedo equals to 1
corresponds to a purely scattering particle. The value decreases with
increasing absorption.

The aerosol optical properties can be estimated using Mie theory under the
assumption that particles are spherical (Boucher, 2015). The theory describes
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how these particles scatter and absorb radiation as a function of the size pa-
rameter and the refractive index. The size parameter (x) is the ratio between
the size of a spherical scattering particle of diameter d and the wavelength (λ )
of the radiation being scattered:

x =
πd
λ

(2.2)

The refractive index is a complex number defined as:

m = n+ ik (2.3)

The real part n is the ratio of the speed of light in a vacuum to the speed at
which light travels when it is passing through the particle whereas the imagi-
nary part k is the rate of absorption.

Using Mie theory, the extinction, scattering and absorption factors can be
obtained by computing series that involve sums and products of an and bn

coefficients that can be calculated recursively (Boucher, 2015).
In numerical models, it is common to represent aerosol particles using

functions that describe their size, mass, and/or volume distributions. The op-
tical properties of the aerosol population can then be calculated by integrating
the aerosol optical properties over the aerosol size distribution. Considering
a size distribution n(r) of spherical particles, where n(r)dr is the number of
particles per unit volume with radius in the range r to r+dr, the scattering and
absorption coefficients can be calculated, following Boucher (2015), as:

σsca =
∫

∞

0
πr2Qsca(r)n(r)dr , σabs =

∫
∞

0
πr2Qabs(r)n(r)dr (2.4)

The extinction coefficient is then:

σext = σsca +σabs (2.5)

The integral of the extinction coefficient over the vertical [from the surface to
the top of the atmosphere (TOA)] is called aerosol optical thickness or aerosol
optical depth:

τ =
∫ TOA

Sur f ace
σext(z)dz (2.6)

Another important concept is the phase function P, which describes how
much light is scattered in each direction. When the particles are smaller than
the wavelength of light, more light is scattered in sideways directions. When
they become larger than the wavelength, more is scattered in the forward di-
rection. The phase function can be written, following Boucher (2015), as:
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P(cosθ) =
1

σsca

∫
∞

0
πr2Qsca(r)P(r,cosθ)n(r)dr (2.7)

where θ is the angle between the directions of propagation of the incident
and scattered beams, known as the scattering angle.

Related to the phase function is the asymmetry parameter (g), which de-
scribes the angular distribution of the scattered radiation and indicates whether
the particles scatter radiation preferentially forward or backward:

g =
∫ 1

−1
P(cosθ)cosθ dcosθ (2.8)

Several of the concepts described above are employed in section 5.3.1 to
explain the implementation of aerosol-radiation interactions in the MIMICA
LES model.

2.1.2. Cloud adjustments to aerosol-radiation interactions

Aerosol-radiation interactions cause fast atmospheric thermodynamic ad-
justments that alter the clouds, what is known as semi-direct aerosol effects
(Diamond et al., 2022; Haywood et al., 2021). This effect is especially im-
portant when determining the overall response of temperature, clouds, and
sometimes precipitation, to the presence of absorbing aerosols (Allen et al.,
2019). According to recent modeling studies, the semi-direct effects of ab-
sorbing aerosols contribute to a group of atmospheric adjustments that result
in a negative radiative perturbation, which compensates for some of the posi-
tive direct forcing from these aerosols (Allen et al., 2019).

Semi-direct aerosol effects and related impacts can manifest on multiple
scales in the atmosphere, which represents a challenge for current models.
Global and regional models are able to capture large-scale (synoptic and re-
gional) impacts of this effect [e.g. subsidence changes (Diamond et al., 2022)],
but cannot explicitly represent what happens on smaller scales (Haywood et al.,
2021). Conversely, LES models can simulate semi-direct effects and associ-
ated impacts in more detail, but only over limited domains and any large-scale
effect has to be artificially introduced (e.g. forcing the LES model with output
from a global or regional climate model, or with values from observations).

The vertical distribution of aerosols in the atmosphere is crucial for the
semi-direct effect, including the situations studied in papers I, II, and III of
this thesis. In subtropical oceanic regions, for instance, the presence of ab-
sorbing aerosols in the lower free troposphere (and above low-level clouds)
can strengthen the inversion at the top of the MBL on local scales [e.g. Herbert
et al. (2020); Yamaguchi et al. (2015)], but can also reduce the subsidence on
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synoptic and regional scales [e.g. Diamond et al. (2022)]. On the other hand,
absorbing aerosols located below these low-level clouds tend to heat the MBL,
thereby decreasing the relative humidity and, in consequence, the cloudiness.
More details about the potential impacts of the semi-direct effects caused by
absorbing aerosols in these situations are discussed in papers I and III.

2.2. Aerosol-cloud interactions

Aerosols can act as cloud condensation nuclei (CCN) and alter cloud mi-
crophysics. This interaction is also known as the aerosol indirect effect. The
Köhler theory (Köhler, 1936) explains how an aerosol particle activates into
a cloud droplet by a combination of two effects: the Kelvin effect, which
states that the saturation vapor pressure decreases as the surface curvature of
a droplet decreases, and the Raoult effect, which describes how the saturation
vapor pressure is reduced for particle solutions compared to pure water. An
increase in aerosol particles able to act as CCN tends to result in more and
smaller cloud droplets for the same amount of liquid water path (LWP), which
produces more reflective clouds. This is known as the first indirect effect or
the Twomey effect (Twomey, 1977), and it contributes to a cooling of the cli-
mate. Changes in cloud microphysics can trigger macrophysical cloud adjust-
ments: smaller droplets can reduce precipitation and thus increase the LWP,
contributing to increasing cloud lifetime [known as the second indirect effect,
(Albrecht, 1989)] which leads to additional cooling of the climate. However,
smaller droplets evaporate more easily, favoring the mixing of clouds with
ambient dry air that can result in a reduction of LWP (Li et al., 2022). The
adjustment of cloud macrophysical properties to cloud microphysical changes
is also influenced by meteorological conditions, which complicates the under-
standing of how aerosol perturbations impact clouds. Aerosols can also serve
as ice nuclei in ice and mixed-phase clouds. However, the interaction between
aerosols and these type of clouds are more complicated and less understood
than the aerosol-warm-cloud interactions (Li et al., 2022).
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3. Clouds

Clouds play an important role for climate as they strongly affect Earth’s ra-
diation budget and produce precipitation. They are constantly forming, evolv-
ing, and dissipating everywhere on the planet, and can appear in multiple forms
throughout the troposphere. Depending on their altitude, vertical development,
composition, and geographical location, clouds can have either a cooling or a
warming effect on climate. For instance, high and thin clouds such as cir-
rus, produce a net heating effect because they allow the solar radiation to pass
almost without attenuation, while simultaneously absorbing and re-radiating
infrared radiation from the atmosphere and the ground below (Lynch, 1996).
In contrast, low-level clouds such as stratocumulus cause a pronounced cool-
ing effect because they strongly reflect solar radiation back into space, while
having a weak impact on the infrared wavelengths (because they emit long-
wave radiation at similar temperatures as the surface). This thesis focuses on
the study of low-level clouds, specifically subtropical stratocumulus, and on
their transition to cumulus.

3.1. Stratocumulus clouds

Stratocumulus (Sc) is a low-level cloud that can form in all regions of the
planet (Wood, 2012). It is the dominant type of cloud (Warren et al., 1986,
1988), covering roughly 23% and 12% of the ocean and land surfaces, respec-
tively, as an annual mean (Wood, 2012). They tend to form under conditions
of large-scale subsidence and strong static stability in the lower troposphere
(Wood, 2015). On a planetary scale, these clouds have a significant negative
radiative effect due to their ability to strongly reflect solar radiation back into
space. Therefore, changes in Sc cloud cover may greatly affect the Earth’s
climate (Slingo, 1990).

Large areas of Sc clouds usually cover the eastern side of the subtropical
oceans, next to the continental coasts (Sandu and Stevens, 2011). In these
regions, the clouds form over relatively cold sea surface temperatures (SSTs),
at the top of the boundary layer, and below a strong temperature inversion
(Klein and Hartmann, 1993), and usually extend between 200 and 400 m in
the vertical (Wood, 2015). The longwave radiative cooling at the cloud top
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is the principal cause of the convective instability in the boundary layer; it
also contributes to strengthening, preserving, and sharpening the temperature
inversion just above the cloud top (Wood, 2012). Turbulent motions usually
couple the Sc to the surface by mixing the air within and below the cloud, and
the surface can act as a source of energy and moisture to the cloud. On the
other hand, turbulence also drives entrainment of warm and dry air from the
free troposphere into the boundary layer which can cause cloud evaporation
and thinning.

Precipitation associated with Sc clouds occurs mostly in the form of driz-
zle, which also influences cloud development. Besides removing water from
the cloud, precipitation warms the cloud layer via condensation and cools
the sub-cloud layer via evaporation, leading to a stabilization of the bound-
ary layer that lowers the turbulent mixing and promotes stratification (Wood,
2012). Aerosol perturbations are another important factor affecting Sc clouds.
Sections 2.2 and 2.1.2 explain the multiple ways aerosols can alter the micro-
physical and macrophysical cloud properties.

Based on the above, it is clear that Sc clouds are a result of complex inter-
actions between processes operating at different scales. While a considerable
amount of research has been conducted on subtropical Sc clouds, there is still
room for investigating aspects of the behavior and structure of these clouds
that are not well known (Wood, 2012).

3.2. Stratocumulus to cumulus transition

During the movement of air masses from the subtropical oceanic regions
towards the equator, the area covered by stratocumulus clouds decreases, while
cumulus formation is favored, eventually leading to cumulus being the dom-
inant cloud type. This process is called stratocumulus to cumulus transition
(SCT) and it is an important feature of the subtropical and tropical oceans
(Wood, 2012).

The traditional theory used to explain the SCT is the “deepening-warming"
mechanism (Bretherton and Wyant, 1997), which suggests that the SST in-
crease is the dominant factor causing the SCT. As SSTs warm, positively
buoyant surface heat fluxes increase, strengthening the turbulent kinetic en-
ergy (TKE) in the boundary layer. The TKE increase intensifies the cloud-top
entrainment that prompts boundary layer growth. Due to the positive buoy-
ancy of entrained air, the mixing between the cloud and sub-cloud layers is
diminished, reducing the surface moisture flux towards the Sc cloud. On the
other hand, the warming SSTs favor the formation of cumulus clouds below
the Sc. In the beginning, cumuli can maintain Sc clouds by supplying mois-
ture. However, the entrainment of dry air from the free troposphere increases
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as cumuli grow, eventually dissipating the Sc clouds (Wood, 2012). This the-
ory suggests that the speed of the SCT is largely governed by the strength of
the MBL-capping inversion(Sandu and Stevens, 2011).

Another type of SCT, driven by precipitation, has been suggested based on
recent LES modeling studies (Diamond et al., 2022; Erfani et al., 2022; Yam-
aguchi et al., 2015, 2017). These studies noticed that drizzle formation can be
the dominant factor causing the SCT when feedbacks between aerosols, cloud
droplet number, and precipitation are allowed, especially when aerosol con-
centrations are low. The models simulate a positive feedback loop between
drizzle increase and aerosol depletion (Diamond et al., 2022): the onset of
drizzle scavenges aerosol, reducing the availability of cloud condensation nu-
clei; as a consequence, clouds with lower droplet number concentrations and
larger droplet sizes develop, enhancing drizzle that, in turn, scavenges more
aerosol (Diamond et al., 2022). The relevance of precipitation in the “drizzle-
driven" SCT is in contrast with its secondary role in the deepening-warming
SCT style, which has recently attracted research attention. Papers III and IV
explore the SCTs in MIMICA and other LES models under the influence of
absorbing aerosols in the Southeast Atlantic.
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4. The Southeast Atlantic

The Southeast Atlantic (SEA) is a subtropical oceanic region characterized
by the presence of a semi-permanent and extensive Sc cloud deck, which is
among the largest on the planet (Adebiyi and Zuidema, 2016; Zuidema et al.,
2016). In addition, the region experiences a frequent occurrence of biomass
burning aerosol plumes produced by fires in the Southwestern African savanna,
mainly during the period from June to October, known as the biomass burn-
ing season (Figure 4.1). The pollution is transported from the continent to
the ocean by the dominant winds, usually in the free troposphere, above the
Sc clouds; however, situations of contact between the clouds and the aerosol
plumes can occur as well.

The influence of background meteorology in these scenarios is relevant.
The seasonal variation of the weather patterns leads to a strengthening and
migration to higher altitudes of the Southern African Easterly Jet towards the
end of the biomass burning season, producing a similar effect over the biomass
burning aerosol transport over the SEA (Adebiyi and Zuidema, 2016). In ad-
dition, these aerosol plumes are accompanied by enhanced moisture that also
originates from the continent. In paper I (Baró Pérez et al., 2021), we confirm
that the plumes are moister than the surrounding air in the free troposphere.
Some studies [e.g. Adebiyi et al. (2015); Deaconu et al. (2019); Pistone et al.
(2021)] have also found a covariance between aerosol concentrations and hu-
midity, but a detailed explanation to the observed correlation between aerosols
and water vapor is still lacking, and at the moment the most reasonable cause
seems to be a meteorological coincidence (Pistone et al., 2019).

The above features make the SEA a relevant area to study the climatic im-
pacts of aerosols-cloud-radiation interactions. The absorbing aerosol plumes
can influence underlying clouds via direct and semi-direct effects when located
above and separated from clouds, and via direct, semi-direct, and indirect ef-
fects when being in contact with clouds and mixed into the marine boundary
layer (see sections 2.1 and 2.2). Furthermore, the water vapor accompanying
the aerosol plume also influences the clouds, and in different ways when being
above or in contact with them. Since moisture emits mostly longwave (LW)
radiation, it contributes to reducing the net Sc cloud-top LW cooling when lo-
cated above it, which can lessen the MBL deepening. On the other hand, moist
(or at least less dry) air from the free troposphere favors cloud formation when
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it is entrained into the MBL (Eastman and Wood, 2018).
Because the moist absorbing aerosol plumes can modulate the Sc clouds,

they can also influence the STC that occurs in the SEA, and in other sub-
tropical oceanic regions. Furthermore, periods of high pollution within the
MBL alternating with very clean conditions have been observed in the SEA
near Ascension Island during the biomass burning season (Pennypacker et al.,
2020). This suggests that Sc clouds and SCTs occur within a large variability
of aerosol conditions in this region. In consequence, there is also scientific
interest in comparing clean versus polluted aerosol conditions during SCTs.
This is an additional motivation to use LES models to explore the SCT mech-
anisms described in section 3.2 using meteorological conditions typical of the
SEA.

Figure 4.1: Meteosat-7 full disc image showing stratocumulus clouds over the
Southeast Atlantic (within the yellow square). Active fires (red spots), seen
from MODIS on July 1st 2006, are observed in central west Africa. Taken from
Costantino and Bréon (2010), where all the details about the image are explained.
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5. Methods

Numerical models and remote sensing performed by satellites are two im-
portant tools used to study the interactions between aerosols, clouds, and radia-
tion. These are also the primary methods employed in this thesis. Some details
about the satellites, products, datasets, and the model used are described in the
following sections of this chapter.

5.1. Satellites and satellite data products

Meteorological satellites perform atmospheric measurements over regional
and global scales that are fundamental for improving our understanding of
weather and climate. The era of satellite remote sensing was initialized by
the launch of Sputnik-1 on October 4, 1957. Two and a half years later, on
April 1, 1960, the Television InfraRed Observational Satellite, called TIROS-
1, was launched, becoming the first successful meteorological satellite (NASA,
2019). TIROS-1 was able to provide unique pictures of the distribution of
clouds that impressed the scientists of the time. Since then, many Earth-
observing satellites have been launched into space, contributing substantially
to the development of atmospheric sciences.

Satellites have onboard remote sensing instruments that can be classified
either as active or passive sensors. Active sensors are those that emit electro-
magnetic radiation and measure the back-scattered or reflected radiation from
an object. Passive sensors are those that only measure the natural electromag-
netic radiation emitted or reflected by objects (e.g. solar or terrestrial radiation)
(Boucher, 2015).

Among the active sensors, two that are relevant for this thesis are the
lidar (LIght Detection And Ranging) and the radar (RAdiowave Detection
And Ranging). Lidars emit wavelengths ranging from near-ultraviolet to mid-
infrared (≈ 300− 1200nm) (AMS, 2023b). Most aerosol lidars operate be-
tween the visible and near-infrared spectra, where substantial electromagnetic
radiation is scattered and absorbed by atmospheric aerosols. Radars emit
signals at radio or microwave frequencies, and those that are designed for
cloud studies operate at higher frequencies or shorter wavelengths than weather
radars (designed to monitor and characterize precipitation systems), in order
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to maximize the capability to make cloud measurements (Fabry, 2015; Kollias
et al., 2007).

Atmospheric variables retrieved by passive sensors, such as the LWP and
the cloud cover, are also used in this thesis, specifically in papers II, III, and IV.
The passive sensors operate mainly in the visible, infrared, thermal infrared,
and microwave portions of the electromagnetic spectrum.

5.1.1. CALIPSO and CloudSat

The two main satellites that are used in this thesis are the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIPSO) and CloudSat. They are both
polar-orbiting satellites, meaning that they circumnavigate the planet in an al-
most north-south orbit, passing close to both poles. They were both launched
in April 2006, and joined in orbit with three other satellites named Aqua
(launched in 2002), Aura (2004), and PARASOL (2004), in what started to
be known as the “A-Train” constellation. The creation of the "A-Train" group
made it possible to combine the retrievals from multiple instruments onboard
the different satellites, to improve the knowledge about aerosols, clouds, and
other important elements for understanding the current climate and environ-
ment of the Earth. Two more satellites, GCOM-W1 and OCO-2, were added
to the "A-Train" in 2012 and 2014 respectively, whereas PARASOL ceased
operation and left the constellation in 2013. CloudSat and CALIPSO were
moved to a lower orbit in February and September 2018 respectively, under
the denomination "C-Train". They currently travel 16.5 km below the A-Train,
following a slightly different ground track. These orbital modifications cause
the ground tracks from the A-Train and C-Train to intersect every 20 days, a
moment when it is possible to take simultaneous instrument observations from
both groups of satellites (NASA, 2023).

The primary instrument onboard CALIPSO is called CALIOP. It is a two-
wavelength (532 and 1064 nm) polarization lidar able to profile aerosol and
cloud properties in the troposphere and lower stratosphere (Winker et al., 2009).
The lidar emits a polarized laser beam and measures the return signals at 532
and 1064 nm. The combined two signals give information on the particle
size and help to differentiate between aerosols and clouds and to identify the
aerosol type (dust, sea salt, smoke, etc.) (Winker et al., 2007). In addition, sig-
nal depolarization is used to discriminate between spherical and non-spherical
cloud and aerosol particles (Sassen, 1991).

In paper I, two datasets from the CALIPSO version 4.20 (V4) Level 2
product (Kim et al., 2018) were used: the Merged Aerosol and Cloud Layers
Data, and the Aerosol Profile Data. The first one provides information about
the altitude of aerosol and cloud layers as well as aerosol types. The second
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one contains vertical profiles of aerosol extinction and column optical depth of
tropospheric aerosols at 532 nm, as well as meteorological information derived
from MERRA-2 (see 5.2) that is not retrieved by CALIOP. This information
was used in paper I to identify the cases with aerosols above clouds, clas-
sify the aerosols (into smoke and non-smoke aerosols), and separate the cases
according to aerosol loading and moisture. The situations studied are those
where the V4 algorithm estimates a distance greater than 750 m between the
aerosol and the underlying cloud layer. This is done to avoid including cases
where there may be contact between aerosols and clouds. More details above
uncertainties related to this product can be found in paper I.

CloudSat has the Cloud Profiling Radar (CPR) onboard. This instrument
operates at a frequency of 94.5 Hz and a wavelength of 3.2 mm and pro-
vides the vertical distribution of cloud and precipitation on a planetary scale
(Stephens et al., 2002). The CPR emits a pulse width of 3.3µs which results in
a vertical resolution of 500 m, later over-sampled to 240 m (Sassen and Wang,
2008). After data processing, the footprint of the sensor is 1.4 x 2.5 km2 (cross
and along track). A problem associated with the radar beam is that, when it
hits the ground, the reflection contaminates the lowest part of the atmospheric
column. This contamination is known as ground clutter. To minimize it, the
CPR’s pointing was moved forward (in the direction of the flight path) by
0.16 degrees off-nadir (point on Earth directly beneath the satellite)(Li et al.,
2017). Nevertheless, to avoid ground cluttered data in the retrievals, we ex-
cluded cases with cloud-top altitudes lower than 750 m when analyzing data
from the CPR.

The 2B-FLXHR-LIDAR product (Henderson et al., 2013) from CloudSat
was used in paper I. This product provides profiles of radiative fluxes and at-
mospheric heating rates that were used to investigate the radiative impacts of
aerosols and moisture in the free troposphere and cooling at the top of the
low-level clouds.

5.1.2. Obs4MIPs

The Observations for Model Intercomparisons Project (obs4MIPs) archive
( https://esgf-node.llnl.gov/search/obs4MIPs/ ) was used in paper II to obtain
the values of aerosol optical depth at 550 nm. The archive is based on level 2
product (Levy et al., 2009) of the MODerate resolution Imaging Spectrom-
eter (MODIS), an instrument that flies on the Earth Observation System’s
(EOS) Terra and Aqua satellites. Obs4MIPs consists of a limited set of well-
established and documented datasets that have been organized in accordance
with the Coupled Model Intercomparison Project phase 5 (CMIP5) model out-
put requirements and made available to the research community for climate
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model evaluations.

5.1.3. MAC-LWP

The Multisensor Advanced Climatology of Liquid Water Path (MAC-LWP)
(Elsaesser et al., 2017) is a climatology of cloud liquid water path (CLWP).
It utilizes Remote Sensing Systems’(RRS) intercalibrated 0.25◦ resolution re-
trievals to construct monthly gridded (1◦) oceanic CLWP information spanning
29 years (1988-2016). RSS processes and analyses microwave data collected
by satellite microwave sensors. The MAC-LWP climatology is used in paper
II to calculate the average LWP values over the subtropical regions analyzed.

5.1.4. CLAAS-3

The latest (third) edition of CM SAF CLoud properties using SEVIRI
(CLAAS-3)(Meirink et al., 2022) is used in paper III to retrieve values of
cloud cover and LWP over the SEA. The CLAAS-3 is a data record of cloud
products derived from intercalibrated measurements (Meirink et al., 2013) of
the Spinning Enhanced Visible and Infrared Imager (SEVIRI) sensor onboard
METEOSAT second generation (MSG) satellites.

5.2. Reanalysis

Reanalysis data from (Hersbach et al., 2020) and from Modern-Era Retro-
spective analysis for Research and Applications, Version 2 (MERRA-2) was
also used in paper I. ERA5 is produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF) whereas MERRA-2 ( https:// gmao.gsfc.nasa.gov/reanalysis/MERRA-
2/ ) is produced by the Global Modeling and Assimilation Office (GMAO).
Reanalysis data consist of a combination of observations and past short-range
weather forecasts that are rerun with modern weather forecasting models. ERA5
was used to characterize the meteorological conditions, specifically winds, in
paper I. The data employed from MERRA-2 is contained in the CALIPSO V4
Level 2 product (see section 5.1.1).

5.3. Modeling of aerosols, clouds and aerosol-radiation
interactions

An accurate representation of aerosols, clouds, and aerosol-cloud-radiation
interactions is challenging in all kinds of numerical models. The resolution of
the model always determines the processes that can be explicitly simulated
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and those that have to be parameterized or artificially included. In addition,
computing resources are always limited, so the accuracy of the simulations
must be balanced with their computational costs. Since this is a broad topic,
only some information that is relevant to this thesis is provided below.

Models can represent aerosol-radiation interactions by prescribing the op-
tical properties of pure aerosol components and/or mixtures between them.
This method was used when implementing aerosol-radiation interactions in
the MIMICA LES model (section 5.3.1). Depending on the purpose and per-
formance of the model, several approaches can be used to describe the evo-
lution of an aerosol population. With a single-moment bulk approach, only
the aerosol mass concentration is explicitly calculated while the size distri-
bution is prescribed. This approach is simple and has a low computational
cost, but it cannot simulate observed variations in the aerosol size distribution
(Boucher, 2015). With a sectional approach, the aerosol size distribution is
separated into size bins, for which aerosol number or mass concentration is
predicted (Boucher, 2015). As the number of bins increases, the approach be-
comes more detailed, but also computationally more expensive. With a modal
(or two-moment bulk) approach, the aerosol population is represented by a
predefined number of aerosol modes that have specified chemical properties.
The model explicitly predicts the mass and number concentration of aerosols
within each mode, but the shape of the size distribution is fixed. This method is
computationally more efficient than the sectional approach, but it does not cap-
ture all the complexity and variability in aerosol composition and size within
a mode (Boucher, 2015).

Several approaches are also used by models to describe the size distribution
of cloud hydrometeors. A bulk microphysics scheme can be single-moment
when only mass mixing ratios of hydrometeors are predicted, or double-moment
when the number mixing ratio is also predicted, which allows for estimating
the mean particle size. In both cases, the shape of the size distribution is fixed.
There are also sectional approches (or bin microphysics schemes), which pre-
dict particle distribution that evolves (including the shape of the distribution)
with time (Grabowski et al., 2019).

5.3.1. The MISU/MIT Cloud-Aerosol Model V5

The MISU MIT Cloud and Aerosol Model (MIMICA) (Savre et al., 2014)
is an LES solver that can be employed to study cloudy planetary boundary
layers and convection. It has been used in studies of clouds in the subtropics
[e.g Bulatovic et al. (2019); Savre et al. (2014)] and the Arctic [e.g. Bulatovic
et al. (2021); Igel et al. (2017); Stevens et al. (2018)]. Some characteristics
of the model are presented here; a more detailed description can be found in
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Savre et al. (2014).
In MIMICA, the mass mixing ratios and number densities of five hydrom-

eteor types (i.e. cloud droplets, raindrops, ice crystals, snow and graupel) are
predicted by a two-moment bulk microphysics scheme (Seifert and Beheng,
2006, 2001). Gamma functions are used to describe the size distributions of all
hydrometeors. The radiation is calculated with a version of the four-stream Fu-
Liou-Gu radiative transfer model (Fu and Liou, 1993; Fu et al., 1997; Gu et al.,
2003) which includes six bands for shortwave and twelve for longwave radia-
tion. The aerosol population is characterized by a combination of log-normal
modes, using a two-moment aerosol module (Ekman et al., 2006). Each mode
can have a unique size distribution and chemical composition. Four aerosol
types can be combined within each aerosol mode: BC, OC, sulfate, and sea
spray. The activation of aerosols into cloud droplets follows the κ–Köhler the-
ory (Petters and Kreidenweis, 2007) where the hygroscopicity of each aerosol
compound is described by a single parameter κ . The particle dry radius is used
to calculate the critical saturation ratio, critical wet particle size, and later the
activation spectrum of particles. Activated particles grow by condensation and
decrease by evaporation depending on supersaturation conditions. The con-
version of cloud droplets to raindrops, and self-collection of liquid particles
follow Seifert and Beheng (2001).

Part of the work of this thesis was to add explicit aerosol-radiation interac-
tions (aerosol scattering and absorption) to MIMICA. This was done in order
to simulate the scattering and absorption by absorbing aerosols in the cases
presented in papers III and IV.

The implementation of aerosol-radiation interactions was adapted from
UCLALES-SALSA (Tonttila et al., 2017) that was employed by Slater et al.
(2020). Similar to MIMICA, UCLALES-SALSA uses a version of the Fu-
Liou-Gu radiative transfer scheme. However, UCLALES-SALSA uses a sec-
tional approach to represent the aerosol size distribution, which means that the
aerosol optical properties are calculated for each aerosol bin. In MIMICA, we
follow the same procedure as in UCLALES-SALSA, but we calculate the op-
tical properties for each aerosol mode instead. The implementation of the code
in MIMICA includes the following steps:

For each aerosol mode, the total aerosol volume (VT ) is calculated from
the aerosol mass (M) and the aerosol density(ρ), which depends on the aerosol
type:

VT =
M
ρ

(5.1)

The volume fraction corresponding to each aerosol type (Vaer_type) is cal-
culated using the aerosol fraction (aer_type f rac), which is defined by the user
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in the namelist.
Vaer_type =VT ·aer_type f rac (5.2)

The real and imaginary parts of the refractive indices (naer_type and kaer_type

respectively) for the four aerosol types are given in lookup tables obtained from
Hess et al. (1998).

VT ,Vaer_type and the refractive indices are used to calculate the volume
mean real and imaginary refractive indices (V n and V k respectively) for each
aerosol mode:

V n = ∑
aer_type

Vaer_type ·naer_type

VT
(5.3)

V k = ∑
aer_type

Vaer_type · kaer_type

VT
(5.4)

The size parameter X is computed as:

X =
π · D̃v

λ
(5.5)

Where D̃v is the volume median diameter of the aerosol lognormal distri-
bution [D̃v is a good indicator of mass and light scattering (Anderson, 2011)]
and λ is the wavelength.

To calculate D̃v we first calculate the volume mean diameter Dv using the
total volume (VT ) and the aerosol number concentration (Na):

Dv =

(
VT
Na
π

6

) 1
3

(5.6)

Then, the relationship between Dv and D̃v can be found by solving D̃n

(aerosol median diameter) in equation 5.7 and substituting it in 5.8 (Zender,
2002):

Dv = D̃n · exp
(

3
2
· log2S

)
(5.7)

D̃v = D̃n · exp(3 · log2S) (5.8)

Which gives:

D̃v = Dv · exp
(

3
2
· log2S

)
(5.9)

Combining equations 5.5 and 5.9 we get the final expression for the size
parameter:
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X =
π

λ
·Dv · exp

(
3
2
· log2S

)
(5.10)

The volume mean refractive indices from equations 5.3 and 5.4, and the
size parameter (equation 5.10), are used as coordinates to obtain the extinction
cross section (σlut), asymmetry parameter (glut) and single scattering albedo
(ωlut) from another lookup table. The new variables are later used to calculate,
in each grid point, the aerosol optical depth (τ , equation 5.11, where Na is
the aerosol number concentration), the single scattering albedo (SSA, equation
5.12), and the phase function moments (P1, P2, P3 and P4, equations 5.13-5.16).

τ = Na ·dz ·σlut ·λ 2 (5.11)

SSA = τ ·ωlut (5.12)

P1 = SSA ·3glut (5.13)

P2 = SSA ·5g2
lut (5.14)

P3 = SSA ·7g3
lut (5.15)

P4 = SSA ·9g4
lut (5.16)

τ , SSA, and the phase function moments from all the aerosol modes are
later integrated and normalized, and given as input to the Fu-Liou-Gu scheme,
which computes the radiative fluxes. The above steps are summarized in Fig-
ure 5.1.

5.3.2. Comparison of radiative heating rates between MIMICA and
NOAA-SAM LES models

It is difficult to find available data accurate enough to evaluate the aerosol-
radiation interactions implemented in MIMICA. However, in paper IV, MIM-
ICA participates in an intercomparison between LES models, which gives the
opportunity to compare the radiative heating rates associated with the presence
of absorbing aerosols. In the intercomparison, the aerosol number concentra-
tions of MIMICA and two versions of the System for Atmospheric Modeling
(SAM) LES model are forced identically in the free troposphere, meaning that
the Na values in the free troposphere are roughly the same at each time step
during the simulation. (Figure 5.2). Since both SAM versions treat radiation
and aerosol-radiation interactions in the same way, only the NOAA-SAM, the
version of SAM used at the National Oceanic and Atmospheric Administration
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Lookup table: 
naer_type, kaer_type

Vn, Vk

 X = π ⋅ D̃v

λ

Lookup table: 
 σlut, glut, ωlut

 τ, SSA
P1,P2,P3,P4

Fu-Liou-Gu radiative 
transfer scheme 

Equations  
5.3 and 5.4

 X = π
λ

⋅ Dv ⋅ exp ( 3
2 ⋅ log2S)

Equations  
5.6 to 5.9

Equations  
5.11 to 5.16

Equation 5.10Equation 5.5

Integration and 
normalization

Figure 5.1: Main steps involving the implementation of the aerosol-radiation
interactions in MIMICA LES model, as described in section 5.3.1

(NOAA)’s Chemical Sciences Laboratory, is used for this comparison that was
not included in paper IV. In MIMICA and SAM, the aerosol population is de-
scribed using a single aerosol mode with an initial geometrical mean diameter
of 185 nm a fixed geometric standard deviation of 1.5, and a single scattering
albedo (SSA) = 0.85. In the case of MIMICA, the value of the SSA is achieved
by combining BC (6.8%) and OC (93.2%) in one aerosol mode.

From the Na evolution shown in Figure 5.2, the time corresponding to mid-
day of the first day is selected to compare the radiative heating profiles in
both models. This specific time is suitable because the sunlight is at its peak
and the pollution in the free troposphere is high, with the maximum value of
Na ≈ 1.5 ·109Kg−1 above cloud top (Figure 5.3a). The focus of the comparison
is on the free troposphere because it is free of clouds. The main differences
in the radiative heating profiles are observed in the shortwave (Figure 5.3e),
where most of the aerosol absorption occurs. Figure 5.3e shows that, under
a clear sky and with Na values above 109Kg−1 (between 1600 and 2750 m),
the shortwave (SW) heating in MIMICA is between 1 and 2.6 K ·day−1 higher
than in SAM. In relative numbers, the SW heating is on average around 50%
higher in MIMICA than in SAM between the studied altitude interval (Figure
5.3h). However, this difference decreases substantially for smaller values of
Na above those heights. In consequence, the semi-direct effect of absorbing
aerosols is higher in MIMICA than in SAM for relatively high Na values.
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Figure 5.2: Temporal evolution of the horizontally-averaged aerosol number
concentration (Na) profiles simulated by MIMICA and NOAA-SAM LES mod-
els in the case analyzed in paper IV. The lowest (Na) values can be observed
initially at an altitude of 1000 m due to the presence of the Sc cloud deck a the
top of the marine boundary layer. Vertical dashed lines correspond to the time
12:00 of the first day simulated, used later in Figure 5.3.
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Figure 5.3: Vertical profiles of horizontally-averaged (a) aerosol number concen-
tration, (b) SW heating and (c) LW heating simulated by MIMICA and NOAA-
SAM LES models at 12:00 of the first day of the case analyzed in paper IV (see
figure 5.2). (d-f) The differences MIMICA-SAM for variables in a-c between al-
titudes 1550 and 5000 m in real values. (g-i) Relative differences between MIM-
ICA and SAM for variables in a-c. The percentage is calculated with respect to
SAM values.
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6. Results

6.1. Smoke and non-smoke aerosols overlying low-level
clouds over the Southeast Atlantic

The first paper of this thesis was a satellite study (using CALIPSO and
CloudSat) of situations when aerosol layers overlie low-level clouds in the
SEA during the biomass burning season. The initial idea was to investigate
how these aerosol layers affect the radiative fluxes in the free troposphere and
if they can cause an observable impact on the low-level clouds. The influence
of the background meteorology in these situations and the covariance of the
meteorology with aerosol conditions (i.e. South Eastern African Jet, moisture)
were important features taken into account to design the research. Further-
more, a question arose about the composition of the aerosol layers overly-
ing the clouds: Are these plumes mostly composed of smoke aerosols from
biomass burning or can we also frequently find plumes composed of other
kinds of aerosols overlying the clouds? How does the aerosol composition
affect these scenarios?

In agreement with the above, the study was focused on separating and
quantifying the impacts of aerosol loading, aerosol type (smoke or non-smoke),
and humidity on the radiative fluxes in the free troposphere and on the cloud-
top cooling. Furthermore, we divided the analysis into two periods June-
July-August (JJA) and September-October (SO), to reduce the effects of the
seasonal changes in the meteorology and compared with situations without
aerosol layers above clouds (pristine).

The aerosol plumes found in SO were more numerous and located, on av-
erage, at higher altitudes than in JJA, which was likely a consequence of the
South Eastern African Jet (see chapter 4). We also saw that moisture is en-
hanced within the aerosol layers in agreement with previous studies (i.e. Ade-
biyi et al. (2015); Deaconu et al. (2019). However, the relative humidity did
not increase monotonically with the aerosol optical depth during September-
October, which is in contrast with Adebiyi et al. (2015); Deaconu et al. (2019).
We found the smoke to be the predominant aerosol overlying the clouds, but
also observed a substantial number of cases with non-smoke aerosols. Both
these situations were associated with easterly winds, while pristine situations

41



were dominated by winds from the open ocean.
According to expectations, SW heating rates within the moist aerosol plume

increased with increasing aerosol optical depth, and were higher in the smoke
cases compared to the non-smoke cases. However, we did not find a clear influ-
ence of the moist aerosol plumes in the thermodynamic structure of the atmo-
sphere, or in the cloud-top cooling or height. The latter result was strongly in-
fluenced by the limitations associated with satellite observations. For instance,
the strong variability of the cooling rates caused by other meteorological fac-
tors, like the cloud-top temperature, prevented the observation of a possible
impact of the overlying moisture on cloud-top cooling. Furthermore, due to
the uncertainties in the CALIPSO retrievals (see section 5.1.1), we analyzed
only situations where the vertical distance between aerosols and clouds was
higher than 750 m. Based on suggestions from previous research, this gap is
too large to observe a potential influence of the semi-direct effect of absorbing
aerosols on the underlying clouds over the SEA.

This study confirmed that it is a very challenging task to use satellite ob-
servations to study the impacts of aerosol on clouds, especially in a region
like the SEA. Since the background meteorology (including moisture) covaries
with aerosols and also with clouds, it is very difficult to isolate the effects
of aerosols on clouds. In order to improve our understanding of these situ-
ations, and of aerosol-cloud-radiation interactions in general, we need to use
approaches that include both observations and models. The three remaining
papers of this thesis were modeling-based studies but, when possible, compar-
isons with observations were done to evaluate the performance of the models.

6.2. Absorbing aerosols in contact with low-level clouds
over the Southeast Atlantic

As a continuation of paper I, the MIMICA model is used in paper III to
study aerosol-cloud-radiation interactions over the SEA. We simulated three
different meteorological situations observed in the region in August 2017,
where moist absorbing aerosol plumes in the free troposphere were close or
in contact with the underlying Sc clouds. The goal was to investigate the indi-
vidual impacts of aerosols and moisture traveling in the plumes on the marine
boundary layer (MBL) evolution, the Sc clouds, and the SCT. In addition, we
explored the type of SCTs that the model simulated and how they agreed with
theories on this topic (see section 3.2).

The results showed a small influence of aerosol indirect effects on the cloud
evolution and the SCT. However, the semi-direct effect in the MBL caused
a reduction of the cloud cover that could accelerate the SCT, mostly during
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daytime and during broken cloud conditions. The moisture located above the
Sc deck was observed to reduce the MBL deepening via LW emission, while
the moisture in contact with the Sc cloud increased the cloud cover and delayed
the SCT.

At the top of the model domain, the total average radiative effect of the ab-
sorbing aerosol was negative (cooling) in the three situations, with the indirect
aerosol being higher than the direct and semi-direct effects together. The hu-
midity accompanying the aerosol plume produced an additional cooling effect
that was about as large as the total aerosol radiative effect.

The SCTs simulated showed characteristics that were broadly consistent
with the deepening-warming style of transition (Bretherton and Wyant, 1997),
in agreement with previous studies under conditions of relatively high aerosol
concentrations [e.g. Diamond et al. (2022); Yamaguchi et al. (2015); Zhou
et al. (2017)]. The slight drizzle increase when aerosol concentrations were
lowered was not sufficient to cause a relevant influence on the SCT. Thus,
the drizzle depletion style of SCT remained as a mechanism pending to be
explored in MIMICA. The comparison of the SCT mechanism in several LES
models, including MIMICA, was the main motivation for the next paper.

6.3. Drizzle-depletion versus deepening-warming transi-
tion. From polluted to clean atmospheric conditions
over the Southeast Atlantic

The dominant mechanisms driving the SCTs in LES models have lately
attracted attention after several recent studies have simulated drizzle-depletion
styles of SCT, especially under conditions of low aerosol concentrations. In
this context, the Southeastern Atlantic Stratocumulus Transitions with Aerosol-
Rain-Radiation interactions (SEA STARR) LES intercomparison project was
proposed, with NOAA-SAM, UW-SAM (version of SAM used at the Univer-
sity of Washington), and MIMICA joining as participant models. The goal of
the project was to understand the factors leading to SCTs differences between
the models in a common framework. The methodology consisted of, first, sim-
ulating a SCT in the presence of smoke using representative meteorological
conditions from August 2017 over the SEA, and second, performing two sen-
sitivity tests by substantially reducing the aerosol number concentrations.

In the most polluted case, the three LES models simulated a deepening-
warming style of SCT. All models were found to overestimate the cloud droplet
number concentrations near the end of the simulations (geographically located
near Ascension Island) compared to measurements from the CLout-Aerosol-
Radiation Interaction and Forcing (CLARIFY) campaign (Haywood et al.,
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2021). The differences between the models were more pronounced for the sim-
ulations with lower aerosol concentrations. In the cleanest case, NOAA-SAM
and UW-SAM produced drizzle depletion SCTs whereas MIMICA maintained
a deepening-warming style of transition. The disagreement between the mod-
els was linked to substantial differences in the production of rain and aerosol
scavenging for a given cloud state in terms of total condensate and droplet
concentration.

From this work, it was interesting to see that MIMICA, in contrast with the
rest of the models, continued to simulate a deepening-warming style of SCT
in conditions with aerosol concentrations more than three times lower than
the cleanest situations modeled in paper II. Further investigation is needed to
understand the reasons behind this behavior, which should be associated with
the specific microphysical scheme in use. An interesting experiment would
be to use a surface aerosol source of sea spray in the model (which is more
realistic), instead of absorbing aerosols (used in both papers II and III). The
sea salt mostly scatters SW radiation and is more hygroscopic than smoke. In
consequence, this might influence the STC (i.e. via precipitation increase).

6.4. Influence of horizontal resolution and complexity of
aerosol-cloud interactions on marine stratocumulus
and stratocumulus to cumulus transition in a global
climate model

Papers III and IV used LES models to explore several impacts of absorbing
aerosols on Sc clouds and SCTs over the SEA region. It is evident from both
studies that despite the high spatial resolution, this kind of model still cannot
adequately capture all the complexity of aerosol-cloud-radiation interactions.
However, the same problem applies to regional and global climate models,
which face the additional challenge of having lower spatial resolutions. As a
consequence, more processes (that cannot be explicitly simulated) have to be
parameterized.

In paper II, the atmosphere-only version of a global model (HadGEM3-
GC3.1) was used to evaluate the impact of increasing the horizontal model
resolution and complexity of the aerosol-cloud interaction parameterization on
the properties of the Sc clouds and the SCTs over subtropical regions during
springtime. Regarding the parameterization of the aerosol-cloud interactions,
we specifically compared results between a model set-up in which aerosols
were fully interacting with clouds and radiation, and another in which aerosol
optical properties and cloud droplet number concentrations were prescribed.
Furthermore, all simulations were compared with satellite retrievals.
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The results showed that when the horizontal resolution was increased, the
simulated liquid water content also showed a small but significant increase
and the SW cloud radiative effect became more negative. When the aerosols
were fully interacting with clouds and radiation, there were, in general, smaller
differences between the modeled and the mean observed values of SW cloud
radiative effect.

The spatial location of the SCT was not significantly affected between the
different model versions. We did not examine the impact of changing the ver-
tical resolution of the model, which may have a greater effect on SCT and
marine Sc properties.
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7. Final remarks and outlook

The work conducted for this thesis focused on investigating how atmo-
spheric aerosols impact the properties and evolution of warm tropical and sub-
tropical clouds (in particular subtropical stratocumulus clouds). A combina-
tion of satellite observations and numerical models was used. Three of the
papers (I, III, and IV) targeted the Southeast Atlantic region, whereas one pa-
per (number II) covered four subtropical stratocumulus regions. In general,
the work showed multiple aspects of the complicated interactions between
aerosols, clouds, and radiation over the subtropical oceans. These are some
of the main insights and achievements:

Combined retrievals from CALIPSO and CloudSat showed a radiative
impact of moist aerosol layers in the free troposphere over the Southeast
Atlantic. However, it was not possible to observe a clear influence of
these humid aerosol layers on underlying low-level clouds due to limi-
tations and uncertainties associated with the satellite data, including the
influence of background meteorology. A way to improve this kind of
study would be to combine the satellite retrievals with in-situ measure-
ments and model simulations.

The MIMICA LES model was modified to include aerosol-radiation
interactions and to be forced with meteorological conditions from the
Southeast Atlantic. Both modifications were used to simulate stratocu-
mulus to cumulus transitions where moist absorbing aerosol plumes were
in contact with low-level clouds and the marine boundary layer. The
main results were the following:

• The semi-direct effect of absorbing aerosols within the marine bound-
ary layer had a substantial impact on the persistence of the stratocu-
mulus clouds by accelerating the stratocumulus to cumulus transi-
tion, especially during daylight and with broken cloud conditions.

• The humidity accompanying the absorbing aerosol was found to
reduce the marine boundary layer deepening when located above
the stratocumulus deck and to delay the transition to cumulus when
in contact with the clouds. The additional moisture also caused a
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radiative cooling effect that was comparable to the one caused by
the aerosol plume itself.

• The stratocumulus to cumulus transitions in MIMICA were broadly
consistent with the "deepening-warming" theory regardless of the
aerosol conditions (polluted or relatively clean situations). How-
ever, two other LES models (NOAA-SAM, UW-SAM) simulated
transitions driven by drizzle in clean situations. This is a concrete
example of how different treatments of aerosol-cloud-radiation in-
teractions in different models can lead to disagreement regarding
important aspects such as stratocumulus to cumulus transitions. It
is a topic that deserves more investigation.
Regarding the simulations performed with the LES models in pa-
pers III and IV is important to clarify that changes in the local and
large-scale semi-direct aerosol effects in the free troposphere were
not considered when reducing the aerosol number concentration
in the sensitivity experiments. Thus, a modeling strategy that can
consider both large-scale and local semi-direct effects of the ab-
sorbing aerosols [like the one employed by Diamond et al. (2022)]
in the free troposphere can improve these works. Furthermore, a
more realistic surface aerosol source (i.e. sea spray) could be used
in the LES model simulations.

When the HadGEM3-GC3.1 global climate model was used with ex-
plicit aerosol-cloud interactions, the differences between the simulated
and mean observed values of the shortwave cloud radiative effect were
in general smaller compared to when a non-interactive parameterization
was used. A future suggestion here could be to explore the impact of
the vertical resolution in HadGEM3-GC3.1 on the marine stratocumu-
lus and stratocumulus to cumulus transitions.
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