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Abstract

Clouds cover large areas of the Earth and influence the Earth’s radiation budget. Biases in the representa-

tion of clouds and their phase can lead to radiative biases in model representations, which further impacts

for example surface temperature. Such radiative biases over the Southern Ocean have been shown for

a long time and are still present in the most recent versions of many climate models. Also the Arctic

Ocean shows biases in the representation of clouds in climate and weather models.

To improve the understanding of the cloud phase, i.e. the partitioning of liquid and ice in clouds, over

these regions this thesis provides a comprehensive analysis of a two-year mainly satellite-based dataset.

A high occurrence frequency of low-level clouds of 21.5 % over the Arctic Ocean and of 25.6 % over the

Southern Ocean is found, but clouds spanning the mid-level range (mid-low-level, high-mid-low-level,

mid-level, high-mid-level) sum up to a total frequency of approximately 15 %. All investigated cloud

types show a rather high frequency of mixed-phase clouds (≥ 24%), but only low-level, mid-level, and

mid-low-level clouds occur as liquid, ice, and mixed-phase cloud and make a major contribution to the

cloud type frequency in the mixed-phase temperature regime. Low-level clouds show the highest liquid

fraction within a vertical cloud column followed by mid-level clouds. Clouds over the Southern Ocean

show higher liquid fractions for cloud top temperatures lower than −10 °C, while for higher temperatures,

the liquid fraction is higher over the Arctic Ocean. Furthermore, local minima of the liquid fraction are

found at temperatures of about −15 °C and −5 °C. Processes of dendritic growth and secondary ice

production are discussed as possible reasons. The liquid fraction is higher in low-level clouds over

sea ice compared to the open ocean in both hemispheres. A weaker signal is seen in mid-level and

mid-low-level clouds. Aerosol reanalysis exhibit lower sea salt mixing ratios over sea ice, where sea

salt is interpreted as a proxy for sea spray in this thesis. High sea salt mixing ratios also correlate

with decreasing liquid fraction especially in low-level level clouds, while mid-level clouds show the

strongest correlation with dust, which is probably related to the long-range aerosol transport. The highest

shortwave cloud radiative effects are shown by high-mid-low-level and mid-low-level clouds over the

Southern Ocean. Mostly, mixed-phase clouds show higher shortwave cloud radiative effects than ice or

liquid clouds. All investigated cloud types show net negative cloud radiative effects. Low-level clouds

contribute most to the shortwave cloud radiative effect followed by mid-low-level clouds due to higher

cloud type occurrences.

To investigate the importance of the factors temperature, sea ice cover, sea salt, and dust for the cloud

phase determination in mid-level, low-level, and mid-low-level clouds, an explainable machine learning

method is used. Sea salt seems to decrease the liquid fraction especially in low-level clouds, while



mid-level clouds are more affected by transported aerosols like dust. The spatial distributions of the

different influences show that sea ice cover seems to prevent the release of sea salt aerosol, and strong

westerly winds may prevent the pole-ward transport of dust over the Southern Ocean, leading to a strong

meridional gradient with more liquid clouds at high latitudes over the Southern Ocean due to less ice

nucleating particles (INPs). Over the Arctic Ocean, the spatial distribution is more influenced by the

distribution of land surfaces.

The observational results on cloud frequencies, cloud phase and the influence of sea ice is compared

with simulation output from the ICOsahedra Nonhydrostatic model (ICON). Strongest biases are found

in the frequency of mid-level and high-mid-level clouds with an underestimation in the model by factors

between 4.5 and 7.8 in the respective summer-hemispheres. The liquid fraction in low-level and mid-

level clouds is underestimated in simulations compared to observations especially for low cloud top

temperatures, while it is overestimated for high cloud top temperatures, suggesting a glaciation at too

high temperatures in the simulations. Contrary, the liquid fraction of mid-low-level and high-mid-low-

level clouds is generally overestimated in models.

The consideration of the INP distribution, which is influenced by sea ice cover and strong wind, in models

may be a possibility to improve the representation of cloud phase.



Zusammenfassung

Wolken bedecken einen Großteil der Erde und beeinflussen ihre Strahlungsbilanz. Systematische Fehler

in der Repräsentation von Wolken und deren Phase können zu Strahlungsfehlern in Modellen führen, was

sich beispielsweise wiederum auf die Oberflächentemperaturen auswirken kann. Solche Strahlungsfehler

werden seit langem über dem Südlichen Ozean nachgewiesen und sind auch in den neusten Versionen

vieler Klimamodelle vorhanden. Auch der Arktische Ozean zeigt Fehler in der Repräsentation von Wol-

ken in Klima- und Wettermodellen.

Um das Verständnis der Wolkenphase, das heißt die Aufteilung von Flüssigkeit und Eis in Wolken, in

diesen Regionen zu verbessern, zeigt diese Arbeit eine umfassende Analyse eines zweijährigen, haupt-

sächlich satellitengestützten Datensatzes. Auf Basis der Höhen von Wolkenunterkante und -oberkante

werden die Wolken in die Kategorien L (low-level), M (mid-level), H (high-level), ML (mid-low-level),

HM (high-mid-level), HML (high-mid-low-level) eingeteilt. Ein häufiges Vorkommen von niedrigen

Wolken (L) von 21 % über dem Arktischen Ozean und von 25.6 % über dem Südlichen Ozean wurde

gefunden, aber auch Wolken die mittlere Höhen abdecken (ML, HML, M, HM) summieren sich zu einen

Gesamthäufigkeit von ungefähr 15 %. Alle untersuchten Wolkenarten zeigen relativ häufiges Auftreten

von Mischphasenwolken (≥24 %), aber nur Wolken der Kategorien L, M und ML kommen als Flüssig-,

Eis-, und Mischphasenwolken vor und tragen einen Großteil zu der Häufigkeit von Wolken im Misch-

phasentemperaturbereich bei. Niedrige Wolken (L) zeigen die höchsten Flüssiganteile innerhalb einer

vertikalen Wolkensäule, gefolgt von mittelhohen (M) Wolken. Wolken über dem Südlichen Ozean zeigen

höhere Flüssiganteile für Wolkenoberseitentemperaturen niedriger als −10 °C, während der Flüssiganteil

für höhere Temperaturen über dem Arktischen Ozean größer ist. Außerdem werden lokale Minimas des

Flüssiganteils bei Temperaturen von ca. −15 °C und −5 °C gefunden. Prozesse wie dendritisches Wachs-

tum und Sekundäreisbildung werden als mögliche Ursachen diskutiert. Der Flüssiganteil ist in beiden

Hemisphären in niedrigen Wolken (L) über Meereis größer als über dem offenen Meer. Ein schwächeres

Signal wird in Wolken der Kategorien M und ML gesehen. Aerosolreanalysen zeigen niedrigere Meer-

salzmischungsverhältnisse über Meereis, wobei in dieser Arbeit Meersalz als Indikator für Meeresgischt

verwendet wird. Außerdem korrelieren hohe Meersalzmischungsverhältnisse besonders in iedrigen Wol-

ken (L) mit abnehmenden Flüssiganteilen, während mittelhohe Wolken (M) eine starke Korrelation mit

Staub zeigen, was wahrscheinlich mit dem großräumigen Aerosoltransport zusammenhängt. Die größten

kurzwelligen Wolkenstrahlungseffekte werden in Wolken der Kategorien HM und ML über dem Südli-

chen Ozean gezeigt. Meistens zeigen Mischphasenwolken größere kurzwellige Wolkenstrahlungseffekte

als Eis- oder Flüssigwolken. Alle untersuchten Wolkentypen zeigen negative Nettowolkenstrahlungsef-



fekte. Niedrige Wolken (L) tragen am meisten zu den kurzwelligen Wolkenstrahlungseffekten bei, gefolgt

von ML Wolken, da diese Wolkenarten häufiger auftreten.

Um die Bedeutung der Faktoren, Temperatur, Meereisbedeckung, Meersalz und Staub für die Wolken-

phase in Wolken der Kategorien M, L, und ML zu untersuchen wird eine erklärbare Methode des ma-

schinellen Lernens verwendet. Meersalz scheint den Flüssiganteil besonders in niedrigen Wolken (L) zu

verringern, während mittelhohe Wolken (M) stärker durch transportiere Aerosole wie Staub beeinflusst

werden. Die räumliche Verteilung von den verschiedenen Einflüssen zeigt, dass Meereisbedeckung die

Freisetzung von Meersalzaerosolen zu verhindern scheint und starke Westwinde den polwärtigen Trans-

port von Staub über dem südlichen Ozean verhindern können, was zu einem starken meridionalen Gra-

dienten mit flüssigeren Wolken in höheren Breiten über dem Südlichen Ozean durch weniger Eisnu-

kleationspartikel (ice nucleating particles, INPs) führt. Über dem Arktischen Ozean ist die räumliche

Verteilung stärker durch die Landverteilung beeinflusst.

Die Beobachtungsergebnisse zu Wolkenhäufigkeiten, Wolkenphasen und dem Einfluss von Meereis wer-

den mit Simulationsergebnissen des nicht-hydrostatischen icosahedrischen (ICOsahedral Nonhydrosta-

tic, ICON) Modells verglichen. Die größten Fehler sind in der Häufigkeit von Wolken der Kategorien

M und HM mit einer Unterschätzung im Modell um Faktoren zwischen 4.5 und 7.8 in den entsprechen-

den Sommerhemisphären zu finden. Der Flüssiganteil in Wolken der Kategorie L und M wird im Modell

im Vergleich zu Beobachtungen, insbesondere für niedrige Wolkenoberkantentemperaturen unterschätzt,

während es für hohe Wolkenoberkantentemperaturen überschätzt wird, was auf eine Vereisung bei zu ho-

hen Temperaturen in den Simulationen hinweist. Im Gegensatz dazu wird der Flüssiganteil in Wolken

der Kategorie ML und HML in Modellen generell überschätzt. Die Berücksichtigung der INP-Verteilung

in Modellen, die durch Meereisbedeckung und starke Winde beeinflusst wird, könnte eine Möglichkeit

sein, die Darstellung der Wolkenphase zu verbessern.
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1. Introduction

Clouds cover large areas of the Earth’s oceans and turn the view from space of the „blue“ planet into

a planet with blue and white patches. Satellite observations have shown a cloud fraction of 72 % over

oceans (King et al., 2013). Clouds play as well a large role in the atmospheric weather and climate

system. They are the largest source of uncertainty in the climate feedbacks (Arias et al., 2021). Their

effect on global warming is still uncertain, which is related to their poor representation in current models.

Their effect on global warming strongly depends on their height and their thermodynamic phase, as ice

and liquid interact differently with radiation. Higher clouds tend to be ice clouds which lead to a warming

effect, as they prevent the release of longwave radiation to space. Contrarily, low clouds tend to be liquid

clouds, which mainly reflect solar shortwave radiation back to space and therefore lead to a cooling

effect. As clouds can occur in multiple layers at the same time, the total effect is not always that clear.

Furthermore, there is also a temperature range where both liquid and ice can physically occur at the same

time, which is called mixed-phase temperature regime. In that regime, models produce especially large

biases related to the phase, which can lead to radiative errors, and thereby further impacts for example

surface temperatures.

There is a long-standing shortwave radiative bias in climate models over the Southern Ocean, which

has been slightly improved in the last version of the Coupled Model Intercomparison Project (CMIP6)

simulations, but models still show biases south of 55 °S (Cesana et al., 2022). The Arctic shows as well

radiative biases related to the representation of clouds (Wei et al., 2021). The CMIP6 models mainly

show an overestimation of the cloud fraction over the Arctic leading to an underestimation of the surface

shortwave flux, and an overestimated warming longwave effect (Wei et al., 2021). Both Cesana et al.

(2022) and Wei et al. (2021) also highlight the large intermodel spread, which also shows the large

uncertainties in the representation of clouds.

Besides the uncertainties in models, there is also a large uncertainty in the general understanding of the

small-scale ice production mechanisms. The formation of secondary ice is one example for the currently

poor understanding how ice is produced in the atmosphere. There are several proposed mechanisms

based on laboratory studies, but the importance of these mechanisms in atmospheric conditions is still

unclear. Another uncertainty is related to the relevance of specific aerosols, small particles suspended in

the air, which are required for the nucleation of ice particles in clouds at temperatures higher than −38 °C,

so-called ice nucleating particles (INPs). Until now, it is not known which ice nucleating particles are

most relevant in which regions of the Earth, how hey are distributed horizontally and vertically and

which underlying mechanisms might be important for their production. Both of these mechanisms also

1



1. Introduction

show another source of uncertainty in general, as cloud processes occur on scales of micrometers to

millimeters, while the currently highest possible grid resolution of global models are in the range of

1 km to 2 km. The development of suitable parameterizations to represent these small scale processes on

larger sales needs a comprehensive understanding of all these mechanisms with the potential to improve

the representation of clouds and their phase in models.

To address these uncertainties this thesis provides a comprehensive study of clouds and their phase,

focusing on the region of the Southern Ocean and the Arctic Ocean. In the first part mainly satellite

observations, but also reanalysis for some parameters are used. After a first characterization of the cloud

occurrence and properties like their height, their temperature of occurrence, their phase, and their vertical

and horizontal extents, the thesis also analyses possible factors proposed to influence cloud phase, like

temperature, sea ice, and aerosol types and amounts. The questions which are addressed for the Arctic

Ocean and the Southern Ocean within this thesis are the following:

❆ How frequent are different cloud types (identified based on their heights)? (Sec. 5.1)

❆ Which phase do the different clouds typically have, and which cloud types occur most frequent in

the mixed-phase temperature regime? (Sec. 5.1 and Sec. 5.2)

❆ How does the vertical and horizontal extent of clouds correlate with cloud phase? (Sec. 5.2.1)

❆ What is the phase distribution as a function of the temperature in different cloud types and how is

cloud phase vertically distributed within mixed-phase clouds? (Sec. 5.2.3, Sec.5.2.2)

❆ How does cloud phase correlate with sea ice cover and the amount of specific aerosol types?

(Sec. 5.2.4)

❆ How large is the top of the atmosphere cloud radiative effect for different cloud types and how

does it vary with different cloud phase? How large is the contribution of specific cloud types to the

total cloud radiative effect? (Sec. 5.3.1, Sec. 5.3.2, Sec. 5.3.3)

Furthermore, the thesis aims to quantify the importance of some factors for the cloud phase using a

machine learning method. Besides the importance, it also investigates the spatial distribution of the

importance of various factors to improve the understanding of their possible influences.

❆ Which of the following parameters, temperature, sea ice, dust, and sea salt, are most important for

determining cloud phase and how does the importance vary regionally? Is there a dependence of

the importance on other parameters? (Chap. 6)

By comparing the cloud occurrence and the cloud phase from the satellite observations with model

output, a first insight into possibilities for improvement of the model representation is gained.

2



❆ What are the differences in cloud occurrence and cloud phase between satellite observations and

simulations with the ICOsahedral Nonhydrostatic model (ICON)? Does a coupled (atmosphere-

ocean) ICON simulation show an improved correlation between sea ice and cloud phase as satellite

observations compared to uncoupled simulations? (Chap. 7)

Before addressing these questions, the next chapter provides a theoretical background starting with an

explanation how droplets and ice crystals form in clouds, describing how cloud particles can interact, and

how different particles interact with radiation. The chapter continues with a general characterization of

the Arctic Ocean and the Southern Ocean with respect to atmospheric and ocean conditions and focusing

on clouds and ice nucleating particles. A last part describes the already mentioned radiative biases based

on clouds over these regions in more detail.

Chapter 3 describes different datasets used within this thesis, as the cloud categorization based on active

satellite instruments, further satellite-based dataset like sea ice information or cloud radiative effects, and

reanalysis of aerosols. A second part of the chapter describes the setup of the models, from which the

output data is used for a comparison. Chapter 4 describes the different methods, as for example how

the different cloud types are defined and classified, how the liquid fraction of clouds is calculated, and

how the correlation of cloud phase with sea ice and aerosols is investigated, but also how a cloud object

is defined to investigate the horizontal and vertical extent of a cloud. A second section of this chapter

describes the used machine learning method and used method to make the machine learning model

explainable. It further provides an overview of the performance of the machine learning models. The

last section of this chapter describes then how the previously described method differs for the analysis of

the model data. Afterwards, Chap. 5, Chap. 6, and Chap. 7 address the previously mentioned research

questions. The last Chap. 8 summarizes the results of this thesis and provides an outlook, in which

further research to improve the representation of clouds and their phase in models is discussed.
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2. Background

This chapter provides a background with Sec. 2.1 giving a theoretical overview of cloud microphysics

focusing on the formation of cloud droplets and ice crystals, their interaction in clouds, as well as the

interaction between radiation and cloud particles. Section 2.2 describes general characteristics of the

Arctic Ocean and the Southern Ocean and presents differences of the regions. The first part focuses on

the atmospheric conditions, as well as ocean currents and sea ice presence. The second part presents

a literature review on the availability of ice nucleating particles over the regions. Section 2.3 describes

previous studies about clouds and their phase over the Southern Ocean and the Arctic Ocean. Further-

more, the large uncertainties in the radiation budget of weather and climate models over these regions

due to uncertainties in the representation of clouds and their phase are described motivating the further

research.

2.1. Cloud microphysics

This first section describes some theoretical concepts of cloud microphysics answering the question how

cloud droplets form, and how ice particles are generated by primary or secondary ice formation. Further,

the interaction between different cloud particles is described. The last part presents an overview of the

interaction between radiation and cloud particles and also presents the theoretical background on how

these interactions can be used in remote sensing techniques to observe clouds and their phase.

2.1.1. Droplet formation

The formation of cloud droplets depends on the availability of humidity, the temperature, the saturation

of the air, but also on the availability of specific aerosols. The nucleation of the liquid phase from

the vapour phase happens mainly heterogeneously in the atmosphere interacting with soluble aerosols,

which reduces the equilibrium vapor pressure, and can lead to deliquescence below saturation. Once

a liquid solution droplet has formed the droplet has to be activated to become a cloud droplet. This

transition is based on the Köhler theory (Köhler, 1936), which describes the equilibrium saturation ratio

(S K) between the vapor and the solution droplet (Lamb and Verlinde, 2011).

S K = 1+
AK

rd︸︷︷︸
Kelvin

−
BK iNs

r3
d︸ ︷︷ ︸

Raoult

(2.1)
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2. Background

The Köhler equation (see Eq. 2.1) combines the Kelvin effect (curvature effect) (Thomson, 1871) and

the Raoult effect (solute effect) (Raoult, 1887, 1889), where rd is the equilibrium radius of the droplet,

Ns is the number of moles of the solute in the particle, and i is the van’t Hoff factor describing the

dissociation of the solute. AK is defined in Eq. 2.2, where σLV is the surface tension, nL is the liquid

molar density, R is universal gas constant (R = 8.314Jmol−1K−1), and T is the temperature. BK is defined

in Eq. 2.3 and only depends on the liquid molar density. In general, it can be said, that the curvature

effect (Kelvin) increases the equilibrium vapor pressure of the water, while the solute effect (Raoult)

decreases the equilibrium vapor pressure (Lamb and Verlinde, 2011).

AK =
2σLV

nLRT
(2.2)

BK =
3

4πnL
(2.3)

By calculating the maximum of the Köhler equation, a critical supersaturation (see Eq. 2.4), and a

corresponding critical radius (see Eq. 2.5) can be defined, which describes a threshold between smaller

haze particles and cloud droplets. This critical radius has to be reached to allow small droplets to grow

through condensation to a cloud droplet. This process is described as the activation of cloud droplets.

S c = 1+
 4A3

K

27BK iNs

 1
2

(2.4)

rc =

(
3BK iNs

AK

) 1
2

(2.5)

To enable the formation of a cloud droplet in atmospheric conditions, the presence of cloud condensations

nucleis (CCN) is required, as they lead to a reduction of the critical supersaturation. Without the presence

of CCNs, supersaturations of several hundred percents would be required to nucleate liquid droplets,

which is unrealistic in atmospheric conditions. The larger the dry CCN particle is, the stronger is the

reduction of the critical supersaturation. Clouds in the atmosphere have maximal supersaturations of

10 % in deep convection. Typical dry CCN sizes are in the order of 0.1 µm, activating at supersaturations

of about 0.1 % and thereby enabling the nucleation of liquid droplets in typical atmospheric conditions

(Lamb and Verlinde, 2011).

2.1.2. Primary ice formation

Ice can only form in the atmosphere if the temperature is lower than 0 °C, with an increasing freezing

probability for a decreasing temperature. Further parameters influencing the formation of ice in clouds

are saturation as well as dynamical and environmental conditions. Besides temperature, the availability

of ice nucleating particles plays a large role, as can be seen in the following. Theoretically, ice can

form from the liquid phase or directly from the vapor phase through deposition. Nevertheless, the initial
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2.1. Cloud microphysics

Figure 2.1.: Schematic of homogeneous and heterogeneous freezing from Hoose and Möhler (2012). S i is the
supersaturation with respect to ice and T is the temperature.

formation of ice from the vapor phase without the participation of specific surfaces of particles is unlikely

due to a strong decrease of entropy from the vapor phase to the ice phase. Therefore, further description

focuses on homogeneous nucleation from supercooled liquid droplets and heterogeneous nucleation.

Homogeneous nucleation is the formation of ice from existing pure supercooled cloud droplets and only

occurs at temperatures colder than −38 °C (compare Fig. 2.1). The heterogeneous nucleation describes

the formation of ice through different processes including ice nucleating particles (INPs).

These particles provide a surface facilitating the first nucleation of ice. There have been many studies

investigating different materials and their activity as INP. A summary is shown for example by Kanji et al.

(2017) in Fig. 2.2. One of the most common types of INPs in the atmosphere is dust, activating over a

wide range of temperatures. Dust can originate from deserts, but also from dry soils like agricultural lands

(Kanji et al., 2017). Biological particles are generally known to be activating at high temperatures. Such

biological components are for example present in aerosols from vegetation or soils like fungal spores,

pollen, or bacteria, but can also be part of sea spray aerosols containing for example phytoplankton or

marine exudates (Kanji et al., 2017). Section 2.2.2 will further describe the most relevant INPs over polar

oceans.

Heterogeneous freezing can occur in various processes (see Fig. 2.1) such as contact freezing, which

describes the instantaneous freezing once an INP gets in contact with a cloud droplet. The immersion

freezing describes the freezing of a cloud droplet already including an INP. The condensation nucleation

describes the process of condensation of vapor on an INP and the following freezing of the just condensed
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2. Background

Figure 2.2.: Summary of INP concentrations taken from studies of field measurements conducted globally from
Kanji et al. (2017). For details about different sources of the datasets, see Kanji et al. (2017). © American
Meteorological Society. Used with permission.

water. Contrary to the previous processes the deposition nucleation describes the direct deposition of

water vapor on the surface of an INP.

The shape and habit of ice particles strongly depend on the temperature and saturation conditions (Lib-

brecht, 2005; Fukuta and Takahashi, 1999; Chen and Lamb, 1994). Libbrecht (2005) shows different

regimes for different temperatures. So do plates mainly occur between temperatures larger than −2 °C

and for temperatures lower than −10 °C, while columns occur mainly between temperatures of −2 °C

and −10 °C. For higher supersaturation, especially above water saturation the formation of dendrites is

possible in the temperature range of about −2 °C and especially between −10 °C and −20 °C, which is

also called the denritic growth layer (von Terzi et al., 2022; Takahashi, 2014; Takahashi et al., 1991).

2.1.3. Secondary ice formation

It has been found that primary ice formation is not sufficient to describe the number of ice particles

measured in observations (Kanji et al., 2017). Therefore, other ice processes than primary ice must be

responsible for the increased number of ice particles observed. Secondary ice can be formed by small

fragments from already existing ice particles. These fragments can form through various processes.

Korolev and Leisner (2020) describe six processes producing secondary ice, namely the droplet frag-

mentation during freezing, the splintering during riming, which is also called Hallet-Mossop process, the

fragmentation during ice-ice collision, the ice fragmentation during the thermal shock, the fragmentation

during sublimation, and the activation of INPs in transient supersaturation. They also pinpoint the need

of further laboratory studies on the different mechanisms, as there are still large gaps in the understand-
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2.1. Cloud microphysics

ing of these processes, the necessary conditions, and thus their relevance in real clouds. Takahashi et al.

(1995) showed a strong production of ice particles during collisions between two graupel particles.

2.1.4. Cloud particle interactions

The interaction of different cloud particles can change their properties like particle size, particle mass, or

the thermodynamic particle phase. Such processes are for example the collisions between particle types,

such as a collision between two cloud droplets, a rain droplet with a cloud droplet, an ice particle and a

cloud droplet (riming), or two ice particles (aggregation). These collisions can lead to larger particles by

coalescence, but can also form new particles due to fragmentation and disruption, as already described

for ice in Sec. 2.1.3. Riming usually leads to the accretion of the ice particle. During the riming process

secondary ice may be produced by the release of small splinters. Rain can form by the collision of cloud

droplets through the warm phase, leading to the growth of the droplets, until their size is large enough

to fall out of the cloud. This is mainly relevant over the tropical oceans outside of the Intertropical

Convergence zone, while rain over the midlatitude oceans and continents is dominated by mixed-phase

and ice clouds, which means that rain is produced by the melting of falling ice particles (Mülmenstädt

et al., 2015).

Figure 2.3 shows the phase diagram of water based on the Clausius-Clapeyron-Equation for saturation

vapor pressure with respect to liquid (psat,liq, see Eq. 2.6-2.7) and with respect to ice (psat,ice, see Eq. 2.8-

2.9). In both equations R is the gas constant for water vapor
(
R = 461.5Jkg−1K−1), lv is the latent heat

for vaporization of water
(
lv = 2.5×106 Jkg−1), ls is the latent heat for sublimation

(
ls = 2.8×106 Jkg−1).

As a reference point for p0 and T0, the triple point is used with a saturation vapor pressure of 6.11 hPa

and a temperature of 273.15 K. The triple point describes conditions where all three phases can coexist

in equilibrium. If cloud droplets and ice particles exist, the ice particles will grow at the expense of

the cloud droplets. The reason is that the saturation water vapor pressure is higher over water (see

Eq. 2.6) compared to the saturation water vapor pressure over ice (see Eq. 2.8). This is also shown

in Fig. 2.3 for temperatures lower than 0 °C by the blue and orange lines. Due to this difference the

cloud water droplets evaporate and the ice particles will grow via depositional growth. This is called

Wegener-Bergeron-Findeisen process.

psat,liq = p0 exp
(
lv
R

(
1

T0
−

1
T

))
(2.6)

= 6.11hPa exp
(

2.5×106 Jkg−1

461.5Jkg−1K−1

(
1

273.15K
−

1
T

))
(2.7)
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Figure 2.3.: Phase diagram of water adapted from Lamb and Verlinde (2011). p is the partial pressure, psat,liq is the
saturation vapor pressure with respect to water (blue curve), psat,ice is the saturation vapor pressure with respect to
ice (orange curve). The black line represents the melting curve. The area between the blue curve and the orange
curve for temperatures lower than 0 °C shows the conditions for the presence of meta-stable supercooled liquid
water.

psat,ice = p0 exp
(
ls

R

(
1

T0
−

1
T

))
(2.8)

= 6.11hPa exp
(

2.8×106 Jkg−1

461.5Jkg−1K−1

(
1

273.15K
−

1
T

))
(2.9)

2.1.5. Cloud particle interaction with radiation

Cloud particles interact with radiation by scattering and absorption. This is on the one hand important for

the understanding of the energy balance of the Earth, and on the other hand provides a possibility for the

observation of clouds by remote sensing techniques. The properties of the cloud particles determine their

interaction with radiation. Particle size, their shape, the number concentration, and the particle phase are

relevant parameters. The size parameter x is described in Eq. 2.10 and illustrated in Fig. 2.4, with the

radius of the scattering object r, and the wavelength λ of the radiation. The size parameter determines

different scattering regimes. The larger the size parameter is, the stronger is the forward scattering in the

Mie regime (Lamb and Verlinde, 2011).

x =
2πr
λ

(2.10)

Radar and lidar instruments are typically used to observe aerosols, clouds, and rain. Typical wavelengths

of a lidar and a radar are also shown in Fig. 2.4, which demonstrates that the radar is more sensitive
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Figure 2.4.: Scattering as function of the radius and the wavelength. The size parameter x (Eq. 2.10) shows edges
of different scattering regimes. The typical wavelength of a radar and lidar are shown by colored lines, and the
right axis shows typical radii of different scattering objects in the atmosphere. Adapted from Petty (2006).

to larger particles like rain droplets, or snow, while the lidar is more sensitive to smaller cloud droplets

or aerosols. A common parameter from the radar is the the radar reflectivity factor (Z) (see Eq. 2.11),

with the equivalent spherical diameter (D), and the number distribution of particles (N(D)). It shows

that the radar reflectivity factor is strongly dependent on the particle size. The radar reflectivity factor

also relates to the received power of the radar (Pr) by Eq. 2.12 assuming Rayleigh scattering. R is the

target range describing the distance between the scattering object and the radar. Cr is the radar constant,

which depends on specific radar characteristics like the gain function of the antenna, the pulse duration,

or transmitted power (Andronache, 2018; Rauber and Nesbitt, 2018).

Z =
∫ ∞

0
N(D)D6dD (2.11)

Z =Cr R2 Pr (2.12)

As already mentioned, the lidar is more sensitive to smaller particles due to its shorter wavelength com-

pared to the radar. The lidar equation describes the received power as function of the range (P(R)) and is

shown in Eq. 2.13 (Wiegner et al., 2014), with the lidar specific constant Cl including for example infor-

mation of the emitted power or the receiver area. βbackscat(R) is the backscatter coefficient, and βext(R) is
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the extinction coefficient, which is defined by the sum of the scattering coefficient (βscat) and absorption

coefficient (βabs).

P(R) =
Cl βbackscat(R)

R2 exp
(
−2

∫ R

0
βext(R′)dR′

)
(2.13)

The absorption and scattering coefficients are defined in Eq. 2.14 and Eq. 2.15, with the scattering cross

section σscat, and the absorbing cross section σabs. In the Rayleigh regime the scattering cross section

and the absorbing cross section show the proportionality given by Eq. 2.16 and Eq. 2.17 (Petty, 2006).

βabs =

∫ ∞

0
σabsN(r)dr (2.14)

βscat =

∫ ∞

0
σscatN(r)dr (2.15)

σscat ∝
r6

λ4 (2.16)

σabs ∝
r3

λ
(2.17)

The depolarization ratio δ (see Eq. 2.18) of the received lidar signal, defined as the fraction of or-

thogonal polarizes signal (P⊥) and the parallel polarized signal (P∥) can also provide information about

cloud phase, as spherical particles tend to not change the polarization, while non-spherical particles do

(Schotland et al., 1971). Liquid cloud droplets are usually spherical, while ice particles are not, but have

varying shapes, as described in Sec. 2.1.2. Nevertheless, other factors like multiple scattering influence

the polarization and have to be considered, when using the depolarization for phase discrimination (Hu

et al., 2001).

δ =
P⊥
P∥

(2.18)

This section described briefly the theory of cloud formation by the formation of liquid droplets and ice

crystals, and the important role of aerosols acting as CCN and INP. Furthermore, interactive processes

between cloud particles, which can change cloud properties, have been briefly mentioned and described.

The last section gave an overview how cloud particles interact with radiation by scattering and absorption,

and how these interactions can be used to observe clouds and cloud properties with remote sensing

instruments like lidar and radar. After this description of small-scale cloud particle processes, the next

section will provide an overview of the geographical regions investigated in this study.

2.2. Characteristics of the Arctic and the Southern Ocean regions

This section describes the characteristic conditions found in the Arctic and the Southern Ocean and their

underlying phenomena and processes. The first part describes geographical, atmospheric, and oceanic
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conditions, and provides a brief overview of the Arctic Amplifications and climate change observations

in the Southern Ocean. The second part summarizes previous literature on ice nucleating particles over

the Arctic and the Southern Ocean and the relevance of different INP types in these regions.

2.2.1. Atmospheric and oceanic conditions

The Arctic and the Southern Ocean are characterized by a low amount of incoming solar radiation, es-

pecially in winter due to their high latitudes. Nevertheless, the Arctic and the Southern Ocean show

fundamental differences in their characteristics, based on their different land-sea distributions and condi-

tions.

The Southern Ocean surrounds the continent Antarctica, which is covered by thick ice sheets, while the

Arctic Ocean is mainly surrounded by land surfaces, and characterized by large areas of sea ice. Figure

2.5 shows the sea ice cover in both hemispheres in March and September, averaged over the years 2007

and 2008, and highlights the seasonal variation of the sea ice cover. The atmospheric circulation over

the Southern Ocean is characterized by strong westerly winds due to the initially southward flow from

the high pressure area at the southern part of the Hadley cell. The southward flow is then turned by

the Coriolis force forming strong westerlies. Frequently, extratropical cyclones form along the westerly

zone in the Southern Ocean. In general, the air in the Southern Ocean is rather pristine due to very

few anthropogenic pollutions. Over the Arctic Ocean the wind circulation is stronger influenced by land

surfaces compared to the Southern Ocean. Between Greenland and Scandinavia the Gulf Stream leads to

warmer temperatures, and cyclones transport warm air in their warm sectors pole-wards. Further north,

the atmospheric circulation is characterized by the polar easterlies induced by the polar high pressure

system. Temperature inversions occur frequently over the Arctic induced by the long-wave radiative

cooling of the surface due to no or low solar radiation. The strength of the inversion shows an annual

cycle with stronger inversions in winter and weaker inversions in summer (Wang et al., 2022; Tjernström

and Graversen, 2009).

The Antarctic Circumpolar current is the most powerful oceanic current on the globe, connecting three

oceans, and surrounding the Antarctic continent (Diansky et al., 2021). Due to this strong eastward

flowing current, the meridional transport of heat of warmer ocean water and cold polar ocean water is

inhibited (Diansky et al., 2021). The current is induced by wind, and density gradients due to temperature

and salinity (Williams, 2015). The global ocean circulation leads to the upward transport of nutrient rich

deep water to the surface in the Southern Ocean (Landwehr et al., 2021; Liggett et al., 2015). The

availability of these nutrients is also responsible for many biological activities in the Southern Ocean,

which are important for the production of biological INPs, described in Sec. 2.2.2. Figure 2.6 from

Landwehr et al. (2021) shows a nice schematic overview of many processes characterizing the Southern

Ocean, including the westerly winds, the Antarctic Circumpolar Current, the nutrient rich water, as well

as sea spray production, its connection to clouds, which are associated with extratropical cyclones, and

radiative processes of clouds.
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Figure 2.5.: Sea ice concentration in March and September averaged for 2007 and 2008 to illustrate sea ice cover
over the Southern Ocean and the Arctic Ocean. Data are from Cavalieri et al. (1996) (version 1) provided by the
National Snow and Ice Data Centre (NSIDC). Reprinted from Dietel et al. (2023).

Contrary to the Southern Ocean, the Arctic Ocean has only limited connections to other oceans due to

the surrounding land cover (Serreze and Barry, 2014). The surface currents are illustrated in Fig. 2.7.

The Pacific ocean is connected via the Bering Strait. The Beaufort Gyre is an anticyclonic motion of the

upper ocean in the central Arctic (Serreze and Barry, 2014). At the east cost of Greenland, there is a

cold southward flow, while in general the area between Greenland and Scandinavia is characterized by

transport of warm water to the Arctic.

The Arctic warms faster with climate change compared to the global mean, which is called Arctic Am-

plification. Rantanen et al. (2022) states that the Arctic warms four times faster compared to the global

average, while Meredith et al. (2019) stated that the Arctic surface air temperature increased twice as the

global average during the last two decades. The reason for the amplification lies in different feedbacks

mechanisms occurring in the Arctic associated with global warming. Until now, it is not yet fully un-

derstood which processes contribute most to the Arctic amplification. One main driver is the loss of sea

ice and snow cover, which impacts the albedo resulting in less shortwave reflection of the open ocean

and of darker land surfaces, and thereby stronger warming (Meredith et al., 2019). Previdi et al. (2021)

reviews that the temperature feedback of the Arctic has the largest contribution to the Arctic Amplifi-

cation. The temperature feedback can be decomposed into two separate feedbacks, one related to the

fact that the outgoing long-wave radiation does not depend linearly on the temperature, but through the

Stefan Boltzmann law. This means that an increase of the temperature of 1 °C leads to stronger increase
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Figure 2.6.: Conceptual illustration of selected Southern Ocean processes, with (i) CO2 uptake, (ii) formation of
bottom water, (iii) upwelling of nutrient-rich water, (iv) biological carbon pump, (v) westerly storm track, (vi)
formation of sea spray, (vii) cyclone activity and low-level cloud deck, (viii) emission of biogenic gases and sec-
ondary aerosol formation, (ix) cloud-modulated radiation budget, (x) evaporation and precipitation, (xi) nutrient
(iron)-rich areas near islands through the island mass effect, (xii) meltwater inducing phytoplankton blooms. Fig-
ure and adapted caption from Landwehr et al. (2021).
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Figure 2.7.: Arctic Ocean surface circulation. Red arrows indicate warm Atlantic Ocean currents and blue arrows
indicate cold Arctic surface currents. North Atlantic drift waters entering the Arctic west of Svalbard flow coun-
terclockwise at depth (the warm core is at roughly 300 meters) and exit through the Fram Strait (not shown).
Figure and caption from Tremblay et al. (2007). ©2007, IEEE

of the outgoing long-wave radiation in low latitudes compared to high latitudes, due to their generally

colder temperatures (Previdi et al., 2021). The second component of the temperature feedback is the

lapse-rate feedback. Globally, the upper troposphere warms stronger compared to the lower troposphere,

while in the Arctic the warming is stronger in the lower troposphere compared to the upper troposphere

(Linke et al., 2023; Previdi et al., 2021). This impacts the outgoing long-wave radiation, as it depends

on the vertical tropospheric temperature structure. The outgoing long-wave radiation is higher, if the

upper troposphere warms stronger compared to the surface, and is lower if the surface warms stronger

compared to the upper troposphere (Boeke et al., 2021). This describes the positive lapse-rate feedback

in the Arctic, and some studies argue that the lapse-rate feedback is a primary cause of the Arctic Am-

plification (Boeke et al., 2021). Other processes, contributing to the Arctic Amplification, are heat and

moisture fluxes in the atmosphere, heat transports of the ocean, and changes in frequencies and properties

of clouds (Meredith et al., 2019; Serreze and Barry, 2011).

In contrast to the Arctic, the Antarctic doesn’t show such a generally strong amplification of climate

warming. The western part of Antarctica shows a warming, especially west of the Antarctic Peninsula,

which is also associated with the melting of ice shelves contributing to sea level rise (Meredith et al.,

2019). Contrary, the eastern part shows no significant temperature change (Meredith et al., 2019; Turner

et al., 2009). Screen et al. (2018) shows a pole-ward shift of the troposheric westerly winds around

Antarctica related to climate change. The Southern Ocean plays a large role for the transfer of atmo-

spheric heat to the ocean, and the redistribution of the heat across the oceans (Meredith et al., 2019).
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2.2.2. Ice nucleating particles over polar oceans

Despite recent activities of observational campaigns in remote oceans like the Southern Ocean Clouds,

Radiation, Aerosol Transport Experimental Study (SOCRATES), the Measurements of Aerosols, Radi-

ation, and Clouds over the Southern Ocean (MARCUS), the Clouds, Aerosols, Precipitation, Radiation,

and atmospherIc Composition Over the southeRn oceaN (CAPRICORN) (McFarquhar et al., 2021), and

the Multidisciplinary Drifting Observatory for the Study of Arctic Climate (MOSAiC) (Shupe et al.,

2022), there is still a lack of knowledge about the INP concentrations, and most important INP sources

over the Arctic Ocean and the Southern Ocean. Welti et al. (2020) show a summary of global ship-based

INP measurements. INP concentrations over ocean are generally lower than INP concentrations over

continents.

The INP concentration found in the Southern Ocean seem to be lower compared to the Arctic Ocean

(Porter et al., 2022; McFarquhar et al., 2021; Welti et al., 2020; Bodas-Salcedo et al., 2016). This is

probably related to the importance of aerosol transport to the Southern Ocean, while in the Arctic Ocean

anthropogenic and terrestrial sources from continents are much closer compared to the relatively remote

Southern Ocean (Radenz et al., 2021; Vergara-Temprado et al., 2018).

Recent studies suggest a high contribution of biogenic parts in sea spray aerosols from the sea surface

microlayer, which are highly ice active at warm temperatures (Porter et al., 2022; Inoue et al., 2021;

Twohy et al., 2021; Ickes et al., 2020; Wilson et al., 2015). They also propose a high relevance of these

sea spray aerosols, especially in the rather pristine remote oceans like the Southern Ocean. Figure 2.8

shows the production of such sea spray aerosol by rising air bubbles in the water, which then burst when

reaching the ocean surface. During the bursting process small film drops and later on a larger jet drop is

produced and released to the air. Especially the smaller film drops seem to contain organic materials from

the sea surface microlayer. Another mechanism to produce sea spray aerosols is by the wind friction on

wave crests (Boucher, 2015).

Huang et al. (2021) shows an overview of biological INPs, and provides also a review of sea spray

aerosols and its biological parts acting as INP. Irish et al. (2019b) showed correlations between INP

concentrations and meteoric water. Meteoric water originates from precipitation flowing over terrestrial

surfaces and reaching the ocean. Thereby, it can provide additional nutrients for the production and

growth of marine microorganisms. Meteoric water may induce a major source of INPs in the sea surface

microlayer and bulk sea water (Irish et al., 2019b). Ickes et al. (2020) found a strong diversity of ice

nucleation ability of different sea surface microlayer samples at high temperatures. It was suggested

that the strong ice nucleation availability at high temperatures is not caused by the marine algal cultures

they investigated. Wilson et al. (2015) proposed phytoplankton cell exudates as one reason for the high

ice-nucleating ability of the microlayer samples. Shi et al. (2023) showed that sea spray aerosols can

also be lifted into higher altitudes by cyclones over the Southern Ocean.

17



2. Background

Figure 2.8.: Sea-spray aerosol particles enriched in organic material are generated when bubbles burst at the air–sea
interface. Figure and caption with permission from Wilson et al. (2015).

Kawai et al. (2023) supposed Arctic dust to have an important role in the lower troposphere in the

Arctic. Dust is a generally known to be an effective INP (compare Fig. 2.2, Kanji et al. (2017)). It is

mainly produced by wind erosion of dry soils, which leads to the movement of larger particles, which

can break if they are lifted to the air, but fall back on earth due to gravitational forces. The thereby

produced smaller fractional particles can be suspended to the air (Boucher, 2015). Mineral dust aerosols

are mainly produced over continents with dry soils without vegetation and can also be transported over

large distances (Boucher, 2015).

There have been studies investigating the relevance of the different INP types over the Southern Ocean

(McCluskey et al., 2018; Wilson et al., 2015), and the Arctic (Ocean) (Kawai et al., 2023; Porter et al.,

2022; Inoue et al., 2021; Ickes et al., 2020; Irish et al., 2019a; Si et al., 2019; Wilson et al., 2015).

Kawai et al. (2023) showed an importance of local Arctic dust for the INP concentration in the lower

troposphere in summer and fall. Porter et al. (2022) showed high INP concentrations with biological parts

and suggested the ocean close to the Russian coast as a source of wind-driven sea spray. Sze et al. (2023)

and Wex et al. (2019) show higher INP concentrations in summer than in winter in the Arctic with a

highly heat sensible fraction, pointing up highly ice active biological INPs. Hartmann et al. (2020) show

generally low Arctic INP concentrations, but higher concentrations in the marine boundary layer. Irish

et al. (2019a) supposed a higher importance of mineral dust than sea salt for samples from the Canadian

Arctic. Inoue et al. (2021) found high INP concentrations close to marginal ice zone with high contents

of organic carbon and sea salt highlighting the importance of marine organics in INPs. McCluskey et al.

(2019) compared simulated number concentrations of INPs with observations of the North Atlantic and

the Southern Ocean. Furthermore, the relative contribution of sea spray and mineral dust was shown,
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2.3. Clouds over the Arctic and the Southern Ocean and related radiative biases

Figure 2.9.: The global latitude variation of daytime cloud fraction from 2003 to 2016. The bottom solid line rep-
resent the standard deviation of all products. Adapted figure from Liu et al. (2022). © American Meteorological
Society. Used with permission.

with sea spray being more frequent in lower levels, while dust shows a higher contribution in higher

levels.

Overall, the previous studies suggest an importance of marine organics over remote oceans, but the

summary also highlights the need of further research on ice nucleation particles over remote oceans to

improve the understanding of underlying processes and especially the relevance of different INPs in these

regions.

2.3. Clouds over the Arctic and the Southern Ocean and related radiative biases

This section presents a literature review of clouds over the Arctic and the Southern Ocean, describing

frequencies of cloud occurrences, cloud properties, and underlying processes. Furthermore, radiative

biases related to clouds over these regions will be described and discussed. Both the Arctic Ocean, and

the Southern Ocean are known to show high cloud frequencies (Siebesma et al., 2020; Houze, 2014;

Mace et al., 2009), being slightly larger over the Southern Ocean compared to the Arctic Ocean (Liu

et al., 2022). This can also be seen in Fig. 2.9 from Liu (2022) showing the cloud fraction as function

of the latitude from different satellite observations. Especially, clouds at low levels occur frequently and

can persist relatively long due to long-wave cooling at cloud top, and thereby induced turbulence and

entrainment.
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2. Background

Figure 2.10.: Annual cycles of total- and low-level cloud fraction from 2006 to 2009 for the Arctic Ocean as derived
from CloudSat/CALIPSO, ECMWF Reanalysis-Interim (ERA-Interim) and an Advanced Very High Resolution
Radiometer (AVHRR)-based retrieval from the Satellite Application Facility on Climate Monitoring (CM-SAF).
For low-level clouds no data is available from AVHRR. Figure and adapted caption from Zygmuntowska et al.
(2012).

2.3.1. Arctic clouds

The Arctic shows cloud frequencies mainly larger than 50 % to 60 % throughout the year, exceeding

70 % to 90 % in the summer months (Siebesma et al., 2020; Houze, 2014; Zygmuntowska et al., 2012;

Intrieri et al., 2002). Figure 2.10 shows the annual cycle of the cloud fraction from different datasets. The

high occurrence of low-level clouds in summer months over the Arctic Ocean is related to a northward

transport of warm air over the cold ocean surface, leading to condensation due to the cooling of the

northward transported air. Due to this process, mainly stratiform low-level clouds form. A different

formation process occurs if cold air from the northern snow-covered continents or sea ice is transported

southwards over the relatively warm open ocean. This leads to the warming of the air mass and the ocean

provides a strong source of humidity leading to small scale convection forming stratocumulus clouds.

This phenomena is also called marine cold-air outbreak (Siebesma et al., 2020; Houze, 2014). Persistent

Arctic mixed-phase clouds are often associated with weak synoptic forcing and subsidence (Morrison

et al., 2012). Case studies of mixed-phase low clouds over the Arctic showed that water vapor advection

is an important large-scale factor for the development of low clouds, while vertical velocity seem to play

a minor role (Pinto, 1998).

Shupe (2011) investigated cloud phase of Arctic clouds from observatories and found a frequency of

ice in clouds of about 60 % to 70 % throughout the year, while liquid water in clouds shows the highest

frequencies in late summer and fall, related to higher temperatures and available moisture. The annually
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2.3. Clouds over the Arctic and the Southern Ocean and related radiative biases

averaged frequency of mixed-phase clouds is found to be between 25 % and 47 % depending on the

location and shows highest frequencies in late summer and fall.

Morrison et al. (2012) also summarizes various interacting processes leading to the persistence of the

mixed-phase clouds, which are inherent unstable due to the Wegener-Bergeron Findeisen process. Feed-

backs between local processes of turbulence, updrafts, and radiative cooling are one way of explaining

the persistence of mixed-phase clouds. Another one is based on large-scale advection leading to a mois-

ture inversion at cloud top and entrainment. In surface-coupled clouds the induced surface warming in-

creases instability and can thereby also help to sustain mixed-phase clouds. Furthermore, the fall-out of

the ice particles due to gravitational force, also known as ice virga, reduces the impact of the Wegener-

Bergeron-Findeisen process and helps sustaining the supercooled liquid water in the cloud (Morrison

et al., 2012).

2.3.2. Clouds over the Southern Ocean

Over the Southern Ocean, clouds are mainly low clouds connected to the warm and cold sector of ex-

tratropical cyclones (McFarquhar et al., 2021; Mace et al., 2009; IPCC, 2013). The Southern Ocean is

characterized by the Antarctic Circumpolar Current and very strong westerly winds, as described in Sec.

2.2. Connected to these westerly winds are frequent strong cyclones (Lin et al., 2023).

Xi et al. (2022) investigated data of the MARCUS field campaign and found a total cloud fraction of

77.9 % over the Southern Ocean with highest frequencies of low-level and deep convective clouds. Fur-

thermore, high frequencies of mixed-phase clouds (54.5 %) have been found (Xi et al., 2022). Zaremba

et al. (2020) characterized cloud top phases of clouds in the cold sector based on airborne remote sensing

observations during SOCRATES and found that 91.7 % of clouds with subfreezing temperatures contain

supercooled liquid water in the top 96 m. 79.9 % of the cases are found to be entirely liquid (Zaremba

et al., 2020). Schima et al. (2022) found as well high probabilities of about 80 % of supercooled liquid

water at cloud top of convective and stratiform clouds analyzing SOCRATES data. They also state, that

ice production was associated with convective activity with highest probabilities 200 m below cloud top

(50 % to 70 %), while stratiform cloud show a probability of ice production lower than 30 %. Mace et al.

(2021) analyzed space-born and surface-based lidar and radar observations over the Southern Ocean and

found that supercooled clouds are typically thinner than 1 km and rarely contain ice.

Huang et al. (2015) compared clouds over the North Atlantic and the Southern Ocean. They found

high frequencies of boundary layer clouds in both regions. The occurrence of supercooled liquid water

was found to be higher over the Southern Ocean compared to the North Atlantic, especially during the

summer period. Mid-level clouds occur more frequently over the Southern Ocean, as well especially

in summer. Except for the clouds connected to cyclone events, marine cold air outbreaks also occur

over the southern hemisphere, if cold air from Antarctica is transported northwards to the warmer open

ocean (Papritz et al., 2015; Bracegirdle and Kolstad, 2010). Such marine cold air outbreaks occur equally

frequent over the Arctic and the Southern Ocean, but with less extreme values over the Southern Ocean
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(Kolstad, 2011; Bracegirdle and Kolstad, 2010). Several studies highlighted the high occurrence of

supercooled liquid clouds over the Southern Ocean (Huang et al., 2012; Hu et al., 2010). Hu et al. (2010)

found that more than 95 % of low-level clouds over high latitudes within the mixed-phase temperature

regime are water clouds. They further found that the presence of supercooled water is highest over snow-

and ice-covered surfaces in high latitudes.

2.3.3. Radiative biases in models1

The following part summarizes previous research on the representation of clouds in weather and climate

models with a focus on the region of the Arctic and the Southern Ocean. A literature review on uncer-

tainties and biases related to clouds and their phase is presented, as they can lead to large biases in the

simulated radiation of climate models.

Radiative biases over the Southern Ocean

Cloud phase has a major influence on the Earth’s radiation budget due to different scattering, absorption

and emission properties of liquid droplets and ice particles. Weather and climate models show strong bi-

ases in the shortwave radiation over the Southern Ocean related to biases in the representation of clouds

and their phase (e.g. Cesana et al., 2022; Forbes and Ahlgrimm, 2014). Although in the recent sixth phase

of the Coupled Model Intercomparison Project (CMIP6), models have improved their representation of

clouds compared to the results of CMIP5, the cloud feedback remains the largest source of uncertainty

in climate feedbacks (Arias et al., 2021; Forster et al., 2021). The CMIP5 results (Taylor et al., 2012)

showed large radiative biases over the Southern Ocean caused by a lack of supercooled liquid water

mainly in the cold sector of cyclones (Arias et al., 2021; McFarquhar et al., 2021; Bodas-Salcedo et al.,

2016). Cesana et al. (2022) showed that CMIP6 simulations reduced the average radiative bias over the

Southern Ocean by increasing the number of low- and mid-level clouds. Models with more complex

microphysics than only temperature depedent liquid and ice partitioning tend to show a better represen-

tation of the liquid phase fraction, but all models struggle to generate the correct shortwave reflection

south of 55 °S (Cesana et al., 2022). This is shown in Fig. 2.11 from Cesana et al. (2022), which also

highlights the strong variations between the different CMIP6 models, which have a typical horizontal

resolution of about 100 km (Cesana et al., 2022).

Zelinka et al. (2020) showed that the increased climate sensitivity in CMIP6 compared to CMIP5 is re-

lated to an increase of the shortwave low cloud feedback in the extratropics. The increased feedback is

based on a stronger reduction in cloud cover and weaker increased cloud liquid water path with warming,

due to the changes made to the amount of supercooled liquid water to reduce the long-standing biases

(Zelinka et al., 2020). Contrary to previous results, where "too few and too bright" stratocumulus clouds

were simulated, CMIP6 results show too many stratocumulus clouds over the Southern Ocean, which

1Parts of this section have already been submitted to Atmospheric Chemistry and Physics as part of the introduction in
Dietel et al. (2023)
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Figure 2.11.: Relationship between cloud fraction (CF) profiles and shortwave cloud radiative effect at the top
of the atmosphere (SWCRETOA). During the austral summer zonal profiles of cloud fraction (%) for General
Circulation Model-Oriented CALIPSO Cloud Product (2008–2015) and cloud fraction biases (%) for the Coupled
Model Intercomparison Project (CMIP) lidar simulator outputs, and zonal means of SWCRETOA for Clouds
and the Earth’s Radiant Energy System (2008–2015, black line) and for the CMIP outputs (red line, Wm−2) in
the upper part of each subplot. The 0, −20, and −40 °C isotherms (dotted black lines) help locate mixed-phase
temperatures. The Southern Ocean and low- and mid-levels are emphasized by horizontal black lines and the
vertical black lines mark the 40 °S, 70 °S, and 55 °S where the 0 °C isotherm meets the surface. Figure and
adapted caption with permission from Cesana et al. (2022).
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are not bright enough compared to observations (Schuddeboom and McDonald, 2021). To improve the

radiative balance over the Southern Ocean, the accurate representation of stratocumulus clouds in sim-

ulations should remain a priority (Schuddeboom and McDonald, 2021). Desai et al. (2023) showed the

underestimation of the ice phase below cloud top in low-level clouds over the Southern Ocean in the

Energy Exascale Earth System Model version 1 (E3SMv1). Besides low-level clouds, CMIP6 models

also struggle to simulate the correct optical properties and regime variability of mid-level topped clouds

forming in the boundary layer over the Southern Ocean leading to errors in the shortwave reflection (Ce-

sana et al., 2022). Based on the different definitions of cloud types, the results of previous papers differ in

finding the source of the radiative biases either in low-level stratocumuls clouds only (Schuddeboom and

McDonald, 2021) or in low-level and mid-level clouds (Cesana et al., 2022). Furthermore, there is a lack

of studies investigating mid-level clouds, which were described as the "forgotten clouds" by Vonder Haar

et al. (1997). Until now the number of studies on mid-level clouds (Alexander and Protat, 2018; Kayetha

and Collins, 2016; Mason et al., 2014; Sassen and Wang, 2012; Zhang et al., 2010; Smith et al., 2009;

Fleishauer et al., 2002) is limited and they often only examine case studies, or focus on specific mid-level

clouds, such as optically thin ice clouds or liquid-layer topped clouds.

Besides the large errors over the Southern Ocean, the representation of low-level clouds in the Arctic

also shows large uncertainties in model simulations (Taylor et al., 2019).

Radiative biases over the Arctic

Taylor et al. (2019) also pinpoint the need of an improved understanding of the ice formation and the

cloud phase partitioning. Wei et al. (2021) showed a too high cloud fraction over the Arctic in CMIP6

simulations compared to various satellite observations leading to the underestimation of the shortwave

radiation at the surface. Figure 2.11 also shows an increased bias in the cloud fraction over the Arctic

region from CMIP5 to CMIP6, even if this was not the scope of the study from Cesana et al. (2022).

The overestimated cloud fraction over the Arctic in CMIP6 leads to an underestimation of the shortwave

radiation reaching the surface due to cloud reflection, and to an underestimation of the surface energy

longwave loss due to the absorption of longwave radiation in clouds (Wei et al., 2021). Tjernström et al.

(2021) showed that the Integrated Forecasting System (IFS) of the European Centre for Medium-Range

Weather Forecasts (ECMWF) shows too much cloud occurrence below 3km and not enough between

3km and 5km. A too high cloud cover below 3km was also seen by McCusker et al. (2023) in the Met

Office Unified Model (UM) and in the IFS. Comparing model results with observations from the Multi-

disciplinary drifting Observatory for the Study of Arctic Climate expedition (MOSAiC, see Shupe et al.

(2022)) during winter, all operational and experimental forecast system models underestimated the liquid

water path (LWP) and overestimated the ice water path (IWP) (Solomon et al., 2023). Klein et al. (2009)

showed as well too small LWP in cloud-resolving model and single-column model simulations com-

pared to observations for a case study of Arctic single-layer clouds, but simulated IWP being generally

consistent with observations.
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2.3.4. Summary

The previous section provided an overview of the characteristics over the Arctic Ocean and the Southern

Ocean, starting with the general difference of the land-sea distribution, and consequences on the ocean

currents, and wind patterns. A generally high frequency of clouds over these regions especially in low

and middle heights have been found with all cloud phases being frequently observed. An importance

of marine organic INPs in this regions has been shown, while there are still gaps in the knowledge of

the sources and the quantification of their relevance with respect to other aerosol types. It has also been

shown that large uncertainties in weather and climate models are found in these regions based on the

representation of clouds and their phase, leading to radiative biases in climate models.

This highlights the need of further research on the phase of clouds in low and middle heights over these

regions to understand underlying processes and provide the knowledge to improve their representation

in models, which is the scope of this work.
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This chapter describes the datasets used for this work. First, definitions of the regions of the Arctic

Ocean and the Southern Ocean are mentioned, as well as the investigated times. The second section

provides information of the main dataset, providing the information of clouds and their phase from

active satellite observations. Furthermore, data on the sea ice concentrations from a passive microwave

satellite instrument, the reanalysis dataset of aerosols mixing ratios, and the satellite-based data of cloud

radiative effects are described. The third section describes the data used to investigate the representation

of clouds and their phase in ICON-model simulations provided as part of the model-intercomparison

project DYAMOND. A brief overview of the model setup, used schemes, and grid resolutions is provided

for each used simulation.

3.1. Region and time
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Figure 3.1.: Maps of the investigated regions. Panel (a) shows the Southern Ocean, and panel (b) shows the Arctic
Ocean. The pole-ward boundary of 82 °S and 82 °N is shown by a dashed line and based on the boundary of
CloudSat and CALIOP observations due to their orbital track.

This work investigates clouds over the Southern and the Arctic Ocean (see Fig. 3.1). The Southern Ocean

is defined as a region with latitudes between 82 °S and 40 °S. The Arctic Ocean is defined by latitudes

between 60 °N and 82 °N. Both definitions are used throughout this thesis, unless another definition is

mentioned explicitly, as in Sec. 5.3 about cloud radiative effects. 82 °N and 82 °S are the polar borders of

observations from CloudSat and the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
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(CALIPSO). Generally, only columns over the ocean and sea ice are investigated, while profiles over

land surfaces are excluded from the analysis to reduce uncertainties due to orographic effects. Mainly,

data for the full years of 2007 and 2008 are used, as the data availability of the dataset is optimal in

these two years, without larger gaps. This can be seen in Fig. 3.2 which shows the number of DARDAR

profiles over the Arctic Ocean and the Southern Ocean available per day. Only in the analysis of the

DYAMOND data and their comparison with observations, different times are used, which are described

in detail in Sec. 3.3.1, Sec. 3.3.2, and Sec. 3.3.3.
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Figure 3.2.: Number of DARDAR profile observations per day from 1 January 2007 until 31 December 2008. The
generally higher numbers over the Southern Ocean compared to the Arctic Ocean are due to the larger region
(40 °S - 82 °S) of the defined Southern Ocean compared to definition of the Arctic Ocean (60 °N - 82 °N).

3.2. Observational data and reanalysis

The following subsections will describe the different observational datasets and reanalysis used within

this thesis. The observations are satellite based and partly include additional analyses from the Euro-
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Figure 3.3.: Track of the sun-synchronous orbit of the A-Train, which the CloudSat and CALIPSO satellite are part
of. The northern and southern boundary of observations at 82 °N/S due to the orbital track is also shown.

pean Centre for Medium-Range Weather Forecasts (ECMWF), and are described in Sec. 3.2.1 - 3.2.4.

Furthermore, reanalysis data for aerosols are used and described in Sec. 3.2.3.

3.2.1. Cloud phase categorization from DARDAR

A detailed phase categorization of cloud profiles is provided in the raDAR/liDAR (DARDAR) dataset

(Delanoë and Hogan, 2008, 2010; Sourdeval et al., 2018) from ICARE (Institut de Combustion, Aérother-

mique, Réactivité et Environnement) Data and Service Centre. The dataset is mainly based on observa-

tions from CloudSat (Stephens et al., 2002) and from the Cloud-Aerosol Lidar and Infrared Pathfinder

Satellite Observations (CALIPSO) (Winker et al., 2009, 2010). The CloudSat satellite has a 94-GHz

cloud profiling radar (CPR) onboard. CALIPSO carries the Cloud-Aerosol Lidar with Orthogonal Po-

larization (CALIOP), a lidar with orthogonal polarization, and two wavelengths, namely 532 nm and

1064 nm. Both CloudSat and CALIPSO are part of the A-Train following a polar sun-synchronous orbit

(compare Fig. 3.3). The A-Train constellation is a formation of several satellites following the same

track, to observe the same or similar part of the Earth with different satellite instruments and thereby

provide a comprehensive dataset. For example, CloudSat flies about 15 s ahead of CALIPSO to overlap

the footprint of the radar signal with the one of the lidar signal during at least 50 % of the time. Stephens

et al. (2008) stated that analysis showed that the overlap occurs in more than 90 % of the time. CALIPSO

and CloudSat were launched in April 2006.

The advantage of the usage of active remote sensing instruments like radar and lidar compared to passive

instruments is the vertically resolved information. Active remote sensing instruments emit radiation by

sending out a pulsed signal and measure the signal coming back due to reflection and scattering. Using
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the time difference between the emission of the signal and the detection of the returning signal, which

is the travel time of the signal, information on the distance of the object which scattered or reflected the

signal can be gained.

The following paragraph describes some technical details about the instruments CALIOP onboard the

satellite CALIPSO (based on Winker et al. (2009)) and the CPR onboard CloudSat (based on Stephens

et al. (2002, 2008)), because they provide the main information for later described cloud phase cat-

egorization. The beam sent by CALIOP has diameter of 70 m at the surface of the Earth, while the

diameter of the receiver footprint is 90 m at the Earth’s surface. By sending a laser pulse every 0.0496 s

(≡ 20.16Hz) a footprint is provided every 335 m along the ground track. The initial vertical sampling

resolution is 30 m. To reduce required telemetry bandwidth, and as spatial scales of atmospheric phenom-

ena increase with increasing height, the signal is averaged depending on the height before downlinking.

From ground until a height of 8.2 km, the horizontal resolution is 0.33 km and the vertical resolution is

30 m. From a height of 8.2 km until heights of 20.2 km the horizontal resolution is 1 km, and the vertical

resolution is 60 m. The vertical resolution of the CPR is 500 m, and the horizontal resolution is 1.3 km to

1.4 km cross-track and 1.7 km to 1.8 km along-track (Winker et al., 2009; Stephens et al., 2002, 2008).

By combining the observations of the CPR and CALIOP, the DARDAR project provides retrieved cloud

properties with a horizontal grid resolution of 1.5 km, corresponding to the CloudSat footprint, and a

vertical resolution of 60 m, corresponding to the vertical resolution of CALIOP observations. For this

thesis, we use the second version of the DARDAR-MASK dataset providing a cloud phase categorization.

A detailed description of the algorithm can be found in Ceccaldi et al. (2013). To distinguish between

liquid and ice in clouds, the reflectivity from the CloudSat radar, the CALIOP backscatter of the 532 nm

channel, and the wet bulb temperature from the ECMWF AUXillary (ECMWF-AUX) data are mainly

used. Due to the shorter wavelength of the lidar, it is more sensitive to smaller particles and to a large

number of particles like supercooled droplets and many small ice crystals. Contrary, the radar is sensitive

to larger particles like rain droplets or large ice crystals, as explained in Sec. 2.1.5. The combination of

both of these instruments is one of the most accurate methods to distinguish vertical cloud phase.

The next paragraph describes parts of the algorithm and is based on the information given by Ceccaldi

et al. (2013) and Delanoë and Hogan (2010). Using certain thresholds for the backscatter information

from the lidar, and the reflectivity from the radar, a combined cloud mask is generated. The lidar infor-

mation is also used to distinguish between aerosol and clouds. Artificial cloud top information from the

radar signal, caused by the change of the original resolution of the radar signal of 500 m to 60 m, are re-

moved using the lidar information. Table 4.1 shows the different categories resulting from the DARDAR

algorithm. An overview of the algorithm for the categories used in this study are shown in the decision

tree in Fig. 3.4. Summarizing the diagram for rain categories, the rain is categorized for a radar reflectiv-

ity larger than −17 dBZ, with further details depending on the lidar signal, and the cloud phase, the rain

is originating from. The cloud phase categorization is strongly based on the wet bulb temperature (Tw)

from ECMWF-AUX. The liquid phase is set, if Tw is larger or equal than 0 °C, or if a strong backscatter
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Figure 3.4.: Overview of the DARDAR algorithm to categorize cloud phase. Z is the radar reflectivity, β is the
backscatter signal of the 532 nm wavelength from CALIOP, δ is the depolarization ratio, ∆z the vertical extent
of the layer, and Tw is the wet bulb temperature based ECMWF-AUX. The condition with β > 2× 10−5 m−1sr−1

and β(z−480m) < 10−1β describes that the lidar backscatter should drop by a factor of 10 within the next 480 m
below the pixels, where the lidar backscatter is larger than 2×10−5 m−1sr−1. The category Multiple scattering due
to supercooled liquid water is not included in the decision tree, but is based on an already classified supercooled
liquid layer. If the lidar signal is not completely attenuated by that layer, and the radar shows no signal below that
supercooled liquid layer, but the lidar does, these pixels are classified as Multiple scattering due to supercooled
liquid water. The information of the decision tree are based on Ceccaldi et al. (2013) and Delanoë and Hogan
(2010). Adapted from Ceccaldi et al. (2013).
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signal from the lidar is observed in the mixed-phase temperature regime, which strongly decreases due

to attenuation. For Tw lower than −40 °C, and if the signal is mainly based on the radar observation, the

cloud phase is assumed to be ice. Further details can be seen in Fig. 3.4, and found in Ceccaldi et al.

(2013), or Delanoë and Hogan (2010).

Nevertheless, there are uncertainties related to instrument characteristics. One of the largest uncertainties

is the strong attenuation of the lidar signal by supercooled liquid cloud layers. This can lead to the extinc-

tion of the lidar signal by supercooled liquid clouds resulting in no information about any supercooled

liquid below an already existing supercooled liquid cloud layer. It might also lead to an underestimation

of the vertical extent of supercooled liquid layers, but Hogan et al. (2003) showed that supercooled liquid

layers tend to be vertically thin (100 m-200 m) using various ground-based and air-bone remote sensing

instruments in combination with in-situ instruments. Alexander et al. (2021) also states that supercooled

liquid layers tend to be vertically thinner than about 300 m citing Barrett et al. (2020), Ansmann et al.

(2009), and Hogan et al. (2003). The observations of Barrett et al. (2020) and Hogan et al. (2003) are

based on aircraft observations close to the UK, while Ansmann et al. (2009) used lidar observations over

Cape Verde. Another uncertainty is related to the surface clutter of the radar and possible extinction of

the lidar signal from upper cloud layers leading to the underestimation of clouds at heights of 0.2 km to

1.0 km by a factor of 3 compared to a surface-based lidar (Alexander and Protat, 2018).

Besides the phase categorization mask of DARDAR, the temperature from the ECMWF provided along

with the CloudSat products as part of the ECMWF-AUX is used to analyze the cloud top temperature of

each cloud profile.

3.2.2. Sea ice concentration from DMSP

To investigate the influence of sea ice coverage on the cloud phase, the daily sea ice concentrations from

Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR), and the Defense Meteorological

Satellite Program (DMSP) with the two sensors, the Special Sensor Microwave Imager (SSM/I) and the

Special Sensor Microwave Imager/Sounder (SSMIS) (Cavalieri et al., 1996) is used. The version 1 data

(NSIDC-0051) are available at the National Snow and Ice Data Center as part of the Cooperative Institute

for Research in Environmental Sciences (CIRES) at the university of Colorado Boulder. The sea ice con-

centration is based on the brightness temperature observed from the passive microwave radiometers and

provided on a polar stereographic projection with a grid cell resolution of 25 km times 25 km (Cavalieri

et al., 1996). The brightness temperature is defined as the corresponding temperature of a black body

that produces the same radiance as that measured by the satellite instrument.

3.2.3. Aerosol mixing ratios from CAMS reanalysis

Aerosols may have a large influence on the phase of cloud, as some of them act as ice nucleating particles.

The ECMWF Atmospheric Composition Reanalysis 4 (EAC4) (Inness et al., 2019) from the Copernicus
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Atmosphere Monitoring Service (CAMS) provides aerosol mixing ratios. Detailed information on the

model configurations can be found in Inness et al. (2019). Various aerosol types, namely dust, sea salt,

organic matter, black carbon, or sulphate aerosol are provided. Dust is provided in three size modes,

namely 0.03 µm to 0.5 µm, 0.5 µm to 5 µm, and 5 µm to 20 µm. Sea salt is provided in three slightly

different size modes, namely 0.03 µm to 0.55 µm, 0.55 µm to 0.9 µm, and 0.9 µm to 20 µm. Organic

matter and black carbon are each provided in two categories with hydrophobic and hydrophilic aerosols.

The horizontal resolution is about 80 km and the temporal resolution is 3-hourly (Inness et al., 2019).

The aerosol optical depth (AOD) from the Moderate Resolution Imaging Spectroradiometer (MODIS)

and from the Advanced Along-Track Scanning Radiometer (AATSR) is assimilated by a 4D-Var data

assimilation system of ECMWF’s Integrated Forecast System (IFS) (Inness et al., 2019). The production

of sea salt from ocean surfaces is parameterized depending on the horizontal wind speed at 10 m (u10m)

(Monahan et al., 1986). The dust emission parameterization is described in Ginoux et al. (2001) and

depends as well mainly on u10m, and on the elevation in a surrounding area of 10◦. A minimum threshold

for the wind speed, depending on surface wetness, particle density and diameter, and air density, is used

to enable dust emissions. Lapere et al. (2023) compare CAMS sea salt reanalysis with a few station

observations in the Arctic and Antarctic and show in their Fig. 7 that most stations show strong Pearson

correlation coefficients despite partly high normalized mean biases.

For the analysis, the different size modes of each aerosol type and the different categories (hydrophobic

and hydrophilic) are summed up and the vertically averaged mixing ratio of the values collocated to each

cloud profile is used.

3.2.4. Cloud radiative effects from 2B-FLXHR-LIDAR

The cloud radiative effect (CRE) of various cloud types at the top of the atmosphere (TOA) is analyzed

as part of this thesis using the version P1_R05 of the CloudSat 2B-FLXHR-LIDAR product (Henderson

et al., 2013; L’Ecuyer et al., 2008). The cloud radiative effect is defined as the difference between the

net flux in clear-sky conditions and the net flux in all-sky conditions. The net flux is calculated as the

difference between the upward flux (F↑) and the downward flux (F↓) (see Eq. 3.1) (L’Ecuyer et al.,

2008).

CRE = (F↑−F↓)clear−sky− (F↑−F↓)all−sky (3.1)

The radiative transfer algorithm estimates radiative fluxes based on CloudSat, CALIPSO, and MODIS

products including cloud information like the ice water content, the liquid water content and the effective

radius, precipitation information, but also aerosol information from CALIPSO, as well as temperature

and humidity profiles from ECMWF analyses (Henderson et al., 2013). Further flux calculations are

performed after removing all clouds to calculate the CRE.

The net cloud radiative effect (NETCRE) is calculated by summing up the longwave cloud radiative

effect (LWCRE) and the shortwave cloud radiative effect (SWCRE).
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Ham et al. (2017) provides a validation study comparing the CREs from the 2B-FLXHR-LIDAR dataset

with the CERES-Calipso-CloudSat-MODIS (CCCM) and found global mean differences mostly smaller

than 5 Wm−2, with the TOA SWCRE showing mostly more negative values over the Southern Ocean

in CCCM compared to the 2B-FLXHR-LIDAR product. For a domain in the Southern Ocean (60 °W-

0 °W, 60 °S-50 °S) CCCM shows a TOA SWCRE of −158.7 Wm−2, while the 2B-FLXHR-LIDAR shows

a TOA SWCRE of −133.0 Wm−2. Over the Arctic Ocean, the signal is similar for longitudes between

100 °W and 100 °E with stronger negative values in CCCM than in the 2B-FLXHR-LIDAR, but shows

the opposite for other longitudes with stronger negative values in 2B-FLXHR-LIDAR than in CCCM.

But they also state that CCCM overestimates the SWCRE in midlatitude storm-track regions compared

to CERES observations, due to larger cloud optical depths in CCCM.

Henderson et al. (2013) compared TOA fluxes from 2B-FLXHR-LIDAR with CERES and found a strong

correlation with reduced biases compared to the previous CloudSat-only product (2B-FLXHR). The

remaining biases in SW fluxes (3.7 Wm−2 to 4.4 Wm−2) are related to uncertainties from the CloudSat

estimates of liquid water content. In general, the 2B-FLXHR-LIDAR dataset benefits from the combined

usage of the data from CPR on CloudSat, CALIOP on CALIPSO, and MODIS onboard of the Aqua

satellite providing comprehensive information on cloud and aerosol locations and properties (Henderson

et al., 2013).

3.3. Model data from different DYAMOND ICON runs

The DYnamics of the Atmospheric general circulation Modeled On Non-hdydrostatic Domains (DYA-

MOND) (Stevens et al., 2019) initiative was a model intercomparison study. Several storm-resolving

models simulated the same 40 days for two phases, the DYAMOND Summer phase from 1 August 2016

to 10 September 2016, and the DYAMOND Winter phase from 20 January 2020 to 1 March 2020. The

output of three ICOsahedral Nonhydrostatic (ICON) simulations described in the following sections is

used for this thesis. An overview of the used ICON simulations is shown in Tab. 3.1.

The investigated DYAMOND ICON simulations use a one-moment graupel microphysics scheme, which

is slightly extended to the prognostic five-category scheme (Zängl et al., 2015). The extensions are

described in Seifert (2008) and concern cloud ice sedimentation. Doms et al. (2021) provide a detailed

description of the three category ice scheme, including snow, rain, graupel, cloud ice, and cloud water

as categories. Unfortunately, only cloud ice and cloud water are available as 3D output variables, while

graupel, rain, and snow are only available as vertically integrated 2D variables from the DYAMOND

simulations. The initial formation of ice from liquid droplets in the used one-moment microphysics

scheme is only based on temperature (Doms et al., 2021). No aerosol information is used to assume a

concentration of INPs. The formation of cloud water is based on the saturation and it is assumed that a

sufficient number of CCN is present to initiate condensation if the air is saturated (Doms et al., 2021).
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Table 3.1.: Overview of the analyzed DYAMOND ICON simulations

Model run Grid resolution Simulated time Coupled

ICON-NWP Summer 2.5 2.5 km 1 Aug. 2016 - 10 Sep. 2016 No
ICON-NWP Winter 2.5 2.5 km 20 Jan. 2020 - 1 Mar. 2020 No
ICON-SAP Winter 2.5 5 km 20 Jan. 2020 - 1 Mar. 2020 Yes

The DYAMOND simulations use daily operational sea ice concentrations and sea surface temperature

from ECMWF as initial data and boundary conditions (Stevens et al., 2019).

3.3.1. ICON-NWP Summer 2.5

The DYAMOND Summer ICON-NWP 2.5 simulation is a global simulation of the atmosphere with

2.5 km grid spacing (R2B10) and 90 vertical levels in the atmosphere. The first 10 days are the spin-up

period, while the 30 days afterwards from 11 August are used for the analysis of this thesis. Mainly,

three 3-hourly output variables on model levels from the simulations are used for this thesis, namely the

temperature, the total specific cloud ice content (diagnostic), and the total specific cloud water content

(diagnostic).

3.3.2. ICON-NWP Winter 2.5

The DYAMOND Winter ICON-NWP 2.5 simulation with a 2.5 km grid spacing (R2B10) is based on the

same settings as the previously described ICON-NWP Summer 2.5 simulation, but simulated the period

from 20 January 2020 until the 1 March 2020. Similarly to the summer simulation, the first 10 days are

the spin-up period, while the 30 days afterwards from the 31 January are used for the analysis in this

thesis.

Here we use the same variables as from the summer simulations, namely temperature, the mass fraction

of cloud ice in air, and the mass fraction of cloud water in air. There might be slight uncertainties of

the analysis due to the difference in the provided variables, as the summer simulation only provides the

diagnostic variables of cloud ice and cloud water (tot_qc_dia, tot_qi_dia), while the winter simulation

provides the prognostic variables (cli, clw).

Furthermore, the time step 00:00:00 is missing in the output of the winter simulation due to a setup

problem of the ICON-NWP. To investigate if this leads to differences in the results, the influence of the

00:00:00 output time step in the DYAMOND summer dataset is analyzed. A comparison between the

analysis of the summer results including the 00:00:00 output time step and excluding the 00:00:00 output

time step is done. It is found that the results show almost no differences. The cloud type occurrences

only change by not more than 0.03 % (see Fig. A.18). The fraction of the different phases showed a

maximum difference of 0.3 % (compare Fig. A.19). Furthermore, the mean mass liquid fraction in Fig.

A.20 also shows very similar results. Even though the differences might be stronger in the winter season,
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3. Data

the very small changes in the summer dataset suggests that the impact of the missing output time step in

the winter dataset is small, and the results of the summer DYAMOND, the winter DYAMOND dataset,

and the observations can still be compared.

3.3.3. Coupled ICON-SAP Winter 5

To analyze the differences in cloud phase over sea ice and over open ocean in model data, the coupled

ICON-Sapphire (ICON-SAP) (Hohenegger et al., 2023) run with a horizontal grid resolution of 5 km

(R2B09) is used. This run is part of the DYAMOND winter simulations and therefore runs from 20

January to 1 March 2020 with an analysis period from 31 January to 1 March 2020. Contrary to the

previously described ICON atmosphere-only simulations, the ICON-SAP coupled run also simulates the

ocean including sea ice, while the other simulations use ECMWF operational daily sea-ice concentra-

tions as initial and boundary data (Stevens et al., 2019). The ICON-SAP model includes three model

components, which are described in Hohenegger et al. (2023). Firstly, the atmosphere ICON model in-

cludes the dynamical core solving 3D non-hydrostatic Navier-Stokes equations with mass and energy

conservation. Three parameterizations are used, which namely are the Radiative Transfer for Energetics

- Rapid Radiation Transfer Model for General circulation model applications-Parallel (RTE-RRTMGP)

for the radiation (Pincus et al., 2019), the one-moment graupel microphysics scheme (Baldauf et al.,

2011) for cloud microphysical processes, and the Smagorinsky scheme (Smagorinsky, 1963) with mod-

ifications by (Lilly, 1962) for the turbulence. Secondly, the ocean is simulated with the ICON-OCEAN

model (ICON-O) (Korn et al., 2022; Korn, 2018), including the ocean biogeochmistry simulated by the

HAMburg Ocean Carbon Cycle (HAMOCC) model (Ilyina et al., 2013). The sea ice is influenced by a

thermodynamic component describing freezing and melting (Semtner, 1976), and a dynamical compo-

nent using a Finite-Element Sea Ice Model (FESIM) (Danilov et al., 2015). Thirdly, the ICON-LAND

model simulated the land surface processes (including biogeochemistry) by using the Jena Scheme for

Biosphere-Atmosphere Coupling in Hamburg (JSBACH) (Reick et al., 2021). The coupling between the

ocean and the atmosphere is done by the Yet Another Coupler (YAC) (Hanke et al., 2016), while the

coupling between the land and atmosphere is done implicitly by the turbulence routine. This section is

mainly based on the description by Hohenegger et al. (2023).
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4. Methodology

This chapter describes the methodology used within this thesis to investigate clouds, their phase, and the

correlations with possible influencing factors based on the dataset described in the previous chapter. The

first section describes the analysis of satellite-based data including collocated reanalysis. The second

section describes the used machine learning method to investigate the importance of different parameters

for cloud phase, as well as the dependence of the importance on other parameters. The third section

describes the analysis of the ICON model data, which is in principle similar to the one using the observa-

tional data, but differs as well in some parts due to the availability of the provided datasets and variables

from the model output.

4.1. Observations

The first section starts with a a brief description of the preprocessing and the focus on single-layer

clouds. Afterwards, it is described how clouds are classified into different categories based on their

cloud top height and cloud base height. Different ways of calculating the liquid fraction of clouds based

on the provided phase categories are explained. The collocation and conditions of the sea ice and aerosol

data are described in the following two parts. A last part of this section describes, how the vertical and

horizontal extent of cloud objects are calculated.

Figure 4.1.: Schematic of the different cloud types classified by their top and base heights. The upper threshold
Zmax is a value between 4 km and 7 km depending on the latitude and described in Sec. 4.1.2. Reprinted from
Dietel et al. (2023).
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Figure 4.2.: Zonal mean temperature over the Southern Ocean (a) and the Arctic Ocean (b). The colored contours
show the zonal mean temperature averaged between 2007 and 2008. The data are based on ECMWF reanalysis
data, which are collocated to the DARDAR dataset. The black dashed lines indicate the thresholds of the at-
mosphere layers, to define the different cloud types. The lower threshold is at 2 km, the upper threshold height
decreases polewards following Eq. 4.1. Reprinted from Dietel et al. (2023).

4.1.1. Collocating datasets and preprocessing

As a first step, the DARDAR data were collocated with the 2B-CLDCLASS-LIDAR dataset, which

means that only profiles are considered that occur in both datasets. Only profiles with a single cloud

layer are considered to reduce uncertainties due to the influence of overlapping clouds. This means

that only profiles are considered that contain a single connected cloud layer from the phase mask of

DARDAR without any gaps in between, as discontinuities don’t allow a continuous analysis of e.g. the

vertical phase distribution within a cloud. Thereby, multi-layer clouds are excluded from this study,

which reduces the number of cloud profiles by about 50 %. Table 4.1 shows all categories from the

DARDAR-MASK v2 classification and describes which of them we consider as a cloud and as which

thermodynamic cloud phase they are assigned to. We calculate the cloud base height (CBH), the cloud

top height (CTH), and the vertical extent for each cloud profile.

4.1.2. Cloud type classification

To distinguish between cloud types, the CBH and the CTH are used. Figure 4.1 shows a schematic

of the cloud types investigated in this thesis. The troposphere is divided into three layers. The lower

troposphere layer is defined from 0 km to 2 km. The middle troposphere layer is defined from 2 km to

a threshold Zmax, which increases from 4 km at the pole to 7 km at 40 ◦ based on the latitude (lat), see

Eq. (4.1). Consequently, the highest layer in the troposphere is then defined by heights larger than the

previously described threshold Zmax. The two thresholds Zmax and 2 km defining the three tropospheric

layers, are also shown in Fig. 4.2 with the dashed lines. The thresholds for the definitions are based on the

definitions from the World Meteorological Organization (2017). Regarding the vertical distribution of the

annual mean temperatures in Fig. 4.2, the threshold Zmax is also mostly parallel to the isotherms, which
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Table 4.1.: DARDAR-MASK categories and how they are considered for the cloud phase analysis in this study

DARDAR-MASK v2 Considered Phase

Presence of liquid unknown -
Surface and subsurface -
Clear sky -
Ice clouds Ice
Spherical or 2D ice Ice
Supercooled water Liquid
Supercooled + ice Mixed
Cold rain -
Aerosol -
Warm rain -
Stratospheric clouds -
Highly concentrated ice Ice
Top of convective towers -
Liquid cloud Liquid
Warm rain + liquid clouds Liquid
Cold rain + liquid clouds Liquid
Rain may be mixed with liquid Liquid
Multiple scattering due to supercooled water Liquid

shows one of the reasons for the chosen threshold decreasing polewards. Furthermore, the threshold Zmax

is in the upper part of the mixed-phase temperature regime.

Zmax =


4km+ 7km−4km

−40◦−(−90◦) · (90 ◦− lat) , if lat > 0.

4km+ 7km−4km
−40◦−(−90◦) · (90 ◦+ lat) , if lat < 0.

(4.1)

Low-level clouds (L) are defined by a CBH and CTH between 0 km and 2 km, compare first column in

Fig. 4.1. The second column in Fig. 4.1 shows mid-low-level clouds (ML) with CBH below 2 km and

CTH between 2 km and Zmax. Clouds with CBH between 0 km and 2 km and CTH larger than Zmax are

called high-mid-low-level clouds (HML), see third column in Fig. 4.1. Mid-level clouds (M) have their

CBH and their CTH between 2 km and Zmax, shown in the forth column in Fig. 4.1. The last column

in Fig. 4.1 shows high-mid-level clouds (HM) with CTH larger than Zmax and CBH between 2 km and

Zmax.

4.1.3. Phase analysis by calculating the liquid fraction

The liquid fraction f is calculated for each vertical cloud column by

f =
nliq+0.5 ·nmix

nliq+nmix+nice
(4.2)
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with nliq being the number of liquid pixels of the cloud profile, nmix being the number of mixed-phase

pixels, and nice as the number of ice pixels. Due to the absence of better information it is assumed

that half of each mixed-phase vertical bin consists of liquid droplets and half of it consists of frozen ice

crystals, as the mixed-phase category is mainly based on a signal from both the radar and the lidar. Based

on these calculations, a liquid fraction which is larger than 0 and less than 1 refers to mixed-phase cloud

profiles. In the following, „liquid fractions“ or „vertical liquid fractions“ refer to this definition of f ,

unless otherwise stated.

The cloud top liquid fraction fCT is calculated with Eq. 4.3 only considering the phase of cloud top

pixels, i.e., the uppermost 60-m layer in each column that DARDAR defines as cloud. In Eq. 4.3 Nliq is

the total number of liquid cloud top pixels, Nmix is the total number of mixed-phase cloud top pixels, and

Nice is the total number of ice pixels at cloud top. fCT is not meaningful for a single cloudy pixel, but is

statistically evaluated for all clouds with a given cloud top temperature.

fCT =
Nliq+0.5 ·Nmix

Nliq+Nmix+Nice
(4.3)

Instead of only investigating cloud top phase and cloud top temperature, the phase of each cloudy pixel

can also be referred to the temperature of each cloudy pixel. This liquid fraction is further referenced as

fT and calculated by Eq. 4.4 with the total number of liquid pixels
(
Ncloudy

liq
)
, the total number of mixed-

phase pixels
(
Ncloudy

mix
)
, and the total number of ice pixels

(
Ncloudy

ice
)
. The phase of the pixels refers to Tab.

4.1 showing the considered phase for each DARDAR-MASK category. The difference of the calculation

compared to Eq. 4.3 is the consideration of all cloudy pixels, and referencing them to their temperature,

instead of considering cloud top temperature.

fT =
Ncloudy

liq +0.5 ·Ncloudy
mix

Ncloudy
liq +Ncloudy

mix +Ncloudy
ice

(4.4)

Figure 4.3 illustrates the three different ways to calculate the liquid fraction, and shows which parameters

in the cloud column are considered in which calculation.

4.1.4. Sea ice concentration

The sea ice concentration closest to each cloud profile is used to analyze a possible influence of sea ice

on the cloud phase (see Sec. 5.2.4). More precisely, open and sea-ice-covered ocean are distinguished.

Open ocean is defined by a sea ice concentration of 0 %. For this analysis, a sea ice concentration larger

or equal than 80 % is considered as sea-ice covered, which is based on the nomenclature from the World

Meteorological Organization (JCOMM Expert Team on Sea Ice, 2009). Over the Southern Ocean, 72 %

to 82 % of the cloud profiles occur over open ocean, 10 % to 16 % of the cloud profiles are over closed

sea ice with the interval referring to the fraction for different cloud types. 8 % to 13 % of the cloud

profiles over the Southern Ocean are over open ice with a sea ice concentration larger than 0 and lower
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Figure 4.3.: Schematic illustration of the three different ways to calculate the liquid fraction. p refers to the detected
phase of each cloudy pixel and T refers to the temperature of the pixel. The left picture corresponds to the vertical
liquid fraction defined in Eq. 4.2, the middle picture corresponds to the cloud top liquid fraction defined in Eq.
4.3, and the right picture corresponds to the Eq. 4.4.

than 80 %, which are not analyzed in this study. Over the Arctic Ocean, the fraction of cloud profiles

over open ocean is much lower with 33 % to 37 %, a higher fraction of the cloud profiles (43 % - 50 %)

is over sea ice, and 17 % -23 % of the cloud profiles occur over open ice. To investigate the differences

in cloud phase depending on the sea ice concentration, the mean liquid fraction of cloud profiles over the

open ocean are compared with the mean liquid fraction of cloud profiles over sea ice. For each CTT-bin

of 2 °C the distribution of the liquid fraction over ocean are compared to the distribution of the liquid

fraction over sea ice, and it has been tested if the two distributions differ significantly using a Z-test and

a p-value of 0.05.

4.1.5. CAMS aerosol reanalysis

CAMS reanalysis were collocated to the DARDAR profiles. The mixing ratio of the different size modes

of each aerosol type are summed up, to only consider aerosol types, without a size dependence. For

the analysis the mean aerosol mixing ratios in the cloud profiles observed by the DARDAR dataset are

calculated. The difference between the mean liquid fraction of clouds with a high aerosol type mixing

ratio, greater than the 75th percentile, and the mean liquid fraction of clouds with a low aerosol type

mixing ratio, less than the 25th percentile, are calculated as a function of the CTT with a bin size of 2 °C.

For both the low-high aerosol comparison the difference of the liquid fractions is only calculated if there

are at least 500 cloud profiles in both categories for each CTT bin. These analysis are based on the

statistics of individual profiles and no spatial analysis is done for this part.

4.1.6. Horizontal and vertical cloud extent

In Sec. 5.2.1, the horizontal extent of the various cloud types and the correlation of the cloud phase

with the horizontal extent is investigated. To examine the horizontal cloud extent, the time difference
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between a specific cloud profile and the next cloud profile of the same cloud type along the satellite track

is analyzed. If this time difference is less or equal than 0.2 s, which is the usual time difference to the next

profile and corresponds to the resolution of the CloudSat profiles, the cloud profiles are considered as the

same cloud. Time differences larger than 0.2 s indicate a gap of about 1 km between the cloud profiles,

and the cloud profiles are therefore considered as separate clouds in absence of better information. Based

on this separation, the phase of one cloud object, consisting of horizontally connected cloud profiles, is

investigated. Only if all profiles are fully liquid, the cloud is considered as a liquid cloud. The same is

valid for an ice cloud. Mixed-phase cloud objects either consist of ice profiles next to liquid profiles, or

contain any mixed-phase profiles. In addition to the horizontal extent of the cloud, we also calculate the

vertical extent by subtracting CBH from CTH for each vertical profile. For each cloud object, based on

horizontally "connected" cloud profiles, the mean of the vertical extent of the single profiles is calculated

to obtain the mean vertical extent of the cloud object. The horizontally connected profiles are only used

for the analysis in Sec. 5.2.1. All other results are based on the single cloud profiles, no matter if they

are connected or not.

4.2. Machine Learning

To investigate the importance of the different parameters on cloud phase, machine learning models are

trained for different cloud types over the Southern and Arctic Ocean to predict the liquid fraction. SHap-

ley Additive exPlanation (SHAP) values (Lundberg and Lee, 2017; Lundberg et al., 2020) are used to

analyze the influence of various parameters on the predictions. The following parts describe the used

dataset, the model training, and the usage of the SHAP values. An advantage of this method, is the pos-

sibility to investigate the importance of one parameter as function of other parameters. For example, the

influence of dust on the prediction of the liquid fraction will be investigated as a function of the location

given by latitude and longitude information (see Sec. 6.3).

4.2.1. Model concept and tuning

Based on the analysis of the satellite observations, four parameters, which influence cloud phase consti-

tute the input for the machine learning model. The parameters are the cloud top temperature (see 3.2.1),

the sea ice concentration (see Sec.3.2.2), the sea salt mixing ratio (see Sec. 3.2.3), and the dust mixing

ratio (see Sec.3.2.3). Section 3.2.1 - 3.2.3 describes how data were collocated and for example how the

mean aerosol mixing ratio in a cloud is defined in this study. Table 4.2 shows the total number of profiles

of specific cloud types available from the two-year dataset. A random subsample of these datasets is

used to train the machine learning models (see Table 4.3). A second distinct subsample with the same

number of elements as the training set is used for validation and calculating the model scores.

A Histogram-based Gradient Boosting Regression Tree model is used, provided by python package

scikit-learn (Pedregosa et al., 2011), because this is faster compared to other gradient boosting regres-
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Table 4.2.: Sample size of the two-year dataset

Low-level Mid-level Mid-low-level

Arctic Ocean 6382596 653599 2042150
Southern Ocean 15815984 1510808 4996282

Table 4.3.: Sample size to train the machine learning models and to validate the model by the same number of
different samples.

Low-level Mid-level Mid-low-level

Arctic Ocean 3000000 300000 1000000
Southern Ocean 5000000 700000 2000000

sion models and efficient for datasets with a sample size larger than 10000. The reason for the increased

speed is that the numerical feature values are binned before the gradient boosting. In gradient boosting

decision trees most of the training time and memory is spend on finding the optimal split. The previous

transformation of the feature values into bins of histograms reduces the training process for finding the

optimal split (Tamim Kashifi and Ahmad, 2022).

To find the optimal setting for the hyperparameters, grid search is used, provided by scikit-learn as

GridSearchCV after a manual testing of parameters. Table 4.4 shows the used hyperparameter grid

and the selected hyperparameters, which resulted in the best performance. A 3-fold cross validation is

used for the grid search to find the optimal hyperparameters using the mean absolute error as a scoring

function. Section A.2 shows further analysis of the model performance and the hyperparameter tuning.

Table 4.4.: Hyperparamter grid used to tune the model with grid search. Bold numbers are the chosen parameters
for each model, which showed the best performance.

Hyperparameter Region Low-level Mid-level Mid-low-level

learning_rate
AO 0.1, 0.3, 0.5 0.1, 0.3, 0.5 0.1, 0.3, 0.5
SO 0.1, 0.3, 0.5 0.1, 0.3, 0.5 0.1, 0.3, 0.5

max_iter in 1000
AO 20, 50, 100 2, 4, 6, 8 2, 5, 10, 20
SO 20, 50, 70, 100 1, 2, 5, 10 5, 10, 20

min_samples_leaf
AO 10, 30 5, 10, 30 10, 30
SO 10, 30 5, 10, 30 10, 30

early_stopping
AO True True True
SO True True True

n_iter_no_change
AO 20 70 20
SO 70 70 20

tol
AO 10−22 10−25 10−22

SO 10−25 10−25 10−22

The mean absolute error for both the training dataset and the validation dataset after the tuning is shown

in Tab. 4.5 and in Fig. 4.4. The model predicting the liquid fraction of mid-low-level clouds shows the

43



4. Methodology

Table 4.5.: Mean absolute error between the predicted liquid fraction and the observed liquid fraction for the
validation dataset and in brackets for the training dataset.

Low-level Mid-level Mid-low-level

Arctic Ocean 0.19 (0.15) 0.17 (0.13) 0.06 (0.05)
Southern Ocean 0.22 (0.19) 0.22 (0.16) 0.09 (0.08)

Low-level Mid-level Mid-low-level0.00

0.05

0.10

0.15

0.20

0.25

0.30

M
AE

Southern Ocean - Validation
Arctic Ocean - Validation

Southern Ocean - Training
Arctic Ocean - Training

Figure 4.4.: Mean absolute error (MAE) in trainings and validation datsets of the different models of the different
cloud types over each region.

best performance. Generally, the performance is better for clouds over the Arctic Ocean compared to

the Southern Ocean. A possible reason for this may be other parameters not considered in this setting,

which influence cloud phase over the Southern Ocean. The performance of the training dataset is better

compared to the validation dataset, which is expected, but it is still in a similar range, which is important

to avoid overfitting.

Table 4.6 shows the Pearson correlation coefficient between the predicted liquid fractions and the ob-

served liquid fraction for the trainings dataset and the validation dataset. Similar to the mean absolute

error the correlation coefficient also shows, that the performance is better for clouds over the Arctic

Ocean compared to the Southern Ocean. The lowest correlation coefficient is shown for the model of

low-level clouds over the Southern Ocean. The correlation coefficient shows in general lower values for

Table 4.6.: Pearson correlation coefficient between the predicted liquid fraction and the observed liquid fraction
for the validation dataset and in brackets for the training dataset.

Low-level Mid-level Mid-low-level

Arctic Ocean 0.73 (0.83) 0.81 (0.90) 0.85 (0.91)
Southern Ocean 0.61 (0.73) 0.72 (0.86) 0.77 (0.86)
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4.2. Machine Learning

low-level clouds compared to mid-level clouds, while the mean absolute error shows a similar perfor-

mance between low-level and mid-level clouds. In general, a strong correlation coefficient between the

predicted liquid fraction and the observed liquid fraction is found. Nevertheless, there is still space for

improvement of the model, for example by adding more parameters as inputs and investigate their influ-

ence in future studies. To investigate further possibilities to improve the model, the mean absolute error

can be investigated as function of the feature parameters, like it is shown for the cloud top temperature in

Fig. 4.5. Areas with relatively high error in the current model could provide hints, for which parameter

ranges other influences might be important, which are not yet considered in the model. Figure A.11, Fig.

A.12, and Fig. A.13 show the mean absolute error as function of the remaining feature values, namely

sea ice concentration (SIC), averaged dust mixing ratio in the cloud, and averaged sea salt mixing ratio

in the cloud. Possible further features, which could be included in future studies could for example focus

on dynamical features such as vertical wind speeds or the coupling of the cloud to the surface. So far

the performance is sufficient to investigate the influence of the used parameter on the prediction, which

is the scope of this work.

4.2.2. Explainable Machine Learning using SHAP values

SHAP values show the quantitative contribution of each feature value to the prediction and thereby

provide a method to explain influences of various features on the prediction in the model. Furthermore,

the dependence of this influence on other feature can be investigated. The prediction of the model ( f (x))

for each sample can then be explained by Eq. 4.5 with E[ f (x)] representing the expected value, which

corresponds to the average of the trainings value, and S HAP being the SHAP value for each feature

showing the influence on the prediction.

f (x) = E[ f (x)]+
∑

Features

S HAP (4.5)

SHAP values are calculated in this study for a subset of 500000 samples of the validation datasets,

except for mid-level clouds over the Arctic Ocean, where the validation dataset is smaller and only has

300000 samples. The reason for only calculating the SHAP value for a smaller sample size are the

high computational costs and long run times. The Tree Explainer method from the python package shap

(Lundberg and Lee, 2017; Lundberg et al., 2020) is used to calculate the SHAP values. The features in

this study are cloud top temperature, sea salt mixing ratio, dust mixing ratio, and sea ice concentration.

Figure 4.6 shows an example for one sample of a mid-level clouds over the Southern Ocean, which is

not meant to be representative, but illustrates the information SHAP values provide.
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Figure 4.5.: Histogram of the cloud top temperature (CTT) in gray (corresponding to the right y-axis). The lines
show the mean absolute error (MAE) as a function of CTT (corresponding to the left y-axis). Line type correspond
to the training dataset and the validation dataset as shown in the legend.

4.3. DYAMOND simulations

This section describes the analysis of the representation of clouds and their phase using ICON model

data. As the analysis is similar to the one described from Sec. 4.1.1 to Sec. 4.1.4, it is mainly focused on

differences, and further explained how the observational data are compared to the model data.

4.3.1. Cloud types classification and liquid fraction

The DYAMOND ICON simulations are compared with the DARDAR satellite observations in a statistical

sense instead of comparing the same situations in time and space (see Sec. 6). The same definitions of

the regions of the Arctic Ocean and the Southern Ocean, as described in Sec. 3.1, are used for the

DYAMOND dataset. Due to the different availability of the data, the time period of the DYAMOND

simulations as mentioned in Sec. 3.3 are compared with the same days of the years 2007 and 2008 in the
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Figure 4.6.: Example to illustrate the information of SHAP values. The example shows results for one sample
of a mid-level clouds over the Southern Ocean. The bars represent the SHAP values for different features with
blue showing a negative SHAP value, which reduces the liquid fraction, and red showing a positive SHAP value
increasing the liquid fraction. The feature values for this sample are shown on the left hand side, namely cloud top
temperature (CTT) in K, sea salt mixing ratio (SS) in kgkg−1, sea ice concentration (SIC), and dust mixing ratio
(DUST) in kgkg−1. The prediction of the liquid fraction ( f (x)) of the model starts with the expected value E[ f (x)],
which corresponds to the averaged liquid fraction of mid-level clouds over the Southern Ocean. By adding all of
the SHAP values to the expected value E[ f (x)] (going from the bottom to the top of the figure), the result shows
the prediction ( f (x) = 0.382). Note that this figure is not shown as a representative result for mid-level clouds over
the Southern Ocean, but to illustrate the information SHAP values provide.

DARDAR dataset. The usage of data from different years for observations and simulations introduces

some uncertainty to the comparison, but as large regions are investigated, it is assumed that the results

are representative. The DYAMOND results of the two regions are compared with the DARDAR results

of the two regions. The analysed quantities are the frequency of the different cloud types, the frequency

of the different phases of the different cloud types, as well as the liquid fraction as a function of the cloud

top temperature. The cloud type, the phase, and the liquid fraction are calculated for each grid column

of the DYAMOND dataset.

To determine a cloudy grid cell in the ICON output, we use a threshold of 1×10−8 kgkg−1 (Costa-Surós

et al., 2020) for the total cloud mass, which is the sum of the mass fraction of cloud liquid water and

the mass fraction of cloud ice. Cloud profiles over land surfaces are excluded from the analysis to

reduce orographical effects. Furthermore, grid columns with a cloud free area between cloudy pixels

are excluded, and only grid columns with a continuous single cloud layer are considered for the detailed

analysis to reduce uncertainties from discontinuities. The frequency of such "multi-layer" clouds is

discussed in Sec. 7.1.

The different cloud types are distinguished the same way, as it is described in Sec.4.1.2 for the satellite

observations, using the same threshold for CBH and CTH.

The liquid fraction in simulations ( fDYAMOND) is calculated differently compared to the liquid fraction of

the satellite observations, because the simulations provide the mass mixing ratio of liquid and ice. The

liquid mass fraction of each grid box f gridbox
DYAMOND is calculated by Eq. 4.4 and averaged vertically in each

cloud column to compare it to the liquid fraction of the satellite observations based on the pixel-wise
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Table 4.7.: Conditions for the distinction between cloud phases based on the liquid fraction ( fDYAMOND).

Considered phase Ice Mixed-phase Liquid

Conditions fDYAMOND ≤ 0.01 0.01 < fDYAMOND < 0.99 fDYAMOND ≥ 0.99

phase categories. Equation 4.7 shows the corresponding formula, where Ncloudygridboxes is the number of

cloudy grid boxes in the vertical cloud column, mliq is the specific cloud water content, and mice is the

specific cloud ice content.

f gridbox
DYAMOND =

mliq

mliq+mice
(4.6)

fDYAMOND =
1

Ncloudygridboxes

∑
cloudygridboxes

f gridbox
DYAMOND

=
1

Ncloudygridboxes

∑
cloudygridboxes

mliq

mliq+mice
(4.7)

Section 7.2 investigates the fraction of different cloud phases for different cloud types over the Southern

and the Arctic Ocean. To distinguish between liquid clouds, ice clouds, and mixed-phase clouds, different

conditions of the calculated liquid fraction ( fDYAMOND) are used, and shown in Tab 4.7.

4.3.2. Sea ice concentration 1

Section 7.4 investigates the correlation of the phase of low-level and mid-low-level clouds with the sea

ice coverage using the output from a coupled DYAMOND ICON simulation (ICON-SAP) with 5 km

grid spacing. The used definitions for open ocean and sea ice are the same as for the observational data,

described in Sec. 3.2.2, with a sea ice concentration of 0 % for open ocean and a sea ice concentration of

larger or equal to 80 % considered as sea ice cover.

1These calculations have been done as part of the Bachelor Thesis of Sarah Paratoni (Paratoni, 2023), who was supervised
by the candidate, Dr. Lena Frey and Prof. Dr. Corinna Hoose. The following text in this section are created by the candidate.
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5. Clouds from the satellite perspective 1

This chapter presents the analysis of clouds over the Southern and Arctic Ocean with active satellite

observations, focusing mainly on the cloud phase. First, the frequency of different cloud types, and their

seasonal cycle over both regions are shown (Sec. 5.1), as well as the frequency of the cloud phase in

different cloud types (Sec. 5.2). It is further described how the horizontal and vertical cloud extent varies

for different cloud types with different cloud phases (Sec. 5.2.1). Section 5.2.2 presents how the liquid

fraction of the cloud types varies with cloud top temperature, and Sec. 5.2.2 shows how the vertical phase

distribution is in mixed-phase clouds. The following section 5.2.4 examines how sea ice, and different

aerosol types correlate with cloud phase, but also investigates whether there is a difference between the

aerosol content over sea ice and over the open ocean. The final section 5.3 of this chapter investigates

the cloud radiative effects of the different cloud types (Sec. 5.3.1), how they vary with different cloud

phases (Sec. 5.3.2), and how large the contribution of different cloud types is to the total cloud radiative

effect over both regions (Sec. 5.3.3). Major contributions of this chapter are from:

Dietel, B., O. Sourdeval, and C. Hoose, 2023: Characterisation of low-base and mid-base clouds and their ther-

modynamic phase over the Southern and Arctic Ocean. EGUsphere [preprint], 1–38, https://egusphere.

copernicus.org/preprints/2023/egusphere-2023-2281/.

5.1. Cloud type occurrence frequency

The occurrence frequency of the different cloud types in the two years 2007 and 2008 with respect to

the total number of observed DARDAR profiles including cloud-free profiles is shown in Fig. 5.1. Low-

level clouds are most frequent with an occurrence of 25.6 % over the Southern Ocean and 21.5 % over

the Arctic Ocean, see magenta color in Fig. 5.1. Mid-low-level clouds occur in about 8.1 % of the pro-

files over the Southern Ocean and in about 6.9 % over the Arctic Ocean. Mid-level clouds are much less

frequent compared to low-level clouds. Nevertheless, they are not negligible and show similar frequen-

cies as high-mid-level clouds, while high-mid-low-level clouds are twice as frequent. The fraction of

multi-layer and other clouds is slightly larger over the Southern Ocean with 44.7 % compared to 40.4 %

over the Arctic Ocean. The "Multi-layer/Others" category is not comparable to a proper multi-layer

cloud category, as there is neither a threshold for the minimum vertical extent of a cloud layer nor for

the cloud-free layer. Even small cloud-free gaps of 60 m within a cloud layer fall into this category,

1Most of the content of this chapter is from Dietel et al. (2023). Additional paragraphs are the description of the annual
cycle of cloud type occurrence frequencies in Sec. 5.1, and parts of Sec. 5.3.1 about the differences of the CRE over sea ice,
and the latitudinal dependence of the CRE.
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5. Clouds from the satellite perspective

because we exclude such profiles in our analysis as our focus in this study is on single-layer clouds and

we want to reduce uncertainties introduced by discontinuities. Future studies could analyze the "Multi-

layer / Others" category in more detail and investigate the sensitivity of the fractions to thresholds for a

minimum vertical extent of cloud layers and gaps between cloud layers to distinguish between vertically

overlapping cloud layers and smaller discontinuities in cloud layers. The fraction of clear-sky profiles is

higher over the Arctic Ocean with 19.9 % compared to 10.6 % over the Southern Ocean. Generally, the

cloud type occurrence frequencies over the Southern Ocean are very similar to the ones over the Arctic

Ocean except for a slightly higher occurrence of low-level and mid-low-level clouds over the Southern

Ocean.

Sassen and Wang (2008) investigated the frequency of specific cloud types as a function of the latitude

with the 2B-CLDCLASS dataset based on CloudSat observations from 15 June 2006 to 15 June 2007

distinguishing between clouds over ocean and clouds over land. Although the cloud type definition and

distinction criteria differ to the ones we use we still compare some similar cloud types. Our frequency

of the low-level cloud category compares quite well to the stratus and stratocumulus (St+Sc) with fre-

quencies between 20 and 30 % in similar latitudes over ocean. They find a higher fraction of high clouds

between 1 % and 10 % compared to our result of about 1.4 %. The mid-level and mid-low-level clouds

can be best compared to altocumulus (Ac) (≈ 5%) and altostratus (As)(≈ 20%) clouds which both show

higher frequencies compared to our results. The way how multi-layer clouds are considered in our study

and the study of Sassen and Wang (2008) introduces a bias, because Sassen and Wang (2008) would still

classify the overlapping cloud types, which leads to higher frequencies in their cloud categories com-

pared to our results, as we consider them in a separate category as multi-layer clouds. This could explain

some of the discrepancies between the observed numbers. Mace and Zhang (2014) also showed a cloud

coverage of about 35 % of clouds with cloud tops lower than 3 km over the Southern Ocean and 25 %

over the Arctic Ocean, which is similar to our result including the fact that the definitions differ to ours.

The temperature has a large influence on cloud phase, as mixed-phase clouds can only exist in the temper-

ature range between 0 °C and −38 °C. Therefore, we investigate the relative frequencies of the different

cloud types with respect to the total number of single-layer cloud profiles, as a function of their cloud top

temperature (CTT), shown in Fig.5.3. In the mixed-phase temperature regime the fraction of low-level

clouds is high. Low-level clouds show a slightly higher fraction over the Arctic Ocean compared to the

Southern Ocean for CTT colder than −13 °C. Mid-low-level clouds also show a high frequency reaching

a maximum of 0.6 over the Southern Ocean and 0.4 over the Arctic Ocean respectively at a temperature

of around −30 °C. We see higher fractions of mid-level clouds over the Southern Ocean than over the

Arctic Ocean for CTT colder than −15 °C, where already high-mid-level clouds exist over the Arctic

Ocean. Regarding the mixed-phase temperature regime, low-level, mid-low-level and mid-level clouds

are the dominating types of single-layer clouds in this temperature range. Therefore, further analysis and

interpretations in this work will focus on these cloud types.
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5.1. Cloud type occurrence frequency

Figure 5.1.: Frequency of different cloud type occurrence. The frequency is calculated as the total number of
DARDAR-profiles containing a specific cloud type, observed during two years 2007 - 2008, and divided by the
total number of DARDAR-profiles available including cloud-free profiles. Reprinted from Dietel et al. (2023).
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Figure 5.2.: Annual cycle of the frequency of different cloud type occurrence.
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Figure 5.3.: Stacked bars of the relative frequency of different cloud types only considering single-layer clouds
as a function of cloud top temperatures (CTTs). The black line shows the lower temperature boundary of the
mixed-phase temperature regime at −38 °C. Reprinted from Dietel et al. (2023).

The seasonal cycle of the frequency of different cloud types over the Southern Ocean and the Arctic

Ocean is shown in Fig. 5.2. The Southern Ocean shows less seasonal variations compared to the Arctic

Ocean. This is influenced by the different latitude definitions of the Southern Ocean (40 °S – 82 °S) and

the Arctic Ocean (60 °N – 82 °N). Due to the more pole-ward region of the Arctic Ocean, the seasonal

cycle in our results is stronger over the Arctic Ocean. Nevertheless, comparing the frequencies of cloud

types with respect to single layer clouds for specific latitudes the Arctic Ocean shows still more seasonal

variation compared to the Southern Ocean (see Fig. A.4 and Fig. A.5). A possible reason could be

the different land distributions over the two regions, which may lead to a larger influence from land

surfaces in the Arctic. This pattern is in agreement with seasonal cycles of cloud cover as shown by

Listowski et al. (2019) for the Southern Ocean, by Kay et al. (2016b) for the Arctic Ocean, and by Kay

et al. (2016a) for both regions using similar data based on CALIPSO and partly CloudSat. The Arctic

Ocean shows a lower cloud cover in the winter season (DJF) compared to summer (JJA) and fall, and

Kay et al. (2016b) show the strongest seasonal differences over land surfaces and high latitude ocean

possibly covered by sea ice in winter. Listowski et al. (2019) and Kay et al. (2016b) show lower cloud

fraction in JJA compared to DJF over the Southern Ocean, but generally cloud fractions are higher than

60 % throughout the year. Kay et al. (2016b) show as well stronger seasonal differences over the Arctic

Ocean compared to the Southern Ocean, similar to this analysis in Fig. 5.2. In the present work higher

cloud fractions are observed over the Southern Ocean compared to the Arctic Ocean, which is in line

with literature (Liu et al., 2022).
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Figure 5.4.: Cloud phase distributions of various cloud types (columns) over the Southern Ocean (lower row) and
the Arctic Ocean (upper row). The outer pie charts include all cloud profiles of a cloud type, while the inner pie
charts only consider cloud profiles, where the lidar signal is not fully extinguished by the cloud. The phases liquid,
ice, and mixed-phase refer to the liquid fraction described in Sec. 4 and Eq. 4.2. Liquid corresponds to a liquid
fraction of 1, ice to a liquid fraction of 0, and the mixed-phase category refers to liquid fractions larger than 0 but
smaller than 1. Reprinted from Dietel et al. (2023).

5.2. Cloud phase

We will now investigate the thermodynamic phase of the different cloud types (Fig. 5.4).

Low-level clouds are mainly liquid clouds with a percentage of 62 % to 63 %, a third of them (28 % to

32 %) are mixed-phase clouds, and a small fraction are pure ice clouds (6 % to 8 %). The inner pie charts

in Fig. 5.4 consider only cloud profiles where the lidar is not attenuated. We can see a decrease in the

fraction of mixed-phase clouds to a percentage of 10 % to 12 % for low-level clouds. Contrarily, the

relative ice fraction and liquid fraction increases, when considering only profiles where the lidar is not

fully attenuated. Regarding the mid-low-level clouds in the second column of Fig. 5.4 a high fraction

are mixed-phase profiles (72 % to 73 %), a small fraction (5 % to 8 %) are liquid profiles, while 20 % to

23 % are ice profiles. High-mid-low-level are mainly ice profiles (60 % to 71 %) and a smaller fraction

(29 % to 40 %) of mixed-phase profiles, but no liquid profiles. Mid-level clouds are liquid profiles in

36 % to 37 % of the cases. A larger proportion of the mid-level clouds are mixed-phase profiles with a

frequency of 37 % to 41 %. 23 % to 27 % of mid-level clouds are ice profiles. Regarding the differences

for mid-level cloud profiles where the lidar signal is not extinguished the fraction of mixed-phase profiles

decreases, while the fraction of ice profiles increases, and the fraction of liquid profiles slightly decreases

over the Arctic Ocean. High-mid-level clouds show a similar distribution to high-mid-low-level clouds

with large fraction of 64 % to 78 % being ice profiles, and 21 % to 35 % being mixed-phase profiles, but

almost no liquid profiles (0 % to 1 %) probably due to low cloud top temperatures with homogeneous ice

formation.
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Regarding the differences in the results considering all profiles of a cloud type, shown in the outer pie

charts in Fig. 5.4 and only considering profiles where the lidar is not extinguished, shown in Fig. 5.4,

we can generally see a decrease of the fraction of mixed-phase profiles, which indicates that in mixed-

phase profiles the lidar is frequently extinguished. The reduction of the absolute numbers of profiles is

strongest for mixed-phase clouds, which is the reason for the decrease of the relative fraction of mixed-

phase profiles, while the relative fraction of ice and liquid profiles mostly increases. This might lead to

uncertainties in the further analysis.

In general, all cloud types show quite high fractions of mixed-phase cloud profiles. The frequencies of

the different phases are very similar between the Southern Ocean and the Arctic Ocean.

We don’t compare the fractions of the cloud phase to previous literature (Mayer et al., 2023; Listowski

et al., 2019; Huang et al., 2012) at this point, as the percentages strongly depend on the definitions and

considerations of the cloud types and on the calculation and consideration of cloud phases, which vary a

lot in the different studies. More detailed comparisons to previous research will be done in the following

subsections investigating different aspects of the cloud phase, such as the cloud phase as a function of

cloud top temperature.

5.2.1. Cloud phase correlation on the vertical and horizontal cloud extent

We now investigate if clouds consisting of different phases and at different levels show differences in

their horizontal and vertical extent. The calculation of the horizontal and the vertical extent of the cloud

objects is described in Sec. 4.

Figure 5.5 shows the results for the Southern Ocean and the Arctic Ocean. In general, ice clouds have a

larger vertical extent, while liquid clouds show only a small vertical extent, but reach a larger horizontal

extent compared to ice clouds.

Mixed-phase clouds show a broader distribution and can reach both large vertical and/or horizontal ex-

tent. In mid-low-level (ML) clouds the horizontal extent is larger for mixed-phase clouds compared to

liquid clouds, both over the Southern Ocean and the Arctic Ocean. The horizontal extent of liquid and

mixed-phase clouds of the same cloud type are similar. Comparing the horizontal extent of mixed-phase

and ice clouds, we can see that mixed-phase high-mid-low-level (HML) clouds have a smaller horizontal

extent compared to ice-phase HML clouds. Other cloud types show the opposite signal with mixed-

phase clouds having a larger horizontal extent compared to ice clouds of the same cloud type, except for

high-mid-level (HM) clouds, which have a similar horizontal extent.

The results are very similar between clouds over the Southern Ocean and the Arctic Ocean. Regarding

the difference between the cloud types, the vertical structure is mainly forced by the definition of the

cloud types, based on cloud base heights and cloud top heights, which also constrain the maximum

vertical extent. The vertical extent of mixed-phase and ice clouds is generally very similar.

The small vertical extent of liquid clouds is probably influenced by different factors. The liquid phase

of the investigated clouds is presumably dominated by smaller supercooled liquid droplets. These are

54



5.2. Cloud phase

mainly detected by the lidar, while the radar is able to detect the liquid phase for larger droplets and rain.

Therefore, the extinction of the lidar signal, due to strong attenuation, probably has a strong influence

on the result of the small vertical extent of the liquid clouds. Thus, this result is at least partly coming

from the limited penetration depth of the lidar signal in supercooled liquid clouds. Nevertheless, there

have been studies using other observation techniques, such as ground-based remote sensing, showing

that supercooled liquid cloud layers tend to be shallow (Ansmann et al., 2009).

Mixed-phase clouds show a larger vertical extent compared to liquid clouds in all cloud types and both

over the Southern Ocean and the Arctic Ocean. This is also in line with theoretical knowledge about polar

mixed-phase clouds. Typically, heterogeneous ice nucleation occurs in the supercooled liquid layer, the

Wegener-Bergeron-Findeisen process leads to the growth of the ice crystals, which then fall from these

liquid layers and form virga. Including the virga in the cloud extent, the cloud extent increases with the

formation of ice compared to the supercooled liquid cloud.

Zhang et al. (2014) investigated the spatial scales of altocumulus clouds with globally collocated Cloud-

Sat/CALIPSO observations and found a vertical extent of 1.96 km (± 1.10 km) and a horizontal extent

of 40.2 km (± 52.3 km). The results for the vertical extension matches quite well, with our result for

mid-level clouds being slightly smaller, while the mean horizontal extent in our analysis is smaller

(3.89 km-6.24 km). However, the horizontal extent is strongly influenced by excluding specific cases

like multi-layer cloud profiles, which could lead to shorter horizontal scales, due to an overlap with a

different cloud layer. Other uncertainties occur in clouds having CTH and CBH close to the thresholds

of the cloud type definition, which for example can lead to a cloud being partly classified as low-level

and partly as mid-low-level by increasing CTH. This cloud would be considered as two separate clouds,

as they aren’t considered as the same cloud type.

5.2.2. Cloud phase dependence on the cloud top temperature

We now investigate how the cloud phase correlates with the cloud top temperature, especially in the

mixed-phase temperature regime between −35 °C and 0 °C. Figure 5.6 shows the cloud phase as a func-

tion of the cloud top temperature (CTT) for the different cloud types in panel (a), and the liquid fraction

of cloud top phase in panel (b), as it was explained in Sec. 4.

First of all, we can see the high liquid fraction in low-level clouds especially over the Southern Ocean

at relatively low temperatures between −40 °C and −17 °C in Fig. 5.6. Mid-level clouds show high

liquid fractions as well, while mid-low-level clouds show rather small liquid fractions. A small liquid

fraction can also be observed for high-mid-level clouds, with high-mid-level clouds occurring at lower

temperature compared to mid-low-level clouds. Regarding the cloud top liquid fraction fCT in panel (b)

in Fig. 5.6, the liquid fraction increases for all cloud types compared to the vertical liquid fraction f ,

indicating a preferential occurrence of liquid at the cloud top.

Thinner cloud layers (L,M) have a higher liquid fraction compared to thicker cloud layers (HM, ML,

HML) extending over several troposphere layers, which was already described in Sec. 5.2.1. We can
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Figure 5.5.: 2-dimensional histogram of clouds with different phases regarding their horizontal and vertical extent.
Minimum extent are 2 vertical layers, each 60m, and 2 horizontal profiles. Cloud profiles are considered as the
same cloud, if the time difference to the next profile of the same cloud type is less or equal than 0.2 s (see. Sec.4).
The unit of the horizontal extent is km, assuming one vertical profile having a horizontal distance of about 1.1 km
to the next profile. h describes the mean horizontal extent in km, v describes the mean vertical extent. Reprinted
from Dietel et al. (2023).

56



5.2. Cloud phase
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Figure 5.6.: Mean liquid fraction of profiles of different cloud types as a function of the cloud top temperatures
(CTT). In panel (a) the liquid fraction f is calculated for each vertical cloud column and then averaged for each
1 °C bin of the CTT. The liquid fraction of each profile is calculated as described in Sec. 4, Eq. 4.2. In panel (b)
only the cloud top phase is considered and the liquid fraction fCT is calculated as described in Eq. 4.3, but only
using the phase of all cloud top pixels of one specific cloud type. The liquid fraction is only shown if there are
at least 500 cloud profiles in the temperature bin to ensure a statistical representativeness. Reprinted from Dietel
et al. (2023).

even see this, if we only consider the cloud top phase, where the uncertainty introduced by the lidar

extinction has no influence.

In general, the liquid fractions of clouds over the Southern Ocean are higher compared to the liquid

fractions of clouds over the Arctic Ocean for CTT <−10 ◦C, while for high temperatures (CTT >−10 ◦C)

the liquid fraction in clouds over the Arctic Ocean is larger compared to the Southern Ocean.

Further important features are the local minima in the liquid fraction mainly seen at a CTT around −15 °C

and partly around −5 °C. Interestingly, this feature has already been seen in many other studies (Nagao

and Suzuki, 2022; ?; Zhang et al., 2019; Alexander and Protat, 2018; Zhang et al., 2014; Riley and

Mapes, 2009), but has only partly been investigated and sometimes not even described. Zhang et al.

(2014) saw a similar peak in the mixed-phase fraction at −15 °C, investigating the vertical and horizontal

scales of Ac clouds, but focused more on the differences between different regions. ? also showed the

phenomena of increased ice formation at −15 °C and −5 °C and discussed many other studies, which

have shown this behavior or which explain possible reasons. In the following, we will mention a few of

them.

Riley and Mapes (2009) found an unexpected peak at −15 °C in the CloudSat echo, but studies have also

shown the peak using lidar observations (Nagao and Suzuki, 2022), which hints that this effect is not due

to an issue of a specific instrument. Regarding this temperature range, there are various studies describ-

ing different processes occurring around these temperatures, maybe even interacting and causing other

processes. The ice habits strongly depend on the temperature, with column-needles occurring/growing at
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Figure 5.7.: Mean liquid fraction ( fT) based on the phase of all cloudy pixels and their temperature (see Eq.4.4)
comparing the results considering all profiles (see panel a) and considering only profiles in which the lidar signal
is not fully extinguished (see panel b).

temperatures around −5 °C and plate-stellar dendrites around temperatures of −15 °C (Avramov and Har-

rington, 2010; Fukuta and Takahashi, 1999). Especially, the dendritic growth zone occurring at −15 °C

has also been investigated by other studies (von Terzi et al., 2022; Silber et al., 2021) and might lead to

this increased ice fraction. The strong growth of the ice crystals around these temperatures also leads

to an increased signal in the remote sensing instruments and therefore to an increased detection of ice.

Another process correlating with dendritic ice crystals is an increased aggregation rate (Chellini et al.,

2022), but also the possibility of secondary ice formation (Mignani et al., 2019; Sullivan et al., 2018) due

to small fragments in case of collisions.

All of these processes might play a role as they affect each other. From the satellite perspective it is

hard to pinpoint the increased ice fraction to specific processes, because it could even be a combination

of processes and the relevance of processes might also vary depending on a specific region, time, and

the conditions there. Nevertheless, the potential to even see these increased ice productions at specific

temperatures is not yet fully exploited. The combination of this knowledge with other ground-based ob-

servations or laboratory experiments could improve our understanding of the cloud phase. This improved

process understanding can also lead to a better representation in models, which contrary to our results

show a rather smooth phase partitioning (e.g. McCoy et al., 2016).

Additionally, Fig. 5.7 shows the results using the method described in Sec. 4.1.3, Eq. 4.4. Compared

to Fig. 5.6, the liquid fraction is mainly lower with strong differences in mid-level and mid-low-level

clouds. This is consistent with several previous results. One is that ice clouds tend to be vertically thicker

compared to liquid clouds (see Sec. 5.2.1), which explains the generally lower liquid fraction, if each

pixel is accounted for its temperature instead of calculating a vertical liquid fraction assigned to its cloud

top temperature. Furthermore, mixed-phase clouds tend to have liquid tops with precipitating ice below.
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5.2. Cloud phase

The precipitating ice layer is usually vertically thicker compared to the thin liquid layer at cloud top. The

precipitating ice layer occurs at higher temperatures compared to the supercooled liquid at cloud top,

which can be one explanation for the increased liquid fraction with decreasing temperature in mid-low-

level clouds. The local minimum at −15 °C (see 5.2.2) is as well visible in low-level and mid-level clouds.

Considering only profiles in which the lidar is not fully extinguished, the liquid fractions increases in low-

level clouds, in mid-level, and mid-low-level clouds at high temperatures. The comparison between the

consideration of all profiles and only profiles where the lidar is not extinguished can also be seen for the

other two methods of calculating the liquid fraction in Fig. A.1 and Fig. A.2. The generally higher liquid

fraction is expected in the analysis where only profiles are considered if the lidar is not extinguished.

Therefore, some mixed-phase profiles are excluded, which reduces the number of lower liquid fractions

and increases the relative contribution of purely liquid clouds. The differences due to different methods

also highlight that comparisons between different studies should be made carefully, as different methods

can lead to different results, but the combination of different methods can also provide an opportunity to

improve the understanding by carefully investigating the differences.

5.2.3. Vertical phase distribution of mixed-phase clouds

We now investigate how the phase is distributed vertically within the clouds. For this purpose, we limit

our analysis to mixed-phase clouds, as pure ice and pure liquid cloud profiles don’t show a vertical phase

distribution. We only consider cloud profiles, where the lidar is not fully extinguished to reduce the

resulting uncertainties in the vertical phase distribution. To investigate the vertical phase distribution of

mixed-phase clouds we analyze all cloud profiles in which either both liquid pixels and ice pixels are

observed, or any mixed-phase pixels are observed in one vertical cloud column. Normalizing the height

within the cloud, we calculate the fraction of liquid pixels at specific heights within the clouds, as well

as the fraction of mixed-phase pixels (see Fig. 5.8).

Most of the mixed-phase clouds show an increased liquid fraction at cloud top, and it strongly decreases

towards lower heights within the cloud, except for low-level clouds which show highest liquid fractions

at lower heights of the cloud. Further investigations (not shown) of low-level clouds have shown that this

might mainly be based on the category ’Multiple scattering due to supercooled liquid’ (see Tab. 4.1).

Most cloud types show also an increase of the liquid fraction at cloud base. Both, the increased liquid

fraction at cloud base, and the generally high liquid fraction in low-level clouds at lower heights persist,

if we restrict our analysis to cloud profiles with a maximum temperature of 0 °C, and are therefore not

related to melting. So far, it is not yet clear if the increased liquid fraction at lower heights is based on

uncertainties liek ground clutter or actually due to more liquid water in clouds and further research is

needed.

The maximum of the fraction of mixed-phase pixels is located slightly below cloud top and most of

the mixed-phase pixels are located in the upper half of the cloud. The structure of mixed-phase clouds

with an increased liquid fraction at cloud top has been already seen in many other observations (Zhang
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Figure 5.8.: Phase fraction at normalized cloud heights for mixed-phase clouds. Cloud types over the Southern
Ocean are shown in panel a), cloud types over the Arctic Ocean in panel b). The solid lines show the fraction of
liquid pixels at certain normalized heights, while the dotted lines show the fraction of mixed-phase pixels vertical
bins. The normalized height at the y-axis is from 0 to 1 and values are calculated in steps of 0.1. Reprinted from
Dietel et al. (2023).

et al., 2019; Carey et al., 2008; Fleishauer et al., 2002). Studies based on ground-based remote sensing

instruments also observed liquid cloud tops with ice mainly below in mixed-phase clouds (Zhang et al.,

2017; Kalesse et al., 2016; de Boer et al., 2011).

The increased fraction of liquid and mixed-phase pixels at cloud top is in line with the results found in

Sec. 5.2.2 showing an increased cloud top liquid fraction compared to the vertical liquid fraction. The

high frequency of supercooled liquid at cloud top was also shown by Schima et al. (2022) using airborne

radar, lidar, and in-situ measurements collected during the Southern Ocean Clouds, Radiation, Aerosol

Transport Experimental Study (SOCRATES).

5.2.4. Cloud phase dependence on the sea ice concentration and aerosol concentration

To investigate the differences in cloud phase as a function of the sea ice concentration, the mean liquid

fraction of clouds over the open ocean are compared with the mean liquid fraction of clouds over sea

ice. The detailed method is described in Sec. 4. Figure 5.9 shows the significant differences between

the mean liquid fractions in clouds over ocean and the mean liquid fraction in clouds over sea ice for

different cloud types as a function of the cloud top temperature. It’s important to address the behavior

at different temperatures, otherwise the generally lower temperatures over sea ice will naturally lead to a

higher proportion of ice clouds.

Over the Southern Ocean the liquid fraction of clouds over sea ice is significantly higher compared to the

clouds over the open ocean especially in low-level clouds, but also in mid-level and mid-low-level clouds.

Over the Arctic Ocean we can see the same behavior for low-level clouds, but mid-level and mid-low-

level clouds only show small signals for cloud top temperatures warmer than −10 °C. Furthermore, the

difference of the liquid fractions is higher in low-level clouds, compared to mid-level or mid-low-level

clouds. A similar result for low-level clouds has been found by Carlsen and David (2022) using a similar
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Figure 5.9.: Difference between the mean liquid fraction of clouds over ocean and the mean liquid fraction of
clouds over sea ice as a function of the cloud top temperature. The significance of the two distributions of liquid
fractions of clouds over ocean and clouds over sea ice is investigated using a Z-test with a p-value of 0.05 for each
CTT-bin. Panel a) shows the results for the Southern Ocean, panel b) shows results for the Arctic Ocean. Data are
only shown if there are at least 100 cloud profiles over ocean and 100 profiles over sea ice. Reprinted from Dietel
et al. (2023).

dataset based on CloudSat and CALIPSO observations, but a different metric for the cloud phase. The

hypothesis proposed in Carlsen and David (2022) is that due to the coverage of the ocean by sea ice, less

sea spray aerosols can be released, which leads to less INPs over sea ice and thereby a higher fraction of

liquid clouds.

Comparing CAMS reanalysis data in clouds over sea ice and in clouds over the ocean Fig. 5.10 shows

a systematic difference in the sea salt concentration over sea ice and over open ocean with less sea salt

over sea ice, which supports the hypothesis of Carlsen and David (2022). Sea salt acts hereby as a

proxy for sea spray aerosols, as the ice nucleating part of the aerosols are usually biological components

from the sea surface microlayer, like microorganisms acting as INP at high temperatures (Porter et al.,

2022; Burrows et al., 2013; Després et al., 2012). Figure 5.10 also shows that in mid-level clouds over

the Arctic sea ice, the mixing ratio of sea salt is slightly lower than the mixing ratio of organic matter,

while in mid-level clouds over the Southern Ocean, sea salt shows much higher values compared to other

aerosol types. The role of other aerosol types than sea salt may be higher in the Arctic compared to the

Southern Ocean. This would also explain the missing correlation of sea ice with these clouds, which is

shown in Fig. 5.9 (right panel, blue line). Furthermore, the transport of other aerosol types like dust

is more important in the Arctic compared to the Southern Ocean. As the long-range transport occurs

usually above the boundary layer, this is more relevant for mid-level or mid-low-level clouds or even

higher clouds and might also reduce the effect of locally emitted sea spray aerosols for these clouds.

Nevertheless, a recent study of Papakonstantinou-Presvelou et al. (2022) investigated ice number concen-

trations in Arctic boundary layer ice clouds and found higher ice number concentration in clouds over sea

ice compared to clouds over ocean, especially in the latitudes between 60◦ N and 70◦ N and for temper-
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Figure 5.10.: Vertically averaged aerosol mixing ratios (MR) within the heights of a cloud column for different
aerosol types. Shown is the mean for different categories, namely the Southern Ocean (SO - darker colours),
Arctic Ocean (AO - lighter colour), clouds over sea ice (dots and squares) and clouds over the open ocean (plus
and cross), and various cloud types (colours). Reprinted from Dietel et al. (2023).

atures between −10 °C and 0 °C, which may seem contradictory to our results of a lower liquid fraction

over ocean and the assumption of less INPs over sea ice. The results of Papakonstantinou-Presvelou

et al. (2022) may be influenced by secondary ice production caused by blowing snow particles, which is

dependent on the wind velocity and is especially relevant for low-level clouds close to the ground. In ad-

dition, Papakonstantinou-Presvelou et al. (2022) investigate only ice clouds, while our study investigates

the general cloud phase. Furthermore, Papakonstantinou-Presvelou et al. (2022) found the strongest dif-

ference in ice number concentrations at cloud top temperatures larger than −10 °C, while we found the

strongest difference of cloud phase over open ocean and cloud phase over sea ice at lower temperatures.

Nevertheless, the discrepancy of the different results show the need of further research to improve our

understanding of the processes most relevant for cloud phase in remote regions.

We now investigate the correlation of the aerosol concentrations with the cloud phase. Figure 5.11

shows that low-level, mid-low-level and mid-level clouds show a stronger correlation with aerosol con-

centrations compared to high-mid-level clouds, which show a small signal over the Southern Ocean.

High-mid-low-level clouds show no signal, possibly because they mostly consist of ice (see Fig. 5.6),

but the attenuation of the remote sensing signals may introduce uncertainties here. The negative values in

general show the decrease of the liquid fraction with high aerosol concentration and thereby a higher ice

fraction, which is in line with the assumption of additional aerosols acting as additional INPs. Further-

more, the liquid fraction in low-level clouds over the Southern Ocean is lower in high sea salt conditions

compared to low sea salt conditions. The content of other aerosol types only shows small changes in

62



5.2. Cloud phase

40 20 00.5

0.0

0.5

f M
R

P7
5

f M
R

P2
5

HM

(a) Southern Ocean

40 20 00.5

0.0

0.5(b) Arctic Ocean

40 20 00.5

0.0

0.5
f M

R
P7

5
f M

R
P2

5

M

(c)

40 20 00.5

0.0

0.5(d)

40 20 00.5

0.0

0.5

f M
R

P7
5

f M
R

P2
5

HML

(e)

40 20 00.5

0.0

0.5(f)

40 20 00.5

0.0

0.5

f M
R

P7
5

f M
R

P2
5

ML

(g)

40 20 00.5

0.0

0.5(h)

40 20 0
CTT in C

0.5

0.0

0.5

f M
R

P7
5

f M
R

P2
5

L

(i)

40 20 0
CTT in C

0.5

0.0

0.5(j)

Sea Salt
Dust
Organic Matter
Black Carbon
Sulphate Aerosol
Significant
Not significant

Figure 5.11.: Difference of the mean liquid fraction of clouds collocated with high mixing ratio of an aerosol
type, larger than the 75th percentile, and the mean liquid fraction of a cloud collocated with low aerosol mixing
ratio, lower than the 25th percentile. Negative values correspond to an increased ice fraction with higher aerosol
concentrations. A Z-test with a p-value of 0.05 is used to investigate the significance of the difference. Data are
only shown if there are at least 500 cloud profiles with low aerosol concentrations and 500 cloud profiles with
high aerosol concentrations. Reprinted from Dietel et al. (2023).
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Figure 5.12.: Pearson’s correlation coefficient of the mean mixing ratios of different aerosol categories within a
cloud. Left panel shows results for the Southern Ocean, right panel for the Arctic Ocean. Reprinted from Dietel
et al. (2023).

the liquid fraction (compare panel (i) in Fig. 5.11). Note, that we interpret sea salt here as a proxy

for sea spray aerosols including biological parts, which can act as INP. The liquid fraction in low-level

clouds over the Southern Ocean is lower if there are high sea salt concentrations compared to low sea salt

concentrations, while the concentrations of other aerosol types only shows small differences in the liquid

fraction. The liquid fraction in low-level clouds over the Arctic Ocean is lower in high sea salt conditions

for a CTT larger than −28 °C, but there, other aerosol types may play a role (panel (j)). This could be

explained by the fact that other aerosol sources are much closer and the transport plays probably a larger

role there, compared to the very remote Southern Ocean. In mid-low-level clouds, sea salt aerosols show

the largest differences in the liquid fraction between low and high aerosol conditions, but a generally

smaller difference in the liquid fraction based on the sea salt conditions compared to low-level clouds.

In mid-level clouds over the Southern Ocean dust concentrations seem to play a large role, but also other

aerosol types like black carbon or sea salt correlate with the liquid fraction. Over the Arctic Ocean

mid-level clouds are as well influenced by many aerosol types and sea salt may play a minor role there.

Interestingly, the correlation of sea salt, as a proxy for sea spray, with the cloud phase matches quite

well with the correlation of sea ice with the phase regarding the different cloud types (compare Fig. 5.9).

This supports the hypothesis of Carlsen and David (2022) that sea spray particles acting as INP foster

the glaciation of low-level clouds.

Additional support for the hypothesis that sea spray aerosol strongly impact the phase of polar low clouds

is given by the work of Griesche et al. (2021), who found a dependence of the Arctic cloud phase on

the surface coupling, connected with marine INPs, but only for temperatures warmer than −15 °C, while

we see a correlation of sea salt aerosol with the cloud phase for much lower temperatures. Griesche

et al. (2021) observed a higher frequency of ice containing clouds, if the clouds are coupled to the

surface compared to decoupled clouds using radiosonde data, and ground-based lidar and radar data.

They propose increased marine biological INPs in the surface coupled boundary layer as the reason on

the basis of recent in situ INP measurements in the Arctic. As this study takes place during the Arctic

summer, temperatures close to the surface are rather high, compared to the winter season. Since our study
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5.3. Cloud radiative effect

uses a two-year dataset, we assume that the influence of these marine biological INPs is also relevant at

lower temperatures compared to Griesche et al. (2021). The relevant factor is probably the proximity of

the cloud to the surface. This would also explain, why we see an influence of sea salt on the cloud phase

at lower temperatures compared to Griesche et al. (2021).

To make sure that the phase influence is based on the aerosol concentration of a specific aerosol type and

not just based on correlations between different aerosol types, we calculated the correlations coefficients

of the different aerosol types within the different cloud types (see Fig. 5.12). Regarding correlations

with sea salt, we can clearly see that there are only very low correlation coefficients with a most negative

value of -0.08. Highest correlations (0.96) can be seen between organic matter and black carbon in the

Arctic Ocean, but also over the Southern Ocean (0.77). Sulphate also correlates partly with organic

matter or black carbon (0.45 - 0.58). Dust shows generally lower correlations with other aerosol types,

with maximum correlations of 0.31 with sulphate aerosol. This strengthens the previously described

hypothesis that sea spray seems to be an important INP in low-level and mid-low-level clouds with high

concentrations leading to a reduced liquid fraction, and similar for dust in mid-level clouds.

5.3. Cloud radiative effect

We now investigate the cloud radiative effect (CRE) of the different cloud types and examine the influence

of the cloud phase on the CRE. We further investigate the contribution of various cloud types to the total

CRE over the Southern Ocean and the Arctic Ocean. To make the incoming solar radiation comparable

between the Southern Ocean and the Arctic Ocean, we use equal latitude bands in this section for the

two regions, namely 60 °S/N to 82 °S/N. In all other sections, the Southern Ocean is defined from 40 °S

to 82 °S, as it is described in the Sec. 4. Nevertheless, there are still biases due to the different land

distribution over the Southern Ocean and the Arctic Ocean, which leads to a higher cloud frequency in

high latitudes over the Arctic Ocean compared to the Southern Ocean, because land surfaces like the

Antarctic continent are excluded. For this analysis we consider both cloud profiles over the open ocean

and cloud profiles over sea ice.

5.3.1. Mean cloud radiative effect of different cloud types

Panels (a) and (b) in Fig. 5.13 show the mean shortwave CRE (SWCRE), the longwave CRE (LWCRE),

and the net CRE (NETCRE) of the different cloud types. High-mid-low-level and mid-low-level clouds

show the highest SWCRE over the Southern Ocean, while over the Arctic Ocean mid-level clouds show

the highest SWCREs. Over the Southern Ocean, the cloud types having high SWCRE are similar to the

results from Oreopoulos et al. (2017), who investigated the CRE of similar cloud types globally with the

same dataset. Over the Arctic Ocean, the SWCRE of the different cloud types is very similar and doesn’t

vary much. We find a generally stronger SWCRE over the Arctic Ocean compared to the global average

from Oreopoulos et al. (2017), except for high-mid-low-level clouds over the Arctic Ocean. High-mid-
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Figure 5.13.: Cloud radiative effects of different cloud types and with different cloud phases. The upper row
shows the mean of the top of the atmosphere cloud radiative effect (TOACRE) for different cloud types, with the
error bars showing the 25th and 75th percentiles. The lower row shows the mean top of the atmosphere cloud
radiative effects (TOACRE) for various cloud types as a function of cloud phase. Shortwave cloud radiative effect
(SWCRE) is shown in blue colors, longwave cloud radiative effect (LWCRE) is shown in orange colors, and net
cloud radiative effect (NETCRE) in grey colors. The left column (panel (a) and (c)) shows the results for the
Southern Ocean, while the right column shows the results for the Arctic Ocean (panel (b) and (d)). Note that there
are no bars for liquid high-mid-low-level clouds in panel (c) and (d), as they don’t occur. Reprinted from Dietel
et al. (2023).
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Figure 5.14.: Mean SWCRE and LWCRE of clouds over ocean and over sea ice for the Southern Ocean (left panel)
and the Arctic Ocean (right panel).

level and mid-level clouds have a higher SWCRE over the Arctic Ocean compared to the Southern

Ocean. Contrarily, high-mid-low-level, mid-low-level and low-level clouds show a higher SWCRE over

the Southern Ocean compared to the Arctic Ocean.

A possible reason could be the distribution of sea ice, because the fraction of observed cloud profiles

over sea ice is larger over the Arctic Ocean compared to the Southern Ocean due to the different land

distributions in the two hemispheres. The SWCRE is lower for clouds over sea ice compared to clouds

over open ocean (see Fig. 5.14) due to a higher albedo of sea ice compare to the open ocean. Figure 5.14

shows as well a higher LWCRE of clouds over ocean compared to cloud over sea ice, which is likely to

be related to the higher outgoing longwave radiation over the ocean than over the sea ice. The difference

in the SWCRE is larger than the difference in the LWCRE. However, the SWCRE of high-mid-low-level,

mid-low-level, and low-level clouds is still higher over the Southern Ocean than over the Arctic Ocean,

even if we only consider cloud profiles over the open ocean. Another reason for the difference in the

SWCRE over the Arctic Ocean and the Southern Ocean may be a higher fraction of low-latitude clouds

correlating with higher temperatures and more liquid clouds. This might be caused due to a higher land

cover over the Arctic Ocean at low latitudes compared to the Southern Ocean. To investigate this, Fig.

5.15 shows the SWCRE of clouds over ocean as a function of the latitude. But even comparing the same

latitudes, the SWCRE of high-mid-low-level, mid-low-level, and low-level clouds is still stronger over

the Southern Ocean than over the Arctic Ocean except for higher latitudes than approx. 72 °N/S. Mid-

level and high-mid-level clouds still show a stronger SWCRE over the Arctic Ocean. This suggests that

the cloud properties over the Arctic Ocean differ from the ones over the Southern Ocean in for example

the vertical extent or in optical properties which may be related to aerosols. In both regions high-mid-

low-level clouds and high-mid-level clouds show the highest LWCRE. The LWCRE are similar over the

Arctic Ocean and the Southern Ocean, with slightly larger effects over the Southern Ocean. McFarquhar

et al. (2021) showed a lower surface SWCRE of about −70 Wm−2 and a higher surface LWCRE of about
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Figure 5.15.: Mean SWCRE of cloud types over ocean as function of the latitude for the Southern Ocean in panel
(a) and for the Arctic Ocean in panel (b). Panel (c) shows the difference of the SWCRE over ocean between
the Arctic Ocean and the Southern Ocean for the different cloud types as a function of the absolute value of the
latitude.

50 Wm−2 for low clouds over the Southern Ocean observed during the Clouds Aerosols Precipitation

Radiation and atmospheric Composition over the Southern Ocean (CAPRICORN) field study compared

to our top of the atmosphere results. Further analysis are needed to distinguish differences in cloud type

definitions, seasons, and regions, which may introduce large uncertainties to the comparison besides the

difference of surface CRE and top of atmosphere CRE.

5.3.2. Dependence of the cloud radiative effect on the cloud phase

The phase of clouds has a large effect on their CRE, because numerous small liquid droplets are optically

thicker than (few large) ice particles. Therefore, we investigate now the influence of the cloud phase on

the CRE, shown in panel (c) and (d) in Fig. 5.13.

The highest SWCRE in all cloud types is observed from mixed-phase clouds, except for mid-level clouds

over the Southern Ocean (see second column in panel (c), Fig. 5.13), where liquid clouds show a higher

SWCRE compared to mixed-phase clouds. Matus and L’Ecuyer (2017) investigated the global TOACRE

of different cloud phases with the same dataset, but didn’t distinguish different cloud types and found

the general highest SWCRE for liquid clouds, which highlights the complexity and dependence of the

SWCRE on the region, the cloud types and their optical properties. Comparing the SWCREs of ice and

liquid clouds, we can see that in most cloud types, the SWCRE is higher for liquid clouds compared

to ice clouds, except for high-mid-level clouds, where ice clouds show a higher SWCRE. The behavior
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5.3. Cloud radiative effect

of the high-mid-level clouds was unexpected, because cloud layers consisting of liquid droplets are in

general optically thicker and should therefore show a stronger negative SWCRE compared to cloud layers

containing ice particles, which are optically thinner. The stronger SWCRE of high-mid-level ice clouds

compared to liquid clouds is probably explained by the larger vertical extent of ice clouds. Furthermore,

the different vertical resolutions of the CloudSat radar and the CALIOP lidar can have an influence on

the calculation of the vertical thickness and the calculated CREs. Oreopoulos et al. (2017) shows the

strong correlation of the vertical thickness on the TOA SWCRE. This is probably also the reason, why

mixed-phase clouds show mainly a stronger SWCRE compared to liquid clouds. The strong extinction

of the lidar signal leads probably to an underestimation of the vertical thickness of the liquid clouds.

Nevertheless, liquid clouds usually are not as vertically thick as ice clouds. Therefore, the possible

underestimation of the vertical extent due to lidar extinction is not the main reason for the lower SWCRE

in liquid clouds compared to mixed-phase clouds. It is rather the larger vertical extent in mixed-phase

clouds due to precipitating ice virga and a thereby increased optical thickness.

Regarding the differences between the Southern Ocean and the Arctic Ocean, it can be seen that both the

SWCRE and the LWCRE are mainly larger over the Southern Ocean compared to the Arctic Ocean. It

can be also seen that over the Southern Ocean the SWCRE of clouds with low cloud bases (HML, ML,

L) are quite high, while over the Arctic Ocean clouds with middle cloud base heights (HM, M) show

high SWCRE. Generally, it can be seen that the cloud phase, but also the vertical extent of the cloud, has

a large influence on the CREs of the different cloud types.

5.3.3. Contribution of different cloud types to the total SWCRE and LWCRE

To investigate the contribution of the different cloud types to the total SWCRE and LWCRE, we calculate

the total sum of the SWCRE and the total sum of the LWCRE over the full two years 2007 and 2008 and

normalize it by the total number of observed cloud profiles. The numbers are shown in Tab. A.1. We

also calculate the total sum of the SWCRE and LWCRE of different cloud types. Figure 5.16 shows the

contribution of the different cloud types to the total SWCRE and LWCRE as a percentage and indicates

the large contribution of the low-level clouds with 26.0 % in the Southern Ocean and 33.3 % in the Arctic

Ocean to the total SWCRE. This is related to their high occurrence shown in Fig. 5.1 and similarly shown

by McFarquhar et al. (2021). Besides low-level clouds, mid-low-level and high-mid-low-level clouds

show a large contribution to the SWCRE, but show higher LWCRE, compensating SWCRE. Mid-level

clouds only contribute to a minor role to the total SWCRE with 2.2 % in the Southern Ocean, but show

a higher contribution of 5.4 % in the Arctic Ocean. The contribution to the LWCRE of mid-level clouds

over the Southern Ocean is 1.4 % and slightly larger over the Arctic Ocean with 2.5 %. The contribution

of high-mid-level clouds to the SWCRE is small (1.2 %) over the Southern Ocean, but larger over the

Arctic Ocean (5.2 %) with LWCRE contribution of 2.8 % over the Southern Ocean and 7.0 % over the

Arctic Ocean.
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Figure 5.16.: Contribution of different cloud types to the total cloud radiative effects over 2 years at the top of the
atmosphere over the Southern Ocean (SO) and the Arctic Ocean (AO) in percent. Reprinted from Dietel et al.
(2023).
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5.4. Uncertainties

Regarding the total NETCRE (not shown), low-level clouds have the largest (negative) effect followed

by mid-low-level clouds.

In summary, from an examination of various aspects of the cloud radiative effect, we see that mid-low-

level clouds over the Southern Ocean have the highest net CRE, while over the Arctic Ocean mid-level

clouds have the highest net CRE (see Fig. 5.13). In general mixed-phase clouds show a more negative

SWCRE compared to ice and liquid clouds except for mid-level clouds over the Southern Ocean. There-

fore, mixed-phase and liquid clouds show a higher net CRE compared to ice clouds. In general clouds

over the Southern Ocean show a higher CRE compared to clouds over the Arctic Ocean. Investigating

the contribution of different cloud types to the total CRE over the Southern Ocean and the Arctic Ocean,

the low-level clouds contribute most in both regions due to their higher frequency compared to other

cloud types (see Fig. 5.16).

5.4. Uncertainties

The combination of the different resolutions of the various datasets used in this study introduces uncer-

tainties. While the DARDAR dataset has a very high spatial resolution (△h = 60m,△x = 1.5km), sea

ice data and CAMS reanalysis have a much coarser spatial resolution. The temporal resolutions are also

different, as the sea ice concentration is only available on a daily basis. Nevertheless, we think that due

to the coarser resolution the temporal difference might play a minor role, as the sea ice concentration

is only used to distinguish between sea ice conditions and open ocean. We don’t consider small leads,

cracks, etc., but rather want to distinguish between mostly sea-ice-covered ocean and open ocean.

For the aerosol reanalysis, the temporal resolution is 3-hourly and thereby introduces a temporal shift

to the detection of single cloud profiles from the active satellite observations. Similar to the sea ice,

the spatial resolution is rather coarse with 80 km. However, we don’t investigate the total value of a

mixing ratio within single cloud profiles, but rather investigate them in a statistical sense considering the

upper and lower concentration quartiles (see Sec.5.2.4). Furthermore, we investigate the mean of aerosol

mixing ratios in specific cloud types.

One of the largest uncertainties regarding the phase detection is the strong attenuation and partly full

extinction of the lidar signal in supercooled liquid layers. This uncertainty is well known, but in combi-

nation with studies using ground-based observations the satellite perspective is still very useful and can

lead to an improved understanding. Furthermore, we can interpret the liquid fraction used in this study

as a lower boundary, which would even increase, if we could correct the lidar extinction and thereby the

possible underestimation of the liquid phase. To examine the range of uncertainty, Fig. A.1 and Fig. A.2

show the results for the liquid fractions in the cloud types as a function of CTT, considering only profiles

where the lidar is not fully extinguished, compared to considering all cloud profiles. Minor uncertainties

are the extinction or attenuation of the radar signal in heavily raining clouds or deep convective systems,
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5. Clouds from the satellite perspective

but as we focus more on shallow clouds and not tropical deep convective systems, this only plays a minor

role.

An uncertainty in the analysis of the cloud radiative effect is based on the assumptions made in the re-

trieval process of the 2B-FLXHR-LIDAR dataset. As the retrieval assumes a certain profile including

liquid water content and ice water content based on different CloudSat products, such as the 2B-CWC or

2B-GEOPROF, this may not be consistent with the DARDAR dataset, which we use to calculate the liq-

uid fraction for each cloud profile. However, we expect only minor differences as both, the 2B-FLXHR-

LIDAR retrieval and the DARDAR retrieval are mainly based on CloudSat and CALIPSO observations.
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6. Applying an explainable machine learning technique to
investigate parameter importance for cloud phase

This chapter uses a machine learning model for the cloud types low-level, mid-level, and mid-low-level

clouds, which are the most frequent cloud types in the mixed-phase temperature regime. The machine

learning model predicts the liquid fraction f based on the features cloud top temperature (CTT), sea ice

concentration, dust aerosol mixing ratio, and sea salt aerosol mixing ratio. Note that sea salt is used as

a proxy for sea spray aerosol, which can include biological particles and thereby act as highly effective

INP. Nevertheless, the following sections use the term sea salt to be consistent with descriptions in

figures. A detailed description of the used machine learning model, the hyperparameter tuning, the input

parameters, the model performance, and the usage of SHAP values can be found in Sec. 4.2.1-4.2.2.

The following sections focus on the research results gained by using these machine learning models.

A previous remark is made here the following results don’t mean that specific aerosol are irrelevant

and don’t have an influence in specific clouds on their phase. For example laboratory have shown the

ability of specific aerosols such as to nucleate ice. But this study represents a statistical analysis of

correlations between typical aerosol concentrations in specific heights and the liquid fraction in specific

clouds. Uncertainties of the underlying datasets were described in previous Sections (e.g. Sec. 3.2,

5.4). Section 6.1 describes the importance of the different features for the cloud phase in the different

cloud types over both regions. An overview of the influence of the different parameters on cloud phase

prediction is provided in Sec. 6.2. The influence of dust (see Sec. 6.3) and sea salt (see Sec. 6.4) on

the cloud phase prediction is further investigated in detail with the spatial distribution of the influence

and aerosol concentrations. Section 6.5 analyses the influence of sea ice with a focus on the possible

connection to sea salt, as proposed in Sec. 5.2.4. The last Section 6.6 describes uncertainties of the

previously provided results.

6.1. Importance of the parameters for the cloud phase prediction

First, the averaged importance of the input parameters for the prediction of the liquid fraction f in

the different cloud types over the Southern and the Arctic Ocean are investigated and shown in Fig.

6.1. For all cloud types over both regions, cloud top temperature is most important, which is expected.

The temperature is a known factor influencing cloud phase. The analysis considers the full range of

observed cloud top temperatures and does not limit the analysis to the mixed-phase temperature regime,

but includes cloud top temperatures larger than 0 °C and cloud top temperatures lower than −38 °C.
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Figure 6.1.: Importance of different features for the prediction of the liquid fraction for different cloud types over
the Southern Ocean (SO) and the Arctic Ocean (AO).

Outside of these two boundaries, the temperature strongly constrains the cloud phase. Also, in the

mixed-phase temperature regime, temperature is a known influence with increasing freezing probabilities

for lower temperatures. Regarding the second most important parameter in Fig. 6.1, differences between

the cloud types, and regions are found. While sea ice is the second most important parameter in low-

level clouds over the Arctic Ocean, sea salt is the second most important parameter in low-level clouds

over the Southern Ocean. Mid-level clouds show in both regions dust as the second most important

parameter. Mid-low-level clouds show again different parameters over the two regions with the Arctic

Ocean showing dust, while the Southern Ocean showing sea salt. The result, that dust is more important

in mid-level clouds can be related to the long-range transports of dust aerosols, which is found in mid,

or high atmosphere levels, and rarely in lower levels due to the usual separation of the boundary layer

by an inversion. It also seems reasonable that sea salt is more relevant in lower levels, close to the

ocean source, where concentrations are usually highest as shown by Bian et al. (2019). This might

also be the reason why sea salt is as well important in mid-low-level clouds over the Southern Ocean.

Over the Arctic Ocean, sea salt seems to be less important compared to the Southern Ocean, which

could be related to other aerosol sources in the Arctic, which are rarer over the Southern Ocean, where

the air is in general cleaner compared to the Arctic Ocean. This is due to closer continental aerosol

sources in the Arctic Ocean compared to the remote Southern Ocean. Another reason could be the larger

importance of sea ice over the Arctic Ocean compared to the Southern Ocean with respect to their total

ocean surface. Nevertheless, sea salt might also be relevant for low-level clouds in the Arctic Ocean,

which other studies have shown, for example, if other aerosol sources are rare depending on the regions,

season, and dynamical conditions.
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6.2. Overview of the influence of the parameters on the cloud phase prediction

Figure 6.2 shows the distribution of SHAP values for the different cloud types and both regions. The

distributions of the SHAP values depend on the one hand side on the importance of the features, but total

values should be carefully compared between the different cloud types and regions, because the total

values also depend on the base value of the model, which is the expected average liquid fraction and the

corresponding distribution of the liquid fraction (compare Fig. A.9 and Fig. A.10).

First, the SHAP values of the cloud top temperature show the largest spread of SHAP values, which also

highlights the importance of cloud top temperature. Furthermore, higher cloud top temperatures tend to

have higher (more positive) SHAP values and vice versa, which is expected, as the freezing probability

is increasing with decreasing temperature. The other distributions vary along the cloud type and region.

Higher dust mixing ratios show mainly lower SHAP values, while lower dust mixing ratios correspond

to higher SHAP values. The strongest (negative) impact on the model output by high dust mixing ratios

can be seen in mid-level clouds. Sea salt shows a similar behavior as dust, with a tendency of high

sea salt mixing ratios correlating with lower SHAP values compared to low sea salt mixing ratios. This

could be explained by the possibility of sea salt and dust acting as INP and will be further analyzed

and discussed in the following sections. The influence of sea ice on the model prediction differs for

both, the cloud types and the regions. Except for mid-level clouds over the Arctic Ocean, low sea ice

concentrations correlate with negative SHAP values, showing a decreasing effect on the predicted liquid

fraction. Over the Southern Ocean, high sea ice concentrations mainly show positive SHAP values. In

mid-level clouds over the Arctic Ocean, the distributions of the SHAP values for the sea ice concentration

overlap more, and show a less clear signal. Nevertheless, low-level clouds over the Arctic Ocean show

similar distributions for sea ice compared to low-level clouds over the Southern Ocean with low sea ice

concentrations corresponding to negative SHAP values and higher sea ice concentrations corresponding

to positive SHAP values.

Generally, a high importance of the temperature is shown, with higher temperatures leading to an in-

creased predicted liquid fraction. Furthermore, the importance of dust in mid-level clouds can be seen,

with higher dust concentrations corresponding to a decreased prediction of the liquid fraction, and a

similar behavior for the sea salt mixing ratio in low-level clouds is shown.

As further sections also investigate the spatial distribution of the importance, Fig. 6.3 shows first the spa-

tial distribution of the averaged liquid fractions for the different cloud types over both regions. Generally,

it can be seen that the liquid fraction is higher for low-level clouds compared to mid-level clouds which

show lower liquid fractions than mid-low-level clouds. Furthermore, the low-level clouds over the Arctic

Ocean show a lower liquid fraction over the Atlantic sector and north of Scandinavia. The Southern

Ocean shows mainly meridional gradients with a decreased liquid fraction in low-level clouds around

60 °S which increases again at higher latitudes. In mid-level clouds over the Southern Ocean mainly an
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Figure 6.2.: Distribution of SHAP values of different features, cloud top temperature (CTT), sea ice concentration,
dust aerosol mixing ratio, and sea salt aerosol mixing ratio. The colors correspond to small (X ≤ P25), middle
(P25 < X ≤ P75), and high (P75 < X) values, based on the 25th percentile (P25) and the 75th percentile (P75) of
the feature values, except for sea ice. Small sea ice values refer to values of zero, middle sea ice refers to values
larger than 0 and lower or equal than 0.8, while high values refer to values larger than 0.8. Each distribution
represents a probability density function based on a density estimation using Gaussian kernel. Each distribution
is scaled by the maximum value of the distribution to improve readability.
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6.3. Influence of dust on the cloud phase prediction

Figure 6.3.: Map of the averaged liquid fraction in the different cloud types over the Arctic Ocean (upper row) and
the Southern Ocean (lower row).

increased liquid fraction with higher latitudes is observed, while the averaged liquid fraction in mid-low-

level clouds is generally low. Possible reasons for this distribution are investigated and discussed in the

further sections.

6.3. Influence of dust on the cloud phase prediction

The previous results have shown an importance of dust, which is now further investigated in detail.

Figure 6.4 shows the correlation of the influence of dust on the prediction of the liquid fraction in the

model as a function of the dust mixing ratio. The general signal is similar to the result from Fig. 6.1,

showing the largest absolute values in mid-level clouds, while low-level and mid-low-level show values

closer to zero. In mid-level clouds, a decreasing SHAP value for dust with increasing dust mixing ratio

is shown. Theoretically, this could be explained by low dust mixing ratios, representing cleaner air, with

therefore less INPs, and higher liquid fractions, while high dust mixing ratios, representing high INP

concentrations, could lead to an increased ice formation and therefore lower liquid fractions. In mid-level

clouds, the averaged SHAP value drops below 0 at a dust mixing ratio larger than about 10−11 kgkg−1. In

low-level clouds over the Arctic Ocean the SHAP values for dust show slightly negative values for high

dust mixing ratios, but much smaller compared to the SHAP values in mid-level clouds.

Figure 6.5 shows the spatial distribution of the averaged SHAP value of dust depending on the latitude

and longitude on a map. Mid-level clouds over the Southern Ocean show clearly the strongest positive
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Figure 6.4.: 2D-histograms of the SHAP values for dust as a function of the dust mixing ratio. The red dots
represent the mean as a function of the dust mixing ratio.

Figure 6.5.: Map of the averaged SHAP value for dust (S HAP value for dust). The upper row (panel (a), (b), and
(c)) shows the Arctic Ocean, while the lower row (panel (d), (e), and (f)) shows the Southern Ocean. Red colors
represent positive SHAP values, showing an enhancement of the predicted liquid fraction due to the dust mixing
ratio, while blue colors show a reduction of the predicted liquid fraction due to the dust mixing ratio leading to
increased ice formation.
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6.3. Influence of dust on the cloud phase prediction

Figure 6.6.: Map of the averaged dust mixing ratio (MRDust). The dust mixing ratio is based on CAMS reanalysis
and averaged over the heights where a cloud has been observed from satellite observations. The upper row (panel
(a), (b), and (c)) shows the Arctic Ocean, while the lower row (panel (d), (e), and (f)) shows the Southern Ocean.

and negative SHAP values and show a strong increase with higher latitudes. Such a latitudinal depen-

dence can also be seen in low-level and mid-low-level clouds over the Southern Ocean, but with much

smaller absolute values. This is probably related to the dust mixing ratio, which is lower at high lati-

tudes compared to lower latitudes (see Fig. 6.6). The latitudinal gradient may be related to the Antarctic

polar front and the Antarctic Circumpolar Current (ACC), which reduce the meridional transport of dust

aerosol to very high latitudes due to strong westerly winds around Antarctica. Over the Arctic Ocean,

the meridional gradient is much lower compared to the Southern Ocean, and regional differences can be

seen. In mid-level clouds over the Arctic Ocean, the dust mixing ratio (see Fig. 6.6) is higher over the

Atlantic sector and north of West-Russia compared to the region north of East-Russia and Canada. The

varying importance of dust could be related to the varying importance of other aerosol types with their

sources being at northern hemisphere continents and thereby closer to the Arctic Ocean compared to the

very remote Southern Ocean. This can also be a reason for the lower importance of dust in mid-level

clouds over the Arctic Ocean compared to the Southern Ocean, where other aerosol types might occur

less. The dust mixing ratios over the Southern Ocean show slightly higher values in mid-level clouds

compared to low-level clouds (see Fig. 6.6), but the absolute SHAP values are much lower in low-level

clouds. This suggests, that dust plays a minor role in low-level clouds over the Southern Ocean, where

sea salt might be present. This will be investigated in the next section.
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Figure 6.7.: 2D-histogram of the SHAP values for sea salt as a function of the sea salt mixing ratio. Red dots
represent the mean as a function of the sea salt mixing ratio.

6.4. Influence of sea salt on the cloud phase prediction

This section investigates the influence of sea salt on the prediction of cloud phase. The SHAP values for

sea salt decrease for a high sea salt mixing ratio in low-level clouds (see Fig. 6.7). The SHAP values for

sea salt show negative values for a sea salt mixing ratios higher than approx. 5×10−9 kgkg−1 in low-level

clouds over the Arctic Ocean, and for sea salt mixing ratios higher than approx. 10−8 kgkg−1 over the

Southern Ocean. The other cloud types show a lower correlation between the SHAP value of sea salt

and the sea salt mixing ratio. Mid-level clouds over the Southern Ocean show a correlation, but mainly

with higher positive SHAP values for lower concentrations. Mid-level clouds over the Arctic Ocean

show as well slightly negative SHAP values for high sea salt concentrations, but these concentrations

occur much less frequent in these cloud types compared to low-level clouds. Regarding the spacial

distribution of the influence of sea salt on the cloud phase prediction, Fig. 6.8 shows the strongest signals

in low-level clouds. Over the Southern Ocean, there is again a strong meridional gradient, similar to the

results for dust in the previous Section. This may be again related to the polar front, strong westerly

winds, and Antarctic Circumpolar Current. But unlike dust, sea salt has not to be transported, but is

produced over remote oceans. The production of sea salt aerosols depends on various parameters. One

of the most important ones is the wind speed, which is high at the polar front. The sea salt emission

in the CAMS reanalysis is as well a function of the wind speed at 10 m (see Sec. 3.2.3). In theory, sea

surface temperatures (SSTs) also influences the production of sea salt aerosols, with high SSTs showing

higher production rates (Spada et al., 2013), but this is not considered in the parameterization of the

CAMS reanalysis. Spada et al. (2013) indicated, that models with SST-dependent emission schemes
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6.4. Influence of sea salt on the cloud phase prediction

Figure 6.8.: Map of the averaged SHAP value of sea salt (S HAP value for sea salt). Similar to Fig. 6.5, but for
the SHAP values of the sea salt.

Figure 6.9.: Map of the averaged sea salt mixing ratio (MRSeasalt). Similar to Fig. 6.6, but for sea salt. Note that
the color scale for the mixing ratios is different from the color scale in Fig. 6.6 for dust.

81



6. Applying an explainable machine learning technique to investigate parameter importance for cloud

phase

show improved performance. Shi et al. (2023) showed that cyclones are responsible for the upwards

transport of sea salt aerosol, which may be a reason for the higher dust concentrations close to the

west wind zone, where cyclones occur frequently compared to regions close to the Antarctic continent.

Another factor influencing the sea salt production is probably sea ice coverage, preventing the release of

sea salt aerosol from the ocean (Carlsen and David, 2022), which could also explain the positive SHAP

values further pole-ward. In low-level clouds over the Arctic Ocean, the most negative values can be

found over the Atlantic Sector. This region is usually characterized by southerly winds, transporting

warm air northwards, and leading therefore to higher temperatures. Related to this is the reduced sea

ice coverage in this region compared to other parts of the Arctic Ocean. Similar to the Southern Ocean,

regions known to have warmer temperatures, high wind speeds, and low sea ice coverage seem to show

a larger impact of sea salt aerosols on the cloud phase of low-level clouds. Figure 6.9 shows correlating

high sea salt mixing ratios with the strong negative SHAP values in low-level clouds over the Arctic

Ocean in Fig. 6.8. In low-level clouds over the Southern Ocean, the strong meridional gradient in the

SHAP values for sea salt is partly correlating with the sea salt mixing ratio in low-level clouds in Fig.

6.9. Close to Antarctica the concentrations of sea salt are lower, but in general high in low levels over

the Southern Ocean. Note, that the range of the color bar values are different in Fig. 6.6 and Fig. 6.9,

as they are shown to investigate the spatial distribution of the different aerosol types. Figure A.14 and

Fig. A.17 in Sec. A.2 show the same figures with equal color bar ranges to compare the total mixing

ratios of dust and sea salt. A general lower mixing ratio of dust compared to sea salt is observed, with

a stronger meridional gradient over the Southern Ocean for dust compared to sea salt. We can also

see a similar distribution in the SHAP values for mid-low-level clouds compared to the corresponding

low-level clouds over the same hemisphere, with smaller magnitudes in mid-low-level clouds than in

low-level clouds. The distribution of the SHAP values for sea salt in mid-level clouds looks rather

patchy, but still shows a meridional gradient over the Southern Ocean.

6.5. Influence of sea ice coverage on cloud phase and correlation with sea salt

Regarding the spatial distribution of the influence of sea ice on the prediction of the liquid fraction

(compare Fig. 6.10), regions with sea ice occurrence show positive SHAP values in low-level clouds.

This means that sea ice leads to an increased prediction of the liquid fraction in low-level clouds. In mid-

level clouds over the Southern Ocean, a similar influence is found compared to low-level clouds. This

result matches with the previous result from Sec. 5.2.4 showing the strongest correlations between sea

ice and increased liquid fraction in low-level clouds over both hemispheres, and in mid-level clouds over

the Southern Ocean. In this section is was also hypothesized, that the sea ice cover leads to a reduction

of sea salt release from the ocean, which can be a reason for the increased liquid fractions over sea ice.

To investigate this behavior in the machine learning model, Figure 6.11 shows the difference between

normalized 2D-histograms, once considering only cloud profiles over ocean and once considering cloud
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6.6. Uncertainties

Figure 6.10.: Map of the averaged SHAP values of the sea ice concentration (S HAP value for S IC). Similar to
Fig. 6.6, but for sea ice concentration.

profiles over sea ice. In low-level it is shown that high sea salt mixing ratios occur more frequently over

the open ocean and this correlates as well with lower SHAP values for sea salt. In the other cloud types

a correlation between sea salt and sea ice can be seen as well, with higher sea salt concentrations over

the open ocean, but the influence of sea salt on the phase prediction (shown by the SHAP value) shows

almost no change.

6.6. Uncertainties

This section discusses uncertainties of the previous results. Several uncertainties related to the model

performance are already described in Sec. 4.2.1, and Sec. A.2. An important uncertainty is related to

the interpretation of SHAP values. They show the importance and influence of parameters on the model

prediction, but have to be carefully interpreted as generally valid results, as missing information in the

model can lead to misinterpretation. For example, our model does not use information of the dynamical

situation, while it is known, that this can have an influence on cloud phase. But as small scale dynamics

are highly uncertain in models, this information is not used in this study. In future studies, one could

investigate, if the model predictions changes, if large-scale dynamical information are provided. This

would require the collocations of an additional reanalysis dataset, as the DARDAR-MASK dataset only

provides collocated horizontal wind speed from the ECMWF. Furthermore, uncertainties of the provided

datasets, e.g. cloud phase or aerosol information from reanalysis can also lead to uncertainties of the
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Figure 6.11.: Difference between normalized 2D-histograms once considering only cloud profiles over ocean and
once considering only cloud profiles over sea ice.

resulting interpretations of the model results. In chapter 3, and Sec. 5.4 uncertainties of different dataset

are mentioned and discussed.

The availability of sea salt acting as an INP is strongly dependent on the chemical composition of the

sea salt, especially on the availability of biological components. These components have been shown to

be highly ice nucleating active at high temperatures. Though this study assumes biological particles are

part of the sea salt particles from reanalysis, because previous studies suggest this (Porter et al., 2022;

Inoue et al., 2021; Twohy et al., 2021; Ickes et al., 2020; Wilson et al., 2015), the availability of such

components and their dependence on environmental conditions and seasons has to be further investigated

to improve the understanding on the underlying production mechanisms of sea salt containing biological

components. Lapere et al. (2023) investigates the representation of sea salt in CMIP6 models and shows

that over the poles, there are large discrepancies between observations and simulations. The simula-

tions strongly depend on the representation of the sources, which need improvement for example in the

wintertime sea salt source of blowing snow.
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7. Comparison of clouds from the satellite perspective with
ICON model simulations from the DYAMOND project

This section shows a comparison between satellite observations using the DARDAR dataset with ICON

DYAMOND simulations. The ICON DYAMOND Summer simulation is used to compare satellite obser-

vations from 10 August to 10 September averaged from 2007 and 2008 to simulations from 10 August

to 10 September 2016. This comparison refers to August/September in the following chapter. The ICON

DYAMOND Winter simulation is used to compare satellite observations averaged from 30 January to

1 March of 2007 and 2008 to simulations of 30 January to 1 March 2020 and refers to February in the

following chapter. In Section 4.3 the detailed method has been described. The first section of this chapter

(Sec. 7.1) compares the cloud type frequencies from the satellite observations with the ones from the

simulations. The following Sec. 7.2 compares the frequencies of different cloud type phases between

satellite observations and simulations. Section 7.3 investigates the liquid fraction of the cloud types as a

function of the cloud top temperature, and compares satellite observations with simulations. Section 7.4

has been part of the Bachelor Thesis of Sarah Paratoni (Paratoni, 2023) and investigates the difference

between the liquid fraction of low-level and mid-low-level clouds over sea ice and over open ocean in the

Arctic from satellite observations and a coupled ICON DYAMOND simulation. The final section (Sec.

7.5) addresses uncertainties of the analysis and the results.

7.1. Cloud type occurrence

The relative frequencies of different cloud types in satellite observations are compared with ICON DYA-

MOND simulations. Figure 7.1 shows the results for August/September, using the DYAMOND Summer

simulations and February using the DYAMOND Winter simulations. In both seasons and both regions

the DYAMOND results show less clear-sky scenes than the satellite results with the largest difference

of the clear-sky occurrence (factor ≥ 3) in February over the Arctic Ocean. The cloud fraction in sum-

mer (August/September) is higher compared to winter (February) over the Arctic Ocean, which also has

been observed in other studies (Liu et al., 2012; Intrieri et al., 2002; Houze Jr. and Houze Jr., 1994).

Intrieri et al. (2002) show similar cloud occurrences compared to the DARDAR observations and also

found an increase of the occurrence of multiple cloud layers in August/September compared to Febru-

ary. The fraction of multi-layer clouds in our analysis are generally higher in simulations compared to

observations. Further studies focusing on multi-layer clouds could investigate how large the contribution

of clouds with small discontinuities is and how large the fraction of „real “ multi-layer clouds is. This
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Figure 7.1.: Relative frequency of different cloud types in percent as fraction of the total number of observations
of the summer period (10 August to 10 September) and of the winter period (30 January to 1 March). Panel (a),
(b), (c), and (d) show the results for the Arctic Ocean, panel (e), (f), (g) and (h) for the Southern Ocean. The
first column and the third column show the results of the satellite observations using the DARDAR dataset and
consider the years 2007 and 2008. The second column and the fourth column show the results of the DYAMOND
simulations considering the same days but for the year 2016 for August/September and the year 2020 for February.
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7.1. Cloud type occurrence

could for example be done by applying a threshold for the minimal vertical extent of the cloud layers as

well as for the cloud-free layer in between.

The frequency of low-level clouds is slightly overestimated in the model, except for February over the

Arctic Ocean, where the model shows a strong overestimation (23.7 %) compared to the observations

(15.0 %). Most other cloud types are underestimated in the model. This can be a hint that the seasonal

cycle is not correctly simulated in the model, but further analysis are needed to confirm. In all compar-

isons, the frequency of mid-level clouds is underestimated in the simulations with a stronger difference

seen over the respective summer hemispheres. In August/September over the Arctic Ocean the under-

estimation is strongest with a factor larger than 7, in February over Southern Ocean the overestimating

factor is between 2 and 3. The respective winter hemispheres only show an overestimation by a factor

smaller than 2. Mid-low-level clouds are underestimated in all simulations by a factor between 1.1 and

1.8. High-mid-level clouds are as well mainly underestimated in simulations by factor between 2 and 6,

except in February over the Arctic Ocean, where an overestimation in the simulation can be seen. High-

level clouds are slightly underestimated in simulations, but only by a factor less than 2. The analysis

suggest, that the clouds in simulations are too low and mid-level clouds are underrepresented.

Over the Southern Ocean, the seasonal difference is lower which can be related to the different latitudinal

boundaries of the two regions with the Arctic Ocean being more pole-ward and therefore showing a

stronger seasonal cycle. Nevertheless, in Sec. 5.1 it was already referred to Fig. A.4 comparing cloud

type frequencies of the same latitudes of the Arctic Ocean and the Southern Ocean suggesting a stronger

seasonal cycle over the Arctic Ocean compared to the Southern Ocean. Figure A.21 shows the same

analysis as Fig. 7.1, but as a relative frequency of specific cloud types with respect to all single-layer

cloud profiles.

Figure 7.2 shows the fraction of the frequency of different single-layer cloud types as a function of their

cloud top temperature. In the respective winter seasons a high fraction of low-level clouds over a large

cloud top temperature range can be seen. In the mixed-phase temperature regime between −38 °C and

0 °C, mid-low-level clouds and a smaller fraction of mid-level clouds occur besides the low-level clouds.

In the respective summer seasons, a high fraction of mid-low-level clouds around a cloud top temperature

of −20 °C are observed. Besides the general agreement of cloud type fractions along cloud top tempera-

ture, the mixed-phase temperature regime also shows differences in observations and simulations, espe-

cially between the distributions of low-level, mid-level and mid-low-level clouds. The observations of

August/September over the Arctic Ocean show a higher fraction of mid-level and mid-low-level clouds

around a cloud top temperature of −15 °C compared to the simulations, where low-level clouds domi-

nate at this temperature regime. The simulations over the Southern Ocean underestimate the fraction of

mid-low-level and mid-level clouds at cloud top temperatures between −30 °C and −20 °C, and overes-

timate the fraction of low-level clouds compared to observations. In February, the observations over the

Southern Ocean show higher fractions of mid-level and high-mid-level clouds with cloud top tempera-

tures of about −20 °C compared to the simulations, while the Arctic Ocean simulations underestimate
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Figure 7.2.: Stacked frequency of occurrence of single-layer cloud types as a function of the cloud top temperature
from 10 August to 10 September on the left hand side and from 30 January to 1 March on the right hand side.
Columns with DARDAR header use satellite observations of the year 2007 and 2008, while DYAMOND columns
refer to ICON simulations of August/September 2016 and February 2020.

the fraction of mid-low-level and mid-level clouds around −30 °C and clearly overestimate the fraction

of low-level clouds. In August/September over both regions, and in February over the Southern Ocean,

high-mid-level clouds are underestimated at cloud top temperature colder than −40 °C, while high-level

clouds are overestimated in simulations compared to observations.

7.2. Cloud phase fractions

This section compares the fraction of liquid, ice, and mixed-phase clouds between the DARDAR and

the DYAMOND dataset with the conditions of considering a cloud profile as liquid, mixed-phase or ice-

phase given in Chap. 4. Figure 7.3 shows the results for the August/September period, while Fig. 7.4

shows results for February. In low-level and mid-level clouds the simulations clearly/strongly underesti-

mate the fraction of liquid clouds. In low-level clouds the mixed-phase fraction is mainly overestimated,

except for low-level clouds in February over the Arctic Ocean. The fraction of iced low-level clouds is

overestimated in the respective winter season. In mid-level clouds the ice-fraction is generally overesti-

mated in simulations, while the mixed-phase fraction is underestimated in the respective winter seasons

in simulations. In mid-low-level clouds, the liquid fraction is overestimated except for February over

the Arctic Ocean, where a strong overestimation of the ice phase is found. In high-mid-level clouds

the simulations show a higher fraction of ice clouds and a corresponding lower mixed-phase fraction

compared to the observations, while liquid clouds are almost not present in both, simulations and ob-

servations. In high-mid-low-level clouds simulations show lower fractions of ice clouds, and a higher

fraction of mixed-phase clouds, but the uncertainty in observations might also be high due to attenuation

and extinction of the active remote sensing signal.
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Figure 7.3.: Frequency of the cloud phase for the different cloud types (columns) over the Arctic Ocean (upper two
rows) and the Southern Ocean (lower two rows) comparing results from DARDAR (upper row respectively) and
DYAMOND (lower row respectively). The considered period is from 10 August to 10 September.
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Figure 7.4.: Same as Fig. 7.3, but for the period from 30 January to 1 March using the DYAMOND winter datast.
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Figure 7.5.: Mean liquid fraction over the Arctic Ocean (top row) and the Southern Ocean (bottom row) for different
cloud types in the DARDAR observations and the DYAMOND simulations for the August/September period and
the February period. Note that the liquid fraction from DARDAR ( f ) refers to a pixel fraction based on the phase
category while the liquid fraction for DYAMOND ( fDYAMOND) refers to an averaged mass fraction as described in
Sec. 4.1.3 and Sec. 4.3.1.

Generally, in more shallow clouds like low-level or mid-level DYAMOND ICON simulations tend to

underestimate the fraction of purely liquid clouds and overestimate either the fraction of ice cloud, or

the fraction of mixed-phase clouds. This shows that the ICON simulations miss to produce or main-

tain enough liquid clouds over both polar regions. In mid-low-level clouds the ice fraction is sightly

underestimated, except for the Arctic Ocean in February.

7.3. Liquid fraction as a function of the cloud top temperature

Figure 7.5 shows the mean liquid fraction as a function of the cloud top temperature for the different

cloud types. The mean liquid fraction in Fig. 7.5 is only shown, if the number of profiles in the 1 °C

temperature bin is larger or equal than 100. Figure A.22 shows the corresponding histogram.

Regarding the Arctic Ocean, the liquid fraction of mid-level and low-level clouds in August/September

strongly decreases in observations between cloud top temperatures of −8 °C and −13 °C. The liquid

fraction only reaches values of 1 at cloud top temperatures of approx. 0 °C, while the simulation shows

a liquid fraction of 1 until cloud top temperatures of approx. −5 °C. The liquid fraction of mid-level

clouds differs strongly at a cloud top temperature of −20 °C, with higher liquid fractions in observations.

High-mid-level and high-mid-low-level clouds show a liquid fraction of 0 in observations for cloud top

temperatures lower than −15 °C, where simulations show liquid fractions larger than 0.5. In February, the

liquid fraction of mid-level and low-level clouds in observations is higher at low temperatures compared

to August/September, while the simulations show a similar mean liquid fraction in August/September and
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in Sec. 4.1.3 and Sec. 4.3.1.
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February. Only the liquid fraction of mid-low-level and high-mid-low-level clouds is lower in February

compared to August/September in simulations.

Regarding the Southern Ocean, the liquid fraction of low-level clouds in August/September stays high

until low cloud top temperatures and strongly decreases at a cloud top temperature of about −40 °C.

This is not the case for the simulations, which show mainly lower liquid fractions and reaches 0 at a

temperature of −25 °C, where observations show still a mean liquid fraction higher than 0.6. Mid-level

clouds in the observations show as well high liquid fractions at low cloud top temperatures, but lower

compared to low-level clouds. In simulations, the liquid fraction of low-level and mid-level clouds is very

similar, but shows generally lower liquid fractions compared to observations. In February, low-level and

mid-level clouds show similar liquid fractions, except for a lower liquid fraction in mid-level clouds

compared to low-level clouds between a cloud top temperatures of −10 °C and 0 °C. The simulations

show as well similar liquid fractions in low-level and mid-level clouds, again with lower liquid fractions

compared to observations.

In Sec. 5.2.2 the minima in the liquid fraction of low-level and mid-level clouds in the DARDAR ob-

servations has been mentioned. Regarding the different seasons, we can see that these minima, or strong

decreases in the liquid fractions can also be seen in both seasons, and both regions, but not in simu-

lations. This might also hint at ice production processes not resolved and/or not properly described or

parameterized in the simulations.

Figure 7.6 shows the difference between the simulations from DYAMOND and the observations from

DARDAR. Generally, the liquid fraction of low-level and mid-level clouds is mainly underestimated for

cloud top temperatures colder than−10 °C in simulations, except for low-level clouds in August/September

over the Arctic Ocean. At warm cloud top temperatures (> −10 ◦C) the simulations overestimate the

liquid fraction in low-level and mid-level clouds. The liquid fraction of mid-low-level clouds is over-

estimated in all seasons and in all simulations compared to the observations, which is also the case for

high-mid-low-level clouds. The overestimation in simulations has to be carefully interpreted, because

of the uncertainty of the observations due to attenuation and extinction of active remote sensing signals,

which might also lead to an underestimation of the liquid fraction in the observations. The more the

underestimation of the liquid fraction in low-level and mid-level clouds in simulations should be taken

into account, as the underestimation might even be stronger due to the mentioned uncertainties in the

observations.
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Figure 7.7.: Mean liquid fraction over ocean (light colors) and over sea ice (dark colors) from DARDAR obser-
vations (dots) and in ICON-SAP simulations (triangles) as a function of the cloud top temperature. A minimum
number of 100 profiles is required to calculate the mean liquid fraction in observations and simulations. Otherwise
the mean liquid fraction is set to a NAN-value. Adapted from Paratoni (2023).

7.4. Liquid fraction in low-level and mid-low-level clouds over sea ice and over open

ocean in the Arctic 1

As previous results from observations (see Sec. 5.2.4) have shown that the liquid fraction is different in

some clouds over open ocean compared to sea ice, this is now investigated using simulation data. The

coupled DYAMOND ICON simulation with a horizontal grid resolution of 5 km is used to analyze the

liquid fraction of low-level and mid-low-level clouds over open ocean and over sea ice in the Arctic. The

simulation is part of the DYAMOND-winter simulations and we analyze therefore the simulation period

from the 31 January 2020 to the 1 March 2020 and observations from 31 January to 1 March of the years

2007 and 2008.

Figure 7.7 shows the results from observations and from the simulation. As already described in Sec.

5.2.4, the liquid fraction of low-level clouds in observations is higher over sea ice compared to the open

ocean. Contrary, the simulations show almost no difference and even the opposite signal with higher

liquid fraction over ocean than over sea ice for cloud top temperatures between −20 °C and −30 °C. In

mid-low-level clouds the liquid fraction in observations is as well higher in clouds over sea ice compared

to clouds over ocean, but the difference is much smaller compared to low-level clouds. In simulations,

the difference shows again the opposite signal compared to the observations, with a higher liquid fraction

1These calculations have been done as part of the Bachelor Thesis of Sarah Paratoni (Paratoni, 2023), who was supervised
by the candidate, Dr. Lena Frey and Prof. Dr. Corinna Hoose. The following figures and text in this section are created by the
candidate.
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over ocean than over sea ice for all cloud top temperatures. The difference is also larger compared to

low-level clouds.

Overall the simulations and observations show a completely different signal. Further investigations are

needed to point out the reason for these differences. A possible reason is the simplistic treatment of

aerosols and INPs within the one-moment scheme and the parameterizations of the production of ice

particles. The one-moment scheme doesn’t consider any aerosols for the formation of ice, but uses a

simply temperature dependent approach. To address this hypothesis a comparison to a simulation using

prognostic aerosols and a coupling to cloud microphysics should be investigated. Furthermore, dynam-

ical correlations with cloud phase related to sea ice could be investigated, for example by analyzing the

coupling of low-level clouds to the surface, as it was done by Griesche et al. (2021), who found a higher

ice fraction in clouds, if they are coupled to the surface.

7.5. Uncertainties

This section addresses uncertainties of the comparison between the results based on satellite observations

and the results from different ICON simulations as part of the DYAMOND project.

A first point to mention are differences in the resolutions between observations and simulations. The

vertical grid resolution of the DARDAR dataset is 60 m, while the vertical grid resolution of ICON with

90 levels decreases with height, starting from 20 m at the lowest level and increasing to 400 m around

a height of 10 km. Also, the original resolution of the CloudSat and CALIOP observations differs,

CALIOP provides the lidar information on a vertical resolution of 60 m, while the radar information

from CloudSat has an original vertical resolution of 500 m. The horizontal grid resolutions are as well

different, but in a similar range, with DARDAR data having a horizontal resolution of 1.5 km, while

the used simulations have a horizontal grid resolution of 2.5 km for the atmosphere-only simulations,

and 5 km for the coupled ICON simulation. Another uncertainty is introduced by the the comparison of

the same days of different years in observations and simulations. To address this uncertainty, Fig. 7.8

shows the 2-meter temperature difference of the same days in different years from the fifth generation

ECMWF reanalysis (ERA5) (Hersbach et al., 2023a,b). For the comparison in August/September, hourly

reanalysis data are used and then averaged over the mentioned days (10 August - 10 September), while

for February the monthly averaged 2-meter temperature is used. The ERA5 reanalysis have a resolution

of 0.25◦. The differences are strongest in the Arctic Ocean in February, while the other differences are

lower. Nevertheless, the horizontally averaged difference (∆T2m) is below 1 K for both regions in both

seasons. This suggests that observations and simulations of the same days in different years can still be

compared in a statistical sense, as the analyzed regions are large enough.

A further difference and thereby introduced uncertainty of the comparison is based on the different cal-

culation of the liquid fraction in observations and in simulations (compare Sec. 4.1.3 and Sec. 4.3.1).

While the liquid fraction in observations is calculated from numbers of pixels categorized as liquid-, ice-
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Figure 7.8.: Difference between the monthly averaged ERA-5 2-meter temperature (Hersbach et al., 2023b) of the
corresponding year of the used DYAMOND dataset and the year of the used DARDAR dataset. The left column
refers to the period from 10 August to the 10 September and shows the difference between the the year 2016 and
the average of 2007 and 2008 (panel (a) and (c)). The right columns shows the difference of the monthly mean of
February 2020 and the average of February 2007 and 2008. Panel (a) and (b) show results for the Arctic Ocean,
panel (c) and (d) show results for the Southern Ocean.
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, or mixed-phase, the liquid fraction in simulations is calculated from mass fractions of ice and liquid.

Furthermore, the used satellite observations also include uncertainties due to instrument sensitivities and

limitations, like attenuation, extinction, or multiple scattering of the active remote sensing signals, as

well as uncertainties from the analysis temperature provided by ECMWF and used within the DARDAR

retrieval process. A possibility to address these uncertainties are evaluations in the observational space.

A alternative solution to these uncertainties, and the difference in the calculation of the liquid fraction

would be the usage of a satellite simulator like COSP (CFMIP Observation Simulator Package), devel-

oped by the Cloud Feedback Model Intercomparison Project (CFMIP) community (Bodas-Salcedo et al.,

2011). The simulator uses model output to simulate what specific satellite instruments and sensors would

detect. Usually, radiative transfer simulations are needed to calculate the signal an active sensor would

measure. Afterwards, the DARDAR retrieval would have to be applied to the calculated CloudSat and

CALIOP "observations". As this analysis requires additional calculations, modeling, and computational

costs, and the provided variables from the DYAMOND simulations are limited, this was not investigated

in this study, but may be the way forward for further detailed comparisons.
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This chapter summarizes the main results of this thesis and provides a brief outlook of further research

needed to improve the process understanding of cloud phase over the Arctic and the Southern Ocean and

their representation in models. Section 8.1 summarizes the three result chapters (Chap. 5, Chap. 6, and

Chap. 7) and answers the proposed questions from the introduction. Section 8.2 provides further ideas on

future research with some focusing on the provided methods and analysis to investigate specific results in

more details, and others more generally pointing at the need of further research with other methodologies

like laboratory experiments and in-situ observations to improve general understanding.

8.1. Conclusions

By analyzing a comprehensive two-year dataset of collocated information including vertically resolved

cloud phase information from satellite-based active sensors, satellite-based sea ice concentrations, re-

analysis of aerosols, and cloud radiative effects, a deep insight into the connections between various

parameters and their possible influence on cloud phase has been gained.

Chapter 5 analyzed general frequencies and characteristics of cloud types, defined by their cloud top

height and their cloud base height over the Arctic Ocean and the Southern Ocean.

❆ How frequent are different cloud types based on their heights?

A generally high frequency of low-level clouds could be seen for the Arctic Ocean (21.5 %) and the

Southern Ocean (25.6 %). Clouds spanning the mid-level range also amount up to 15 % with mid-low-

level clouds contributing by about 6.9 % to 8.1 %, high-mid-low-level clouds by about 4.4 % to 4.5 %,

high-mid-level by 2.3 % to 2.6 %, and mid-level by 2.2 % to 2.5 %.

❆ Which phase do the different clouds typically have, and which cloud types occur most frequent in

the mixed-phase temperature regime?

Low-level, mid-level, and mid-low-level clouds are the only cloud types which occur as liquid, mixed-

phase, and ice clouds, and they also make a large contribution to the cloud frequency in the mixed-phase

temperature regime. All investigated cloud types show a fraction of 24 % or more mixed-phase clouds.

❆ How does the vertical and horizontal extent of clouds correlate with cloud phase?
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Liquid clouds are shown to be vertically thinner compared to ice clouds, whereby the vertical extent is

partly influenced by the algorithm of the DARDAR retrieval (classifying thicker clouds as ice clouds) and

the different vertical resolutions of the original CloudSat signal mainly detecting ice and CALIOP mainly

detecting liquid. Regarding the horizontal extent, ice clouds tend to be horizontally smaller compared to

liquid clouds. Mixed-phase clouds are vertically and horizontally large.

❆ What is the phase distribution as a function of the temperature in different cloud types and how is

cloud phase vertically distributed within mixed-phase clouds?

Low-level and mid-level clouds show the highest liquid fractions followed by mid-low-level clouds. The

liquid fraction is higher over the Southern Ocean for cloud top temperatures lower than −10 °C compared

to the Arctic Ocean and lower for cloud top temperature higher than −10 °C. The reason for this is not yet

clear and has to be investigated in future research. Possible reasons for the differences may be different

aerosol contributions, but also different cloud dynamics could play a role. Two local minima of the liquid

fraction are observed around a cloud top temperature of −15 °C and −5 °C which hints at ice processes

occurring at these temperatures. Habit dependent vapor growth is discussed as a reason, especially for

the temperature range at −15 °C, which is known as the dendritic growth layer, but also secondary ice

production may play a role or even a combination of both processes due to interacting effect may be

relevant. In mixed-phase clouds, the liquid phase mainly occurs at cloud top, with ice precipitating

from these supercooled liquid layers, which is a known structure of mixed-phase cloud in polar regions.

Nevertheless, low-level clouds show an increasing liquid phase in lower parts of the cloud, which is

mainly based on multiple scattering and it has to be further investigated if ground clutter from the radar

may play a role here.

❆ How does cloud phase correlate with sea ice cover and the amount of specific aerosol types?

Low-level clouds show a significantly higher liquid fraction if they occur over sea ice compared to open

ocean. Over the Southern Ocean the same is found for mid-level and mid-low-level clouds, while over

the Arctic Ocean, these clouds types only show a signal for very high cloud top temperatures (CTT ≥

−10 ◦C). Carlsen and David (2022) found a similar behaviour in low-level clouds over both hemispheres

and proposed that sea ice prevents the release of sea spray aerosols, which acts as INP. By investigating

collocated aerosol reanalysis, this thesis supports this hypothesis showing that sea salt concentrations

(used as a proxy for sea spray aerosols) are lower over sea ice than over open ocean. Low-level clouds

showed decreased liquid fractions for high sea salt concentrations. In higher altitudes for mid-level

clouds the liquid fraction correlates more with other aerosol types like dust, probably related to aerosol

transport.

❆ How large is the top of the atmosphere cloud radiative effect for different cloud types and how

does it differ with different cloud phases? How large is the contribution of specific cloud types to

the total cloud radiative effect?
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The strongest shortwave cloud radiative effects are shown by high-mid-low-level and mid-low-level

clouds over the Southern Ocean. Over the Arctic Ocean, the shortwave cloud radiative effect is simi-

lar between the different cloud types. The longwave cloud radiative effect is largest in cloud types with

high cloud tops (High-mid-level and high-mid-low-level) in both regions. The shortwave cloud radiative

effect is higher over the Southern Ocean than over the Arctic ocean in high-mid-low-level, mid-low-level,

and low-level clouds, while high-mid-level and mid-level clouds show stronger effects over the Arctic

Ocean than over the Southern Ocean. Mixed-phase clouds show in general a higher cloud radiative effect

compared to ice and liquid clouds, except for mid-level clouds over the Southern Ocean, where liquid

clouds show a higher shortwave cloud radiative effect. For all cloud types, the negative shortwave cloud

radiative effect is larger than the positive longwave cloud radiative effect leading to negative net cloud

radiative effects. Due to the higher frequencies of occurrence of the low-level clouds, they contribute

most (26.0 % - 33.3 %) to the shortwave cloud radiative effect followed by mid-low-level clouds (13.5 %

- 15.6 %).

Chapter 6 analysed specifically low-level, mid-level and mid-low-level clouds over the Arctic Ocean

and the Southern Ocean, as they show occurrences of liquid, ice, and mixed-phase cloud profiles and

contribute to the cloud fraction in the mixed-phase temperature regime. A machine learning technique

has been used to investigate the importance of four major parameters, namely cloud top temperature,

sea ice concentration, sea salt mixing ratio, and dust mixing ratio to determine cloud phase. Besides a

general importance, Chap. 6 also investigates the spatial distribution of the importance of various factors

to improve the understanding of possible influences on that importance.

❆ Which of the following parameters, temperature, sea ice, dust, and sea salt, are most important for

determining cloud phase and how does the importance vary regionally? Is there a dependence of

the importance on other parameters?

First, it has been found, that the temperature is most important to determine cloud phase, which is

expected, as there are strong boundaries of the temperature for the occurrence of liquid water (T ≥

−38 ◦C) and for the occurrence of the ice phase (T ≤ 0 ◦C), as well as an increasing freezing probability

for lower temperatures. Nevertheless, the importance of the other parameters varies for different cloud

types and regions. Sea salt seems to play a more important role in low-level clouds over open ocean.

In the Arctic Ocean, high sea salt concentrations at low-level cloud heights are mainly found in the

Atlantic sector and north of Scandinavia correlating with a decreasing effect on the prediction of the

liquid fraction in the machine learning model. The distribution of sea salt over the Arctic Ocean is

probably related to sea ice cover, which prevents the release of sea salt. Over the Southern Ocean a

strong meridional gradient in the effect of sea salt is observed, which correlates with the mixing ratio

of sea salt. Sea salt decreases the liquid fraction at lower latitudes, where high sea salt concentrations
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are found. The meridional gradient could have two reasons. One is based on the strong westerly winds

around Antarctica leading to an increased sea salt mixing ratio due to increased bubble bursting. Another

reason is related to the prevention of the release of sea salt due to sea ice cover at high latitudes, which

this analysis also points at.

Dust shows a larger impact on mid-level clouds in the machine learning model. This could be explained

by the larger heights, at which dust is transported in the atmosphere, contrary to sea salt, which is emitted

from the ocean surface. Over the Southern Ocean, there is as well a strong meridional gradient of the

influence of dust correlating with the dust concentration in mid-level clouds. A possible explanation for

that strong gradient can be the strong westerly winds, which inhibit the pole-ward transport of dust to

high latitudes in the Southern Ocean. Over the Arctic Ocean, the distribution of dust concentrations is

much smoother with a lower meridional contrasts than over the Southern Ocean, which also leads to

weaker contrasts of the influence of dust. Nevertheless, high dust correlations lead to a decreased liquid

fraction in the prediction of the machine learning model. Instead of strong regional gradients and due to

closer sources, the influence is probably more dependent on the temporal wind patterns transporting dust

to the Arctic, but without a strong regional pattern observed on average.

Over the Southern Ocean, these results generally suggest a reduced availability of dust in mid-level

clouds and of sea salt in low-level clouds over high latitudes, which has an increasing effect on the liquid

fraction. This may compensate or counteract the effect of generally decreasing temperature with higher

latitudes, leading to a constant or even slightly increasing liquid fraction with increasing latitude over the

Southern Ocean. In the Arctic Ocean, a decreased liquid fraction is observed in low-level clouds over

the Atlantic Sector, which may be related to the presence of sea spray aerosols.

Chapter 7 compared the cloud type occurrence, the cloud phase frequencies, and the liquid fraction as a

function of cloud top temperature between satellite observations and ICON model output for February

and August/September.

❆ What are the differences in cloud occurrence and cloud phase between satellite observations and

simulations with the ICOsahedral Nonhydrostatic model (ICON). Does a coupled ICON simula-

tion shows the same correlation between sea ice and cloud phase as satellite observations?

By comparing the cloud occurrence and the cloud phase from the satellite observations with ICON model

output, a first insight into possibilities to improve cloud representation in models is gained. Regarding

the cloud type frequencies, the strongest bias is seen for mid-level and high-mid-level cloud in the re-

spective summer hemispheres over the Arctic Ocean and the Southern Ocean, where they are strongly

underestimated in the model simulations by factors between 4.5 and 7.8 compared to observations. All

other cloud types are comparable to the observations within a factor equal or lower than 2. Regarding

the frequencies of cloud phase, a general underestimation of the fraction of liquid clouds in simulations
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compared to observations is found for low-level and mid-level clouds over both regions, in both seasons.

With respect to cloud top temperature, it has been found that the liquid fraction is especially underesti-

mated for cloud top temperatures lower than −10 °C, while for higher cloud top temperature the liquid

fraction is overestimated. This suggests that ice is formed at too high temperatures over these regions

in mid-level and low-level clouds. In mid-low-level clouds, the fraction of liquid clouds and the liquid

fraction is mainly overestimated in simulations compared to observations. In high-mid-low-level clouds

the model simulations underestimate the fraction of ice profiles and overestimate the liquid fraction, but

there is also uncertainty of the active remote sensing signals in vertically thick clouds due to attenuation

and extinction, which may lead to an underestimation of the liquid fraction in observations. None of the

simulations show the local minima found in observations, hinting at ice processes not well represented in

the model. While observations show an increased liquid fraction in low-level and mid-low-level clouds

over sea ice compared to the open ocean over the Arctic, simulations show the opposite signal. Further

research is needed to investigate the reason. One hypothesis is the lower sea spray concentration over

sea ice, which is not considered in the model simulation, as there is no aerosol dependence of the phase,

while many dynamical processes related to sea ice are considered in the coupled run.

Overall, various factors influence cloud phase over the Southern Ocean and the Arctic Ocean. Even if

many results are similar between both regions, some may be due to different reasons compensating each

other. Figure 8.1 shows a schematic summary of possibly relevant aspects influencing the phase of low-

level and mid-level clouds. At lower levels sea spray emitted from open ocean seems to influence the

ice formation process. Sea ice is discussed to prevent the release of sea spray aerosols, which leads to

a higher liquid fraction in clouds over sea ice compared to the open ocean. In mid-level clouds, INPs

from atmospheric transport like dust seem be more relevant compared to sea spray. Over the Southern

Ocean it is suggested that strong westerly winds generate sea spray aerosols, but also prevent the pole-

ward transport of dust. Over the Arctic Ocean, the transport of other aerosol types is not prevented by

such strong winds compared to the Southern Ocean. Both the Arctic Ocean and the Southern Ocean

are relatively pristine areas, but the distribution of available INPs may influence and even compensate

regional temperature effects within a certain range.

8.2. Outlook

Further research based on the presented work is needed to investigating the representation of clouds

in other models using different implementations of the cloud phase. Models which simulate aerosol

processes in more detail and consider them for the ice formation can be especially helpful to improve

the understanding of the importance of various factors for cloud phase. Such analysis can also be used

to investigate the discrepancy of observations and simulations between the cloud phase over sea ice
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8. Conclusions and outlook
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Figure 8.1.: Summary schematic of some possibly relevant aspects influencing the phase of low-level and mid-
level clouds over the Arctic Ocean and the Southern Ocean. Sea spray (small green spheres) emitted from the
open ocean seems to influence low-level clouds by acting as INP. Sea ice prevents the release of sea spray aerosol
leading to more liquid clouds over sea ice. But also wind velocities are influencing sea spray release and avail-
ability. Mid-level clouds are more affected by transported aerosols like dust (small orange spheres). Over the
Arctic Ocean the mean annual distribution is rather smooth, while the distribution over the Southern Ocean shows
a strong meridional gradient, probably related to strong westerly winds preventing the pole-ward transport of dust
leading to more liquid clouds at high latitudes.
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8.2. Outlook

compared to open ocean. Furthermore, dynamical aspects like surface coupling could be investigated to

see if these changes are relevant for the cloud phase change over sea ice.

The use of satellite simulators such as COSP can reduce uncertainties in the comparison between satellite

observations and model output. This can also help to reduce uncertainties related to the lidar attenuation

and extinction, which may lead to an underestimation of the liquid fraction in observations.

Further research can also focus on the improvement of the presented machine learning model predicting

the liquid fraction by integrating dynamical aspects as input features. An example can be vertical veloc-

ities, stability indices, or the connection of the cloud profiles to large-scale dynamical weather regimes,

like front areas, post-front areas, or other areas of cyclones.

Further research is needed to quantify aerosols, which can act as INP on larger scales and understand

their underlying processes and requirements for their production, like biological components of marine

organics. Regionally different mineralogy of dust may also have an influence on their ability to nucleate

ice and the investigation of such regional differences can also be a topic of further research to improve

the knowledge about the global distribution of INPs and regional differences. If such an information on

the regional availability of INPs is available, extending the "only" temperature-dependent ice formation

with the information of INP availabilities over the Arctic Ocean and the Southern Ocean may improve

the phase representation of low-level and mid-level clouds in models.

Further laboratory experiments are also needed to improve the understanding of secondary ice production

from ice-ice collisions with dendrites, which is discussed as a reason for a decreased liquid fraction at

cloud top temperatures around −15 °C or −5 °C, which is not seen in simulations.

Besides the investigation of the cloud phase over the Southern Ocean and the Arctic Ocean, the presented

analyses can be extended to mid-latitudes or tropical regions to investigate the distribution of cloud phase

and also possible influences in other regions of the Earth. Nevertheless, uncertainties of the analysis

may be different compared to the ones presented in this thesis, as cloud characteristics differ between

the high latitude regions and low-latitude regions. A main difference are for example deep convective

systems with heavy rain frequencies in tropical regions, which may lead to radar attenuation. Therefore,

uncertainties would have to be examined when extending the presented analysis to lower latitudes.

The Earth Cloud Aerosol and Radiation Explorer (EarthCARE) satellite mission may provide further

possibilities to study cloud phase and improve understanding of cloud and aerosols. EarthCARE carries

4 instruments, namely the ATmospehric LIDar (ATLID), a Multi-Spectral Imager (MSI), a BroadBand

Radiometer (BBR), and a cloud profiling radar (CPR) including Doppler measurements. Two main differ-

ences between the radar and lidar instrument of EarthCARE and CloudSat and CALIOP are mentioned.

First the Doppler measurements of the radar which allows the observation of vertical velocities of cloud

particles, and second the high spectral resolution of the lidar with a shorter wavelength of 355 nm, which

allows the detection of optically thinner clouds compared to CALIOP (Wehr et al., 2023). The launch of

EarthCARE is planned for 2024 and the provided data may lay the foundation for a further improved the

understanding of clouds and their thermodynamic phase.
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A. Appendices

A.1. Appendix to Chap. 5

To provide an impression of the influence of the lidar extinction on the analysis of the liquid fraction,

Fig. A.1 and A.2 are shown. The difference between an analysis considering all cloud profiles (panel a)

and an analysis considering only cloud profiles, where the lidar is not fully extinguished (panel b) are

shown. If the lidar is not extinguished, an increased liquid fraction is observed. For one thing, this shows

that the lidar is more often extinguished in mixed-phase profiles and ice profiles containing ice particles,

leading to a higher averaged liquid fraction, if these profiles are not considered. The general structure of

the results don’t change, for example the presence of the local minima of the liquid fraction described in

Sec. 5.2.2, the higher liquid fractions in low-level and mid-level clouds, and the comparisons between

the liquid fractions over the Southern Ocean and the Arctic Ocean are shown.

Figure A.3 shows a histogram of the cloud top temperature for different cloud types, showing the high

number of observed cloud profiles during the two years 2007 and 2008 from satellite observations. This

also highlights the representativeness of the results for mid-level, low-level and mid-low-level clouds for

the whole mixed-phase temperature range, while high-mid-level, and high-mid-low-level clouds rarely

occur at cloud top temperatures higher than −15 °C and −10 °C. This is based on the required height for

the cloud classification and the occurring temperatures there.

A.1.1. Seasonal cycle of cloud type frequencies

Figure A.4 shows the seasonal cycle of the cloud type frequencies, similar to Fig. 5.2, but only for a

small latitude region from 60 °S to 62 °S, and from 60 °N to 62 °N to reduce the influence of the different

latitude boundaries of the used definitions for the Southern and the Arctic Ocean (40 °S and 60 °N).

It shows, that the stronger seasonal cycle of cloud type frequencies over the Arctic Ocean (compare

Sec. 5.1) is not only related to the different definition of the regions of the Southern Ocean and the Arctic

Ocean, but is probably also related to different conditions over the Southern Ocean, and the Arctic Ocean.

Figure A.5 shows the relative frequency of cloud types with respect to the total number of single-layer

clouds types, as well for the limited latitude range between 60 °S/N and 62 °S/N.

A.1.2. Cloud radiative effect over the Arctic and the Southern Ocean

In Sec. 5.3.3 the contribution of different cloud types to the cloud radiative effect over the Arctic and

the Southern Ocean is analyzed. To calculate the contribution, the cloud radiative effects over two years
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Figure A.1.: Comparison of the mean liquid fraction ( f ) for different cloud top temperatures (CTT) between an
analysis considering all profiles (see panel a), and an analysis considering only profiles in which the lidar signal
is not fully extinguished (see panel b). The liquid fraction is calculated for each vertical cloud column and then
averaged for each 1 °C bin of the CTT. The liquid fraction of each profiles is calculated as described in Sec. 4 and
Eq. 4.2. Reprinted from Dietel et al. (2023).
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Figure A.2.: Mean cloud top liquid fraction ( fCT) based on the phase of all cloud top pixels and cloud top tem-
perature (CTT) comparing the results considering all profiles (see panel a) and considering only profiles in which
the lidar signal is not fully extinguished (see panel b). The cloud top liquid fraction is calculated by Eq. 4.3.
Reprinted from Dietel et al. (2023).
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Figure A.3.: Histogram of the cloud top temperatures (CTT) for different cloud types considering all profiles (panel
a) and considering only profiles in which the lidar signal is not fully extinguished (panel b).
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Figure A.4.: Annual cycle of the frequency of different cloud type occurrences for the same latitudes in the Arctic
and the Southern Ocean, namely 60 °S/N to 62 °S/N.
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Figure A.5.: Annual cycle of the relative frequency of different single-layer cloud type occurrence with respect
to the total number of single-layer clouds for the same latitudes in the Arctic and the Southern Ocean, namely
60 °S/N to 62 °S/N.

were summed up and normalized by the number cloud profiles. The result is shown in shown in Table

A.1.

Table A.1.: Cloud radiative effect summed up over two years and normalized by the total number of observed cloud
profiles.

Shortwave Longwave Net

Arctic Ocean -39.1 Wm−2 18.7 Wm−2 -20.4 Wm−2

Southern Ocean -43.2 Wm−2 24.9 Wm−2 -18.3 Wm−2
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A.2. Appendix to Chap. 6

Figure A.6 shows the model performance with the mean absolute error as a function of all combinations

of the hyperparameters given by the grid in Tab. 4.4, sorted from the worst to the best fit. A better

performance for the training dataset compared to the test dataset is shown, which is expected. Although

the difference between the mean absolute error of the trainings dataset and the test dataset increases,

which is a sign of overfitting, the mean squared error of the test dataset still improves until the end.

Figure A.7 and A.8 show the model performance for the training dataset and the test dataset as a function

of three hyperparameters, for which several values are given in the grid (compare Tab. 4.4). The three

parameters are the maximal number of iterations of the boosting process, corresponding to the number

of trees, the learning rate, and the minimum number of samples per leaf. It can be seen, that the chosen

set corresponds to the best performance with the lowest mean absolute error.

Figure A.9 and Fig. A.10 show the distribution of the liquid fraction from the observations and the

distribution of the predicted liquid fractions with Fig. A.9 showing the results of the training dataset and

Fig. A.10 showing the results of the validation dataset.

Figure A.11, Fig. A.12, and Fig. A.13 show the mean absolute error (MAE) as a function of a feature

value and the corresponding histograms of the feature values. Figure A.11 shows the MAE as function

of the sea ice concentration, Fig. A.12 shows the MAE as a function of the dust mixing ratio, and Fig.

A.13 shows the MAE as function of the sea salt mixing ratio.
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Figure A.6.: Mean absolute error (MAE) of the liquid fraction during the grid search over different combinations
of hyperparameters sorted from the worst fit to the best fit.
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Figure A.7.: Mean absolute error (MAE, shown as the color) as a function of the maximal iterations (x-axis), the
learning rate (y-axis), and the minimum number of samples per leaf (marker type) for the training dataset. The
red markers shows the combinations, which is chosen in the end by the automatic grid search.
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Figure A.8.: Same as in Fig. A.7 but for the test dataset of the cross validation.
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Figure A.9.: Histogram of the predicted liquid fraction and the observed liquid fraction from the training dataset.
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Figure A.10.: Histogram of the predicted liquid fraction and the observed liquid fraction from the validation dataset.
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Figure A.11.: Histogram of the sea ice concentration (SIC) in gray (corresponding to the right y-axis). The lines
show the mean absolute error (MAE) as a function of the SIC (corresponding to the left y-axis). Line type
correspond to the training dataset and the validation dataset as shown in the legend.

115



101

103

105

#

101

103

105

#

101

103

105

#

101

103

105

#

101

103

105

#

101

103

105
#

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.0

0.1

0.2

M
AE

(a) SO Mid-level

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.05

0.10

0.15

0.20

M
AE

(b) AO Mid-level

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.025

0.050

0.075

0.100

M
AE

(c) SO Mid-low-level

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.04

0.06

0.08

M
AE

(d) AO Mid-low-level

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.1

0.2

M
AE

(e) SO Low-level

10 18 10 15 10 12 10 9 10 6

MRDust in kg/kg

0.1

0.2

M
AE

(f) AO Low-level

MAE (Training) MAE (Validation) Histogram

Figure A.12.: Histogram of the dust mixing ratio (MRDust) in gray (corresponding to the right y-axis). The lines
show the mean absolute error (MAE) as a function of dust mixing ratio (corresponding to the left y-axis). Line
type correspond to the training dataset and the validation dataset as shown in the legend.
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Figure A.13.: Histogram of the sea salt mixing ratio (MRSeasalt) in gray (corresponding to the right y-axis). The
lines show the mean absolute error (MAE) as a function of sea salt mixing ratio (corresponding to the left y-axis).
Line type correspond to the training dataset and the validation dataset as shown in the legend.
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Figure A.14.: Map of the averaged dust mixing ratio (MRDust) with different range of the color bar. The dust
mixing ratio is based on CAMS reanalysis and averaged over the heights where a cloud has been observed from
satellite observations. The upper row (panel (a), (b), and (c)) shows the Arctic Ocean, while the lower row (panel
(d), (e), and (f)) shows the Southern Ocean. The figure is the same as Fig. 6.6, but with a different color bar range,
namely the same as in Fig. A.17 to compare the mixing ratios between the different aerosol types.

Figure A.15.: Map of the averaged sea salt mixing ratio (MRSea salt) with different range of the color bar. The sea
salt mixing ratio is based on CAMS reanalysis and averaged over the heights where a cloud has been observed
from satellite observations. The upper row (panel (a), (b), and (c)) shows the Arctic Ocean, while the lower row
(panel (d), (e), and (f)) shows the Southern Ocean. The figure is the same as Fig. 6.9, but with a different color
bar range, namely the same as in Fig. A.14f to compare the mixing ratios between the different aerosol types.
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Figure A.16.: Map of the averaged cloud top temperature (CTT) of the different cloud types over the Arctic Ocean
and the Southern Ocean.

Figure A.17.: Map of the SHAP value for the cloud top temperature (S HAP value for CTT ). The upper row (panel
(a), (b), and (c)) shows the Arctic Ocean, while the lower row (panel (d), (e), and (f)) shows the Southern Ocean.
Red colors represent positive SHAP values, showing an enhancement of the predicted liquid fraction due to the
cloud top temperature, while blue colors show a reduction of the predicted liquid fraction due to the cloud top
temperature leading to an increased ice formation.

119



A.3. Appendix to the Chap. 7
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Figure A.18.: Comparison of the cloud type frequencies in the DYAMOND Summer dataset including the 00:00:00
output time step in panel (a) and (c), and excluding the 00:00:00 output time step in the panel (b) and (c).
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Figure A.22.: Histograms of the total number of cloud type profiles as function of cloud top temperature. The
left hand side (panel a, b, e, f) compares DARDAR observations from the 10 August to 10 September of 2007
and 2008 to the ICON-2.5km DYAMOND summer simulation of 10 August to 10 September 2016. The right
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a value of 100, which is used as a minimum number of profiles per bin for further calculation (e.g. in Fig. 7.5).
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