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Abstract

One of the largest uncertainties in numerical weather prediction and climate models is the representation
of mixed-phase clouds. In mixed-phase clouds, hydrometeors consisting of ice and supercooled liquid
water (i.e., water below 0°C) can coexist. In the mixed-phase temperature range (from —40°C to 0°C),
ice-nucleating particles (INPs, e.g., mineral dusts, biological aerosol particles) are required for glaciation
to be possible. The partitioning into liquid and ice depends not only on the INPs, but also, for example,
on cloud dynamics and ice multiplication processes, which in turn influence the lifetime and precipitation
type of these clouds and the Earth-atmosphere energy balance at local and global scales. In this thesis,
the ice and liquid partitioning in mixed-phase clouds is analysed: first, using and comparing 4 years of
collocated and non-collocated observations from both active and passive satellite sensors; then, using and
comparing observations from passive satellite sensors, global climate models and global storm-resolving
models; finally, to tune global climate models for a more realistic representation of mixed-phase clouds.
The thermodynamic phase partitioning of clouds, here represented by the supercooled liquid fraction
(SLF), is analysed for different cloud types between 60° North and South, and also stratified by latitude
and continental and maritime regions. Further investigations based on the geographical distribution of
mixed-phase clouds and the liquid effective radius (r;,) have been carried out to better understand the
macro- and microphysical processes in mixed-phase clouds. Despite a phase and temperature mismatch
between passive and active satellite retrievals, the datasets qualitatively agree on hemispheric, land-
ocean and cloud-type dependencies, e.g., showing larger SLF in the Southern Hemisphere (SH) than
in the Northern Hemisphere (NH), probably due to more INPs in the NH than in the SH, except for
low-level continental mixed-phase clouds, which show the opposite result. Furthermore, the agreements
found in this comparison highlight the potential of passive satellite retrievals to contribute to cloud-
phase research. Comparing passive satellite retrievals, global climate models and global storm-resolving
models, despite disagreements on the amount of mixed-phase clouds, the datasets mostly agree on their
geographical location, mainly in mid-latitudes. All datasets show that SLF decreases with cloud top
temperature, but models often fail to reproduce the hemispheric, land-ocean and cloud type dependencies
of the observations: only one (out of two) of the observational and two (out of four) of the model datasets
reproduce the previous result of greater SLF in the SH than in the NH, with the exception of low-level
continental mixed-phase clouds. The observational datasets show that low-level mixed-phase clouds
have larger 77, over the ocean than over land, which can be related to the Twomey effect, but also that
large values of 7;;, are found in mountainous regions, which are dominant between 30° and 60° South.

Orographic updrafts may explain both the presence of larger 7;;, in low-level continental mixed-phase



clouds between 30° and 60° South and the lower SLF found for these clouds compared to the other
regions. In addition, observations show an increase in 7, with decreasing SLF, possibly due to the
collision of droplets and their subsequent aggregation into larger droplets as they ascend in the cloud.
Some cloud types show a decrease in the SLF-7;;, bin frequency with decreasing SLF, which may be
caused by droplet glaciation due to collision with other droplets or with ice crystals in the mixed phase
temperature range. Using SLF calculated from observations at the top of and inside mixed-phase clouds
as a reference, global climate models were tuned by modifying the efficiency of the Wegener-Bergeron-
Findeisen process, the INPs concentration, and the glaciation temperature of cloud particles detrained
from convective updrafts. After model tuning, the simulated SLF at the top and in the inside mixed-

phase clouds were in good agreement with the observations.



Zusammenfassung

Eine der grofiten Unsicherheiten in numerischen Wettervorhersagen und Klimamodellen ist die Darstel-
lung von Mischphasenwolken. In Mischphasenwolken kénnen Hydrometeore, die aus Eis und unterkiihl-
tem fliissigen Wasser (d. h. Wasser unter 0°C) bestehen, koexistieren. Im Mischphasentemperaturbereich
(von —40°C bis 0°C) sind eisbildende Partikel (engl. ice nucleating particles, INPs, z. B. Mineralstdube,
biologische Aerosolpartikel) notwendig, damit eine Vereisung moglich ist. Die Aufteilung in Fliissig-
keit und Eis hdngt nicht nur von den INPs ab, sondern zum Beispiel auch von der Wolkendynamik
und den Eisvermehrungsprozessen, die wiederum die Lebensdauer und Niederschlagsart dieser Wolken
und die Energiebilanz zwischen Erde und Atmosphire auf lokaler und globaler Ebene beeinflussen. In
dieser Arbeit wird die Eis- und Fliissigkeitsverteilung in Mischphasenwolken analysiert: zundchst im
Vergleich unter Verwendung von 4 Jahren kollokierter und nicht kollokierter Beobachtungen von akti-
ven und passiven Satellitensensoren; dann im Vergleich unter Verwendung von Beobachtungen passiver
Satellitensensoren, globaler Klimamodelle und globaler sturmauflosender Modelle; schlieBlich zur An-
passung globaler Klimamodelle fiir eine realistischere Darstellung von Mischphasenwolken. Die ther-
modynamische Phasenaufteilung von Wolken, hier dargestellt durch den Anteil der unterkiihlten Fliis-
sigkeit (engl. supercooled liquid fraction, SLF), wird fiir verschiedene Wolkentypen zwischen 60° Nord
und Siid analysiert und auch nach Breitengrad sowie kontinentalen und maritimen Regionen unterteilt.
Weitere Untersuchungen auf der Grundlage der geografischen Verteilung von Mischphasenwolken und
des effektiven Radius von Wolkentropfchen (eng. liquid effective radius, ry,) wurden durchgefiihrt,
um die makro- und mikrophysikalischen Prozesse in Mischphasenwolken besser zu verstehen. Trotz ei-
nes Phasen- und Temperaturunterschiedes zwischen passiven und aktiven Satellitenretrievals stimmen
die Datensétze qualitativ in Bezug auf hemisphérische, Land-Ozean- und Wolkentypen-Abhingigkeiten
iberein, z. B. zeigen sie einen groBeren SLF in der SH als in der NH, was wahrscheinlich auf mehr
INPs in der Nordhalbkugel (engl. Northern Hemisphere, NH) als in der Siidhalbkugel (eng. Southern
Hemisphere, SH) zuriickzufiihren ist, mit Ausnahme von kontinentalen Mischphasenwolken in niedri-
ger Hohe, die das gegenteilige Ergebnis zeigen. Dariiber hinaus unterstreichen die in diesem Vergleich
gefundenen Ubereinstimmungen das Potenzial passiver Satellitenmessungen, einen Beitrag zur Erfor-
schung der Wolkenphasen zu leisten. Beim Vergleich passiver Satellitenmessungen, globaler Klimamo-
delle und globaler sturmauflosender Modelle stimmen die Datensitze trotz Unstimmigkeiten iiber den
Anteil der Mischphasenwolken groBtenteils iiber ihre geografische Lage iiberein, hauptsédchlich in den
mittleren Breiten. Alle Datensitze zeigen, dass die SLF mit der Temperatur der Wolkenobergrenze ab-

nimmt, aber die Modelle konnen die hemisphérischen, Land-Ozean- und Wolkenarten-Abhéngigkeiten



der Beobachtungen oft nicht reproduzieren: nur einer (von zwei) der Beobachtungsdatensétze und zwei
(von vier) der Modelldatensitze reproduzieren das vorherige Ergebnis einer groleren SLF in der SH
als in der NH, mit Ausnahme der kontinentalen Mischphasenwolken in niedriger Hohe. Die Beobach-
tungsdatensitze zeigen, dass tiefliegende Mischphasenwolken iiber dem Ozean groBere 7, aufweisen als
iiber dem Land, was mit dem Twomey-Effekt zusammenhéngen kann, aber auch, dass gro3e Werte von
7liq in Gebirgsregionen zu finden sind, die zwischen 30° und 60° Siid dominieren. Orographische Auf-
winde konnen sowohl das Vorhandensein groBerer 7/, in kontinentalen Mischphasenwolken in niedriger
Hohe zwischen 30° und 60° Siid als auch die fiir diese Wolken im Vergleich zu den anderen Regio-
nen festgestellte niedrigere SLF erkldren. Dariiber hinaus zeigen die Beobachtungen einen Anstieg von
7]ig mit abnehmender SLF, was mdoglicherweise auf die Kollision von Tropfchen und ihre anschlieBende
Aggregation zu grofleren Tropfchen beim Aufstieg in der Wolke zuriickzufiihren ist. Bei einigen Wol-
kentypen nimmt die Haufigkeit der SLF-7;;,-Bins mit abnehmendem SLF ab, was durch Tropfchenverei-
sung aufgrund von Kollisionen mit anderen Tropfchen oder mit Eiskristallen im Temperaturbereich der
Mischphase verursacht werden kann. Anhand der aus Beobachtungen berechneten SLF an der Oberseite
und im Inneren von Mischphasenwolken wurden globale Klimamodelle angepasst, indem die Effizienz
des Wegener-Bergeron-Findeisen-Prozesses, die INPs-Konzentration und die Vereisungstemperatur von
Wolkenpartikeln, die von konvektiven Aufwinden abgezogen werden, verdndert wurden. Nach der Mo-
dellabstimmung stimmten die simulierten SLF an der Oberseite und im Inneren der Mischphasenwolken

gut mit den Beobachtungen iiberein.
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1. Introduction

Since ancient times, human beings have shown interest in meteorology: in some of the oldest references,
such as the Indian philosophical writings Upanishads (e.g., Sivananda, 1985, Krishnananda, 1984) dating
back to 3000 B.C., discussions about the formation of clouds and rain and the existence of seasonal cycles
as a result of the Earth’s rotation and revolution are included. This is a clear indication that the weather
influenced life, just as it does today: agriculture, disease, social life and, more generally, all natural
ecosystems were and are strictly dependent on the weather.

Over time, meteorology has been subject to continuous improvement. In particular, over the last century,
scientists have been able to represent the climate system through global models, progressing from simple
and uncoupled models which simulated the atmosphere, the land surface, the ocean, and the sea ice,
to more complex systems where aerosols, the carbon cycle, the dynamic of vegetation, the atmospheric
chemistry, and the land ice have also been coupled to the previous systems (Cubasch et al., 2013). Despite
these advances, the modelled radiative forcing (i.e., the difference between the incoming and outgoing
radiation from the Earth) still contains many uncertainties related to aerosols and their influence on clouds
(Myhre et al., 2013; Boucher, 2013). Aerosols can affect the Earth’s radiation budget through several
processes: for example, by acting as cloud condensation nuclei or ice nucleating particles, aerosols can
affect the cloud phase and its distribution within clouds, they can influence the way radiation is scattered,
and they can affect the number and size of droplets in clouds.

Some clouds are composed exclusively of liquid droplets: they are called warm clouds and their tempera-
ture is above 0°C; some clouds can contain ice crystals: they are called cold clouds and their temperature
is below 0°C. There is a category of clouds belonging to the cold clouds in which both liquid and ice
phases can coexist: the mixed-phase clouds, where the presence of both thermodynamic phases can occur
for temperatures between about —38°C and 0°C (Pruppacher and Klett, 1997). The different scenarios in
which the coexistence of liquid droplets and ice crystals can develop have been summarised by Korolev
(2007): Depending on the updraft and downdraft velocity of the liquid and ice cloud particles, (1) both
could grow as long as water vapour is available (Korolev and Mazin, 2003), (2) the ice crystals could
grow at the expense of the liquid droplets through the Wegener-Bergeron-Findeisen (WBF; Wegener,
1926; Bergeron, 1928; Findeisen, 1931) process, or (3) they could both evaporate (Korolev and Mazin,
2003) (Chapter 2).

Datasets derived from active and passive satellite sensors and from global climate models (GCMs) and
global storm-resolving models are used in this thesis to explore the different scenarios of mixed-phase

clouds (Chapter 3).



1. Introduction

Several studies have shown that mixed-phase clouds occur regardless of season, can be found in different
locations, and can be associated with different cloud types (Korolev et al., 2017). Observations of mixed-
phase clouds include active (e.g., Zhang et al., 2010; Tan et al., 2014; Cesana and Storelvmo, 2017) and
passive satellite (e.g, Coopman et al., 2019; Noh et al., 2019; Tan and Storelvmo, 2019), airborne in
situ (e.g., Korolev, 2008; Costa et al., 2017; Barrett et al., 2020), ground-based (e.g., Henneberger et al.,
2013; Yu et al., 2014; Gierens et al., 2020) and airborne remote sensing measurements (e.g., Wang et al.,
2012; Plummer et al., 2014).

In particular, in Tan et al. (2014), mixed-phase clouds were statistically investigated in terms of the su-
percooled cloud fraction (SLF), defined as the ratio of the frequency of supercooled liquid pixels to the
total frequency of supercooled liquid and ice pixels in the cloud within 2° latitude by 5° longitude grid-
boxes, at several isotherms between -10°C and -30°C, distinguishing cases in the Northern Hemisphere
(NH) and Southern Hemisphere (SH), as well as cases over ocean and over land. The study included
about five years of data from NASA’s spaceborne lidar, CALIOP (Cloud-Aerosol Lidar with Orthogonal
Polarization) Level 2 Vertical Feature Mask (VFEM) versions 3.01 and 3.02, and determined the relation-
ship between the cloud phase and several aerosol types. They found that dust aerosols might strongly
influence the supercooled cloud fraction by acting as ice nucleating particles (INPs), illustrating how im-
portant the atmospheric aerosol composition can be for the cloud phase. In addition, a larger supercooled
cloud fraction was found in the SH than in the NH, which may be caused by the presence of more land
in the NH, where efficient INPs originate. This result may also explain why a larger supercooled cloud
fraction was found over the ocean than over land.

In the first part of the present work, a statistical approach as in Tan et al. (2014) is used to quantify the
phase distribution of mixed-phase clouds using SLF at cloud top on isotherms. In addition, the SLF
distribution is analysed on a near-global scale between 60° North and South and stratified by latitude and
continental/maritime regions. The International Satellite Cloud Climatology Project (ISCCP) cloud clas-
sification (Rossow and Schiffer, 1999) is used to distinguish different cloud types according to their cloud
optical thickness and cloud top pressure in nine categories: cirrus, cirrostratus, deep convective, altocu-
mulus, altostratus, nimbostratus, cumulus, stratocumulus, and stratus. This study includes collocated and
non-collocated data from passive (Advanced Very High Resolution Radiometer — AVHRR) and active
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation — CALIPSO) polar-orbiting satel-
lite sensors, with the intention of identifying robust signals despite differences, facilitating the potential
identification of common features based on different sources and algorithms. As passive sensors offer
the advantage of long-period records with near-global daily coverage, three AVHRR-based datasets are
compared with the CALIPSO-based dataset. This part of the work is presented as a validation study and
is described in Chapter 4.

As mixed-phase clouds are not yet fully understood, and consequently weather and climate models have
difficulty representing them (Forbes and Ahlgrimm, 2014; Cesana et al., 2015; McCoy et al., 2016), a

comparison between observational and model datasets would provide an opportunity to identify which



aspects are well simulated by models and which need improvement. In Cesana et al. (2015), 16 general
circulation models were used to characterise and evaluate the vertical partitioning of the cloud phase and
compared with observations from the GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP).
They show that the global frequency of occurrence of the phase ratio (PR), defined as the ratio of ice
clouds to total clouds (ice + liquid), reaches 90% for 13 out of 16 models at temperatures too warm and
altitudes too low compared to the observations, probably related to the scarcity of supercooled liquid
water compared to ice at high altitudes. They also show how important it is for the models to include
the WBF process to reproduce the observations, and that models with more complex microphysics fit the
observations better. The dataset comparison includes 2D histograms plotting the frequency of occurrence
of PR against temperature.

In the second part of the present work, observations and models are compared using a similar approach
to Cesana et al. (2015). In particular, 2D histograms plotting the frequency of occurrence of SLF at
the cloud top against the cloud top temperature (SLF-CTT joint histograms) are used to compare the
liquid-to-ice phase transition of passive satellite sensors (AVHRR and Moderate Resolution Imaging
Spectroradiometer — MODIS), GCMs and global storm-resolving models. With the aim of finding out
how the physics behind cloud formation and the environment in which clouds develop are related to the
thermodynamic phase, this part of the work includes the geographical distribution of all clouds as well
as of mixed-phase clouds. As the second part of this thesis includes further investigations related to
the first part (Chapter 4), the ISCCP cloud classification (Rossow and Schiffer, 1999) is also used here
to distinguish nine cloud types and, in addition, the SLF-CTT histograms are normalised to isotherms
(CFAD (Contoured frequency by altitude diagram)-like histograms) for better comparison with the SLF
on isotherms used in the first part of this thesis. This part of the work is described in Chapter 5.

The thermodynamic phase in clouds can depend on several factors: e.g., temperature, pressure, cloud
dynamics (e.g., strength of updrafts and downdrafts, entrainment/detrainment), type and number con-
centration of ice nucleating particles, cloud microphysics (e.g., supersaturation, type of nucleation, size,
shape, growth, evaporation, and fall velocity of liquid droplets and ice crystals), electricity in cloud,
and orography. Cloud top information provided by satellites is limited to only a few of these factors.
However, the size of liquid droplets and ice crystals is often provided and can be linked to micro- and
macrophysical cloud properties. Previous observational studies include variations of cloud effective ra-
dius with the cloud (top) height (Qin et al., 2018; Ewald et al., 2019; Fu et al., 2022; Portge et al., 2023),
the cloud (top) temperature (Yuan and Li, 2010; Martins et al., 2011; Coopman et al., 2020, 2021),
the cloud water path (Jia et al., 2019; Liu et al., 2022), the cloud (top) phase (Coopman et al., 2021),
aerosol-related properties (Jia et al., 2019; Liu et al., 2022), and the rain rate (Qin et al., 2018).

The third part of this work extends the investigations of the previous parts to the liquid cloud effective
radius (7;;,) for different cloud types using, for the first time, joint SLF-7;; histograms. These histograms
allow the identification of possible microphysical cloud processes such as the WBF process and the

simultaneous growth (or evaporation) of liquid droplets and ice crystals, while also providing the size-
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frequency distribution of 7;,. By combining the information provided by the cloud and 7;;; geographical
distributions with SLF-7;;;, SLF-CTT and CFAD-like histograms, possible interpretations of the cloud
dynamics can be hypothesized. This part of the work is described in Chapter 6.

Because measurements in the polar regions are unreliable due to the presence of sea ice (King et al.,
2004) and the high solar zenith angle (Grosvenor and Wood, 2014), the studies described so far in this
thesis are limited to latitudes up to 60°. However, an analysis based on an annual cycle of cloud and
radiation measurements from the Surface Heat Budget of the Arctic (SHEBA) program in the Beaufort
and Chukchi Seas during 1997-98 in Shupe and Intrieri (2004) shows that satellite measurements of the
cloud phase can be used to study the Arctic surface energy budget and the importance for models to
reproduce well the cloud phase in order to simulate it realistically.

The fourth part of this work focuses on both the Arctic region (from 66° to 82° N) and the whole globe
(up to 82°, i.e., the highest latitude passed by CALIPSO) and is described in Chapter 7. In this chapter,
observations derived from the active satellite sensor CALIPSO are not only compared with GCMs, but
also used to improve the GCMs by tuning them. This part of the work has been done by colleagues at
the University of Oslo. Model tuning is a fundamental component of model improvement in the way
GCMs represent the climate. Improving models is directly related to improving the representation of
the physical processes built into them (Jakob, 2010), and some parameters may be more appropriate
than others for tuning models (Mauritsen et al., 2012). For the first time, GCMs are tuned not only
with information about cloud phase distribution inside the clouds, but also at the top of the clouds. This
chapter is the result of my collaboration with the University of Oslo.

The work presented in this thesis aims to provide answers to the following questions:

1. Do mixed-phase clouds exhibit regional dependencies? And if they do, are the regional depen-
dencies cloud-type-dependent? Can the passive satellite sensor AVHRR contribute to cloud-phase

research? (Chapter 4)

2. How well do global climate and global storm-resolving models represent the amount, the geo-
graphical distribution, and the phase partitioning in mixed-phase clouds globally and regionally?
(Chapter 5)

3. How well do global climate and global storm-resolving models represent the microphysics in-

volved in mixed-phase clouds? (Chapter 6)

4. What can be done to improve models with respect to the simulation of mixed-phase clouds? (Chap-

ter 7)

Background information on cloud macro- and microphysics, cloud optical properties, and remote sensing
of clouds is provided in Chapter 2, while a description of the datasets and the methods used throughout

the thesis is presented in Chapter 3. As Chapter 7 contains results obtained in collaboration with other



researchers, specifics about model setups and the methods are reported in that chapter. Finally, chapter 8

contains a summary of the findings presented in this thesis, conclusions, and the outlook.
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2. Clouds and remote sensing

Around 67% of the Earth is estimated to be covered by clouds (King et al., 2013). Most of them are
found in the troposphere, i.e., the atmospheric layer closest to the Earth’s surface, which extends to
about 12 km altitude (~17 km in the tropics and ~8 km in the polar regions (Garcia, 2003)). The
top of the troposphere, called the tropopause, is defined as the height at which the temperature reaches
its minimum before remaining constant in the vertical in the stratosphere and increasing again until a
maximum in temperature defines the top of the stratosphere, i.e., the stratopause. Other atmospheric
layers follow vertically upwards. However, only the lowest part of the troposphere, which extends to
about 1-3 km and is called the planetary boundary layer (PBL), is affected by the transfer of heat and
momentum from the Earth’s surface.

Clouds are not only found at different heights, depending on the processes they undergo, but also with
different horizontal extents. For this reason, three scales can be defined to distinguish phenomena that
extend beyond ~2000 km (synoptic scale), phenomena ranging between 20 and 2000 km (mesoscale),
and phenomena between 0.2 and 20 km (convective scale).

Depending on their shape and their horizontal and vertical extent, clouds can be organised into cate-
gories, each of which has been assigned a name. This cloud classification was originally developed by
Luke Howard (Howard, 1803a,b,c) and is today used in modified form by the World Meteorological
Organization. The different cloud types are illustrated in Fig. 2.1.

The contents of this chapter are taken from Lamb and Verlinde (2011) and Houze (2014) unless otherwise
stated.

2.1. Cloud types

2.1.1. Low-level clouds

All the low-level clouds (cumulus, stratocumulus, stratus, and fog - not shown in Fig. 2.1) either occur
within the PBL or have a strong interaction with it. They are considered "low" because their base is usu-
ally below 2 km. They can be sorted into cumuliform clouds (cumulus and cumulonimbus), which have
strong updrafts and therefore a towering aspect, and stratiform clouds (fog, stratus, and stratocumulus),
which are mostly horizontally extended and have little or no vertical motion.

Cumuliform clouds can be divided into precipitating and non-precipitating. Cumulus clouds are non-
precipitating clouds with a horizontal and a vertical extent of at most one kilometre when they are isolated

systems. Their shape resembles a cauliflower with well-defined edges. The temperature at the cloud base
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Figure 2.1.: Cloud-type classification in levels and genera. This illustration has been created for Coton, the cloud
identification guide for mobile, by Valentin de Bruyn, and is licensed under CC BY-SA 3.0

can be warmer than 5-10°C, depending on region and season, while at the cloud top, it can reach —15°C
in winter time (Rangno, 2003). However, if they continue to grow by convection, so-called cumulus
congestus can form and their vertical extent can reach several kilometres. As cumulus congestus clouds
grow, they can become cumulonimbus clouds, i.e. precipitating clouds with the shape of a high tower.
In a mature phase, the upper part of a cumulonimbus is no longer characterised by well-defined edges
due to the presence of ice, and is often shaped like an anvil or a wide plume. As these clouds can extend
to the tropopause and the updrafts normally cannot penetrate the stable stratosphere, their tops appear
flattened. The temperature of cumulonimbus clouds ranges from about 10°C at the base to about —65°C
at the top, when the mature stage has been reached.

In stratiform clouds, the vertical motions are weaker than in cumuliform clouds. Fog occurs when the
air at ground level meets certain conditions and forms clouds that touch the ground. Depending on the
processes involved, this phenomenon is termed steam fog, radiation fog or advection fog. Stratus and
stratocumulus clouds extend no more than 1 km vertically and can reach about 1000 km horizontally.
Although they usually consist of liquid droplets, their temperature can drop to about —10°C or lower
and ice can form (Rangno, 2015). Because of their horizontal extent, their complete observation from
the ground is difficult, if not impossible, and satellites are the most reliable way to observe their large-
scale features. Both of them rarely produce precipitation except drizzle. Stratocumulus clouds can be
distinguished from stratus clouds by the presence of recognisable elements, such as a cell structure or
long lines called cloud streets. It is common to find a unique cloud system made of both stratus and

stratocumulus clouds.
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2.2. Cloud microphysics

2.1.2. Mid-level clouds

Mid-level clouds are characterised by a cloud base above 2 km and include only altostratus and altocu-
mulus clouds. Alfostratus clouds appear as a uniform layer of clouds with some inhomogeneities and
transparent areas that allow solar radiation to pass through. At Aspendale, Australia, temperatures of
these clouds have been observed to range from about —20°C to about —6°C in August (Platt, 1977).
They are distinguished from stratus clouds by their higher base height and more often by the presence of
liquid droplets and ice crystals. The precipitation produced by these clouds does not reach the ground.
The deepening and thickening of altostratus clouds can form nimbostratus clouds, which have large
extent not only in the horizontal but also in the vertical, potentially reaching the highest level of the
troposphere as cumulonimbus clouds do. In terms of precipitation, unlike stratus, stratocumulus, and al-
tostratus clouds, nimbostratus clouds produce significant and extensive precipitation, limiting horizontal
visibility. In altocumulus clouds it is possible to distinguish elements. They have been observed between
January and February in Capo Verde, Africa, at temperatures between —36°C and —5°C (Ansmann et al.,
2009). Sometimes they can be similar to stratocumulus clouds and sometimes to small cumulus clouds,

but with a higher base. Another form of altocumulus is represented by long rolls.

2.1.3. High-level clouds

High-level clouds include three genera of cirriform clouds and are found in the temperature range be-
tween —20°C and —85°C. They consist almost completely of ice particles which evaporate slowly due to
the sufficiently low saturation vapour pressure of ice. At these altitudes, the winds are strong and advect
the particles far from the location where clouds formed, giving cirriform clouds their typical filamentous
shape. Cirrus appear as isolated patches or narrow bands. Cirrostratus are veil-like layers that can cover

part or all of the sky. Cirrocumulus is composed of small and regularly distributed elements.

2.2. Cloud microphysics

The formation of clouds involves a phase change from vapour to liquid or ice, and therefore the need to

overcome an energy barrier before the system reaches a new equilibrium.

2.2.1. Processes in warm clouds

To form, clouds need a supersaturated environment. If the moist air reaches supersaturation (saturation
ratio greater than 100%) with respect to liquid water, the water vapour will condense in small liquid
droplets forming clouds. Theoretically, this process can take place in the absence of aerosols and ions
(homogeneous nucleation) or with them (heterogeneous nucleation). However, homogeneous nucleation

of liquid droplets is an unrealistic process because the supersaturation would have to reach several hun-
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dred per cent. For this reason, cloud nucleation in nature is exclusively heterogeneous, exploiting the

presence of so-called cloud condensation nuclei (CCNS).

2.2.1.1. Heterogeneous nucleation of liquid droplets

The presence of CCNs leads to a decrease of embryos radii, i.e., the equilibrium state between the droplet
and the vapour can be reached under realistic conditions depending on the temperature and the cooling
rate of the moist air, the size distribution, the concentration, and the nature of the particles (Mason 1957).
To nucleate, the water embryos with radius r require energy. This energy is expressed by the Gibbs free

energy AE:

4
AE:4nﬂo—3nﬁM@”n<e>, Q.1

€s
where o is the surface tension of water, n is the number of water molecules in the embryo per unit volume,
kg is Boltzmann’s constant, T is the temperature, e is the vapour pressure, and e is the saturation vapour
pressure of air at the same temperature. The stability of the formed embryo is reached at a critical radius

ry, which can be obtained from the eq. 2.1 under the condition d(AE)/dr = 0:

20

" nkgTin(S)’ 22)

rq

with saturation ratio S = f

2.2.1.2. CCN activation

Increasing the ambient humidity, nucleated embryos grow and can be activated as CCN if a critical
radius r, is reached. The relationship between the ambient saturation ratio S and the embryo’s radius r,

is described by the Kohler equation:

S—1l~=———= (2.3)

where the term % (Kelvin term) takes into account the curvature of the droplet surface and the term r%

(Raoult term) depends on the chemical composition of the solute. The graphical dependence of S on r ids
shown in Fig. 2.2.

An increase in S due to the addition of water vapour in the environment or by cooling causes the particle
to grow until S reaches a critical value S, and the particle size reaches a critical radius r. (eq. 2.4). From

that point on, the particle can grow without the need to further increase S.

re=1/ = 2.4)

10
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Figure 2.2.: Kohler curve for ammonium bisulphate ((NH4)HSO4) with dry radius of 0.02 um, acting as CCN, with
the contributions from Kelvin and Raoult terms.

2.2.1.3. Growth of liquid droplets

The droplets can grow by deposition or collision and coalescence.

Growth by deposition, called condensational growth, occurs when the supersaturation of the environment
in which the droplet has formed exceeds S(r) (Fig. 2.2). If the supersaturation of the environment is less
than S(r), the reverse process, evaporation, occurs. The condensational growth of a liquid droplet in

terms of variation in time ¢ of its mass m is expressed by the following equation:

d
= = 4arDp,() ()], 25

where D is the diffusion coefficient, p, is the water vapour density, given here for a droplet at an infinite
distance (representing the environment) and at the surface of the droplet with radius r. During its growth,

the droplet releases latent heat. In the case of a saturated environment, the Clausius-Clapeiron equation

is used:

1 deg L
el 2.
e, dT R, T’ (2.6)

where L is the latent heat and R, is the gas constant of water vapour for a unit mass. After some calcula-

tions, the growth rate of a droplet in relation to the radius r is obtained:

dr 1 .85-1

- -5 - 2.7
dr rFk—i—Fd’ 2.7
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where Fj, is associated with heat conduction and Fj is associated with water vapour diffusion. From this
equation it can be seen that condensational growth is faster for smaller droplets and slower for larger
droplets.

The term collision indicates contact between droplets. Causes of collision include aerodynamic pro-
cesses, gravitational processes (droplet sedimentation), and electrical forces. Considering a water droplet
in a flow, smaller and slower-moving droplets will follow the streamlines around it, while larger droplets
with more inertia will be more likely to collide. The collision efficiency E(ry,r;) depends on the dimen-
sion of both the collected (assumed to be the smaller, with radius ry) and the colliding (assumed to be the

larger, with radius rz) droplets:

)C2

(rp+rg)?’

where x is the critical distance between the centres of the drops required for the collision to occur.

E(rp,rs) = 2.8)

Once two or more droplets collide, three possible scenarios follow: the droplets rebound due to surface
tension; the droplets break into several smaller droplets; coalescence takes place due to the merging of
two or more droplets into a larger one. In this case, if coalescence occurs with several smaller droplets,
continuous collection can be considered and the mass of the larger droplet will change over time accord-

ing to the equation:

dm

Pl 7t(rL+rs)2EC(rL,rs) [up — ug) o, (2.9)
where u;, and u; are the velocities of the larger and the smaller droplets, respectively, E.(rp,rs) =
€E(rp,rs) is the collection efficiency, € is the coalescence efficiency, r; becomes the mean radius of

the small collected droplets, and @y, is the collectable liquid water concentration, assuming the cloud

droplet population as a continuum:

4 o
o, = gﬂpz/ r’n(r)dr, (2.10)

Vmin
with p; the density of water and r,;;, >~ 5 um as the minimum size for collection. After calculations, the

increase in radius with time can be derived:

dl"L o MLECLWC

o TP @2.11)

where LWC is the liquid water content of the considered volume. In contrast to condensational growth,

which was faster for smaller droplets, the collection of droplets is faster for larger droplets as u; o< ry.

2.2.2. Processes in cold clouds

If the moist air is saturated with respect to ice and below 0°C, ice particles can form in clouds. This has

several consequences for that system (Mason, 1957):

12
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- ice particles grow at the expense of liquid droplets, modifying the thermodynamic balance of the

cloud and enhancing the precipitation generation efficiency;
- the cloud buoyancy and its turbulent motions are increased by the additional latent heat release;

- for equivalent particles size and concentration, shortwave radiation scattering and longwave radi-

ation emission are less efficient in ice particles than in liquid drops;

- because of the shape heterogeneity of ice particles, different particles can show different physical

characteristics;
- ice particles change the electrification of clouds;

- ice particles can reach much larger sizes than liquid drops because of their more stable structure,
and consequently be more massive and faster falling than liquid drops, leading to damaging hy-

drometeors.

As with the nucleation of liquid droplets, the nucleation of ice crystals can be homogeneous or hetero-
geneous. The presence of so-called ice nucleating particles (INPs), gives the possibility to the cloud
to glaciate at temperatures higher than —38°C (but still lower than 0°C) through vapour deposition, im-
mersion freezing and contact freezing (Pruppacher and Klett, 1997). A schematic representation of

nucleation processes is shown in Fig. 2.3.

2.2.2.1. Homogeneous ice nucleation

For temperatures below 0°C, it is more likely that water vapour will condense into water droplets rather
than ice crystals, since Ostwald’s rule of stages (Ostwald, 1897) states that the nucleating phase is not
necessarily the most thermodynamically stable, but rather the one closest in free energy to the original
phase (parent phase). As an unrealistically high supersaturation is required, homogeneous deposition
nucleation is not observed in nature. However, if supercooled liquid droplets are already present, homo-
geneous ice nucleation in liquid droplets can take place. In this case, the reorientation of the molecules
to form the hydrogen-bonded crystal structure of ice makes ice nucleation a possible process, which is
further favoured by decreasing temperatures and increasing the efficiency of the crystallisation process as
supercooling increases. The rate of ice nucleation increases exponentially with decreasing temperature,
so that at about —38°C all droplets are frozen.
To nucleate, ice embryos with radius r; (defined as the radius of the inscribed sphere) require energy,
which is expressed by the Gibbs free energy AE,:

AE, = AiyGix — Vit — Ainoy ", (2.12)

ix

where the subscripts n, i, and x refer to the nucleus, ice, and parent phase (vapour or liquid), respectively,

Ajy is the area of the interface between the embryo and the parent phase, o;, is the interfacial free energy

13
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Figure 2.3.: Schematic representation of nucleation processes, from Hoose and Mohler (2012), distributed under
CCBY 3.0.

between ice and parent phase, #; is the molar density of ice, V; is the volume of the ice embryo, AfL,; is the
chemical potential of the parent phase relative to that of ice, A;, is the area of the interface between the
embryo and the nucleus, o, is the interfacial free energy between the nucleus and parent phase, and o;,
is the interfacial free energy between ice and the nucleus. The stability of the formed embryo is reached
at a critical radius r,, which can be obtained from the eq. 2.12 under the condition d(AE,)/dr = 0:

20y

re= , 2.13
N 13

with n; as the molar density of ice.

2.2.2.2. Heterogeneous ice nucleation

If INPs are present, they can lower the energy barrier that prevents ice formation. The different mecha-

nisms leading to heterogeneous nucleation of ice (Vali et al., 2015) are:

- deposition ice nucleation: INP particles are dispersed in water vapour and the air is supersaturated
with respect to ice but subsaturated with respect to water. In this case, the water vapour settles on

the INPs and nucleates;

14
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2.2. Cloud microphysics

- condensation freezing: as deposition freezing, but the air is supersaturated with respect to both ice
and water. For this reason, between the vapour and the ice phase, the liquid phase occurs through
the formation of liquid droplets. This can be the case when updrafts transport liquid droplets until

ice forms because of the reached low temperatures;

- contact freezing: INPs impact the surface of liquid droplets, which become ice. The molecular

mechanism is still not understood (Hussain and Haji-Akbari, 2021);

- immersion freezing: INPs are either already inside the liquid droplets together with the CCNs that
allowed the droplet condensation, or they collide with liquid droplets by Brownian diffusion, or
they impact with liquid droplets falling at different velocities. In all these cases, water molecules
cluster on active sites on INPs. The liquid droplets freeze if the INP size is large enough to generate

an embryo exceeding the critical size to overcome the energy barrier (eq. 2.13).

2.2.2.3. Collisional processes and secondary ice formation

Turbulence and differences in fall speeds among ice particles can cause collisions. Possible consequences
of collisions are aggregation, rebound, and secondary ice production.

The coalescence efficiency between two ice particles depends on temperature. Between —10°C and 0°C
an ice particle can develop a thin quasi-liquid layer on its surface which is stickier approaching 0°C. This
layer makes the bonding between two ice crystals possible and is reinforced by the deposition of water
vapour around the contact point. However, between —17°C and —12°C another maximum of coalescence
efficiency is observed, corresponding to the formation of ice structures with dendritic features. Since
the resulting aggregated crystal will have higher coalescence efficiency, the probability of these dendritic
crystals to aggregate is high.

In clouds with temperatures below 0°C, the presence of supercooled liquid droplets is also plausible as
well as the collision between particles with different phases. This process is called riming.

The interaction between ice particles or ice and liquid particles can also produce secondary ice through
several ice multiplication processes (Korolev et al., 2022). When two ice particles collide, they may
break into several fragments, depending on the impact, the directional velocity, the size, and the shape of
the particles. At temperatures between —7.5°C and —2.5°C, the rime-splintering (also known as Hallet-
Mossop, Mossop and Hallett (1974)) process occurs: when graupel particles collide with droplets larger
than 25um, the thermal expansion due to the droplet glaciation can cause shattering of ice. Furthermore,
a rimed droplet frozen by contact with the ice particle releases latent heat which is also transferred to the
ice crystal: this thermal shock can cause fragmentation of the latter. Another ice multiplication process
occurs in the presence of liquid water trapped inside a growing ice shell. The expansion of ice due to
further freezing increases the pressure inside the ice shell, and the ice shell may shatter to relieve the
internal pressure (Korolev and Leisner, 2020). Another source of secondary ice is the heterogeneous nu-

cleation of liquid droplets around freezing droplets, followed by freezing. All of these ice multiplication

15
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processes can affect cloud evolution, as each ice fragment may become an embryo for further glaciation

processes.

2.2.3. Mixed-phase clouds and possible evolution scenarios

Clouds in which water in all three phases coexist are called mixed-phase clouds and can be found in the
temperature range between —38°C and 0°C. In relation to the equilibrium vapour pressure over liquid
(ew), over ice (e;), and the in-cloud vapour pressure (e), three possible scenarios describe the evolution

of mixed-phase clouds (Korolev, 2007):

1. e > e, > ¢;: liquid droplets and ice particles compete for water vapour and both grow as long
as sufficient water vapour is available. This condition may be true in mixed-phase clouds when

ascending with strong updraft velocity u > u, (Korolev and Mazin, 2003):

€y — €

Uy =

N, (2.14)

€j
where N; and 7; are, respectively, the number concentration and the mean radius of ice particles,

while 1 = n (7T, P) is a temperature- and pressure-dependent parameter.

2. e, > e > ¢;: ice particles grow at the expense of liquid droplets. This condition is known as
Wegener-Bergeron-Findeisen (WBF) process (Wegener, 1926; Bergeron, 1928; Findeisen, 1931)

and may occur when moderate updraft or downdraft velocity in the cloud is ug < u < u,, with:

€ — €y

NyTwX, (2.15)

uyg =
€y

where N,, and 7,, are, respectively, the number concentration and the mean radius of liquid droplets,

and x = x(T,P);

3. e, > e; > e: both ice particles and liquid droplets evaporate. This is possible during entrainment
or mixing of dry air at the cloud boundaries or in strong downdrafts when u < uy (Korolev and
Mazin, 2003). Depending on N,, N;, r,, and r;, ice particles may sublimate before the total
evaporation of liquid droplets, and the mixed-phase cloud would be a liquid cloud prior to its

complete evaporation.

The process described in (1) is typical of convective clouds, such as cumulus, cumulonimbus, and nim-
bostratus clouds. In the latter two, the process described in (3) may also be involved. The WBF process
described in (2) occurs in stratiform clouds, mainly in stratus and stratocumulus clouds (Korolev et al.,
2017). While a mixed-phase cloud can become an ice cloud through the WBF process, ice clouds can

become mixed-phase clouds if liquid droplets are activated in updrafts (Heymsfield, 1977).
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2.2.4. Arctic clouds and challenges

The Arctic region consists mainly of ocean and sea ice. The following description of the processes that
characterise clouds in this region can be found in Siebesma et al. (2020). Due to the high reflectivity of its
surfaces (high albedo), the net energy loss of the Arctic for latitudes above 70° N is, on annual and spatial
average, of ~ 100 W m~2. To compensate for this energy loss, atmospheric and oceanic circulations
transport energy from lower latitudes into the Arctic. This energy is advected by large-scale motions
(such as synoptic-scale storms) that move warmer air in the meridional direction. Smaller contributors to
this energy transport are ocean energy transport, subsidence, and latent heat release. The resultant Arctic
atmospheric circulation combined with long-wave cooling produces the permanent Arctic inversion. The
long-wave cooling to space takes place either at the cloud top or at the Arctic surface due to the presence
of moisture; the atmospheric emissivity is lower than at lower latitudes because of the relatively dry air.
For this reason, the advected warm air is first cooled at lower levels and this process generates the Arctic
temperature inversion, which causes the persistence of low-level stratocumulus clouds in the Arctic.
This persistent cloud layer forms as the moist, warm air transported from lower latitudes cools off and
condensates because of the underlying Arctic ice and the Arctic Ocean.

Arctic stratocumulus clouds are typically mixed-phase or consist of supercooled liquid water. The cloud-
top long-wave cooling causes the convective mixing that sustains the Arctic stratocumulus clouds. In
particular, air parcels near the top of the cloud cool and descend because of the negative buoyancy. This
mixing produces condensation which releases latent heat that partially counteracts the long-wave cooling
of the mixed layer. However, a second source of moisture is needed to maintain these clouds, which is
often found in the entrainment of air at the top of the cloud. In fact, the moist, warm air advected into
the Arctic from lower latitudes causes an increase of the specific humidity with altitude, in particular in
the lowest 1-2 km of the troposphere. The entrainment of air at the top of the cloud, therefore, acts as a
source of moisture.

A second small temperature inversion is often present below the Arctic stratocumulus clouds, so that
the surface is not always affected by the turbulence generated by the cloud layer. A weakly turbulent
stably stratified layer below the cloud layer due to the wind shear near the surface inhibits the turbulent
exchange between the cloud layer and the surface, i.e., the cloud layer is de-coupled from the surface.
Polar-orbiting satellites pass over the Arctic (and the Antarctic), but only provide measurements up to
~ 80° (see Sec. 2.4.1). Another difficulty in detecting clouds is the low contrast in temperature and
reflectivity when comparing clouds with sea ice or snow-covered surfaces. Arctic clouds contain less
water than clouds in other regions due to the very dry air, making their detection challenging. Analysis
of satellite observations is further complicated by variation between polar day and night as well as by
large zenith angles during daytime. All these issues affect passive sensors such as AVHRR, despite
calibrations, but it is possible to benefit from long data records. Arctic clouds are more likely to be

detected by active sensors such as CALIOP but with lower temporal resolution.
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2.3. Optical properties of clouds

The presence of clouds produces local and global warming and cooling effects which are directly depen-
dent on the cloud thermodynamic phase, the concentration, the size distribution, the shape of ice crystals
and liquid droplets, and the cloud thickness. Liquid and ice particles absorb and scatter the light differ-
ently: While the radiative transfer in liquid clouds mainly depends on the spectral properties of water
and the droplet sizes and concentration, the geometry of ice particles, together with the ice crystal con-
centration uncertainties, and their size spectra, complicates the optical properties of ice clouds (Cotton
and Anthes, 1992). The following sections describe the optical properties of clouds in more detail, and
are taken from Siebesma et al. (2020), Petty (2004), and Jackson (1998).

2.3.1. From Maxwell’s equations to optical properties of clouds

Light is an electromagnetic wave. This was postulated by James Clerk Maxwell, who published the final
form of Maxwell’s equations in his paper "A Dynamical Theory of the Electromagnetic Field" in 1865.

Maxwell’s equations describe the propagation of radiation in space and time as an oscillation of both
electric and perpendicular magnetic fields propagating with the same periodicity. In matter, Maxwell’s

equations are:

V.-D=p, (2.16)
V.B=0, (2.17)
- . 0B

VXE=—"— 2.18
X 37 (2.18)
%xﬁ:ﬂ?ﬁ, (2.19)

where E and H are respectively the electric and the magnetic fields, D is the electric displacement, Bis the
magnetic induction, p and J are respectively the macroscopic (free) charge and the current density, and
is time. All the vector fields in this subsection are space and time-dependent (for example, E = E (7,1)).

The vector fields in Maxwell’s equations are related by:

D =&FE +P, (2.20)

U T

H=—B-M, (2.21)
Ho

where &) and L are respectively the electric permittivity and the magnetic permeability of vacuum, Pis

the electric polarization, and M is the magnetization.
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Maxwell’s equations are only valid for small volumes: in this way, the physical properties of the medium
vary continuously. For a monochromatic parallel beam of light in a homogeneous medium without

sources, Maxwell’s equations are solved by the electromagnetic field:

E(#,1) = Ege' k=), (2.22)

H(7 1) = Hye'* 7=, (2.23)

where E and Hy partially represent the amplitudes of the electric and magnetic fields respectively and
are constant complex vectors, @ is the angular frequency defined as w = 2xf, with frequency f, and

k = kg + ik; is the complex wave vector, which is linked to @ by the dispersion relation:
kk=enm?, (2.24)

where € and p are the electric permittivity and the magnetic permeability of a medium, respectively.

For a homogeneous wave, kg and k; propagate in the same direction and the equation above becomes:

(kg| + ilks])* = e e? (2.25)
or
- o 0]
|kg| +ilk;| = o/ep = zn, (2.26)
with the speed of light ¢ = \/81)7“0 and the refractive index n = ng +in;, whose complexity directly derives
from k, can be written as:
el c
=,/ — == 2.27
n=,| oty (2.27)
with ¢ = —. For a non-absorbing medium, 751 = 0 and, therefore, n is pure real; in this case, ¢’ can be

Vep:
considered as the phase speed of the wave in the medium. If the medium is absorbing, the bulk absorption

coefficient can be derived from equations 2.22 (or 2.23), which depends on the imaginary part only of

the refraction index:

2 4
Bups (1) = Twm(k) - T”n,(x). (2.28)

From Fig. 2.4 can be seen that n; is very small at visible wavelengths (from 0.4 um to 0.7 um, part of the
grey "Solar window"), therefore the absorption (eq. 2.28) is negligible and the transfer of solar radiation
is dominated by scattering, while at thermal infrared wavelength n; is ~ 10-times larger and absorption
and emission are the dominant processes.

The absorption coefficient in eq. 2.28 is involved in the computation of the radiation intensity / = I(x)

once the incident radiation with intensity Iy has passed through a medium with depth x:

I(x,A) = Ipe P, (2.29)
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Figure 2.4.: Imaginary part of the refractive index n; of pure water in liquid and ice phase. A black line is used
for liquid water and a green line for ice. ©Cambridge University Press (Siebesma et al., 2020). Reproduced with
permission of The Licensor through PLSclear.

that can be written in terms of the transmittance 7 as the fraction of the incident radiation intensity
transmitted through the medium and the incident radiation:

T(x,2) = 184 (xl;’l ) Pl (2.30)

also known as Lambert Beer’s law.

Irrespective of the cloud phase, the incident solar, terrestrial, and atmospheric radiation will interact with
clouds by being absorbed, reflected, and transmitted. The intensity of the interaction between radiation
and cloud particles depends on the geometric cross-section of the particles Cge, and the wavelength
A of the radiation. The interaction between particles and radiation leads to the extinction of some of
the incident radiation in conformity with the extinction cross-section Cex((r/A) = Qexi(r/A)Caeo(r/A),
where Q. is the extinction efficiency and is a function of the ratio of the particle radius r and the
wavelength A. For typical sizes of cloud particles (¢ (10um) for liquid droplets and &'(100um) for
ice crystals), considering wavelength ranges of 0.4-0.8 um for solar radiation and 8-12 um for thermal

radiation, interactions between liquid cloud particles and solar radiation as well as ice crystals and both
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Figure 2.5.: The extinction coefficient Q,,; as a function of size parameter x for sphere with refractive index
n = 1.3340.001i. ©Springer Nature Switzerland AG (Adapted from Efremenko and Kokhanovsky (2021)).
Reproduced with permission of The Licensor through PLSclear.

thermal and solar radiation are very efficient as r > A, and Qex; ~ 2 (Fig. 2.5). Because the radiation

interacts with a distribution N(r) of cloud particles, the bulk extinction coefficient is given by:

Box(A) = /0 " Con(rJAN(r)dr, 2.31)

where Cex, has unit of squared length and By of inverse length.

In analogy with the extinction coefficient in eq. 2.31, the scattering coefficient is defined as:

Buea(A) = /O " Coeal /AN (r)dr: (232)

Extinction, scattering, and absorption coefficients are linked by the relation:

Bext = Bsca + ﬁabs; (2.33)

and define the single-scattering albedo @y, i.e., the relative importance of scattering:

wy = ( ﬁsca _ ﬁsca

___rsea _ Tsa 2.34
ﬁsca + ﬁabs) ﬁext ( )

Scattered radiation propagates in preferential directions defined by the size, shape, and imaginary part of

the refractive index of the particles. The angular redistribution of the scattered radiation with scattering
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2. Clouds and remote sensing

angle O is given by the scattering phase function P(A,®), which is a unitless probability distribution
normalized so that ﬁ S 1_1 P(u)du =1, where p = cos 0, 0 is the scattering angle between the incident
and the scattered radiation, and 6 = 0 refers to forward scattering.

The fraction of light scattered into the forward hemisphere (1 > 0), relative to the direction of the incident
radiation, defines the asymmetry parameter g:

-1

.[171 P(u)du -
If g =1, the scattering is fully forward; in case g = 0, there is isotropic scattering. Compared to the
wavelength of radiation, small particles have asymmetry parameter close to zero, while larger particles
have larger asymmetry parameters. Typical values of g for cloud droplets in the visible range are ~ 0.85
(AMS, 2012).

2.3.2. From cloud optical properties to cloud radiative properties

Clouds are complex systems with spatial and temporal variability. An approximation usually applied
to be able to deal with this problem is to consider cloud properties changing only along the vertical
dimension z (at a given time) and, more in general, a plane parallel atmosphere. It is convenient to define

the unitless vertical coordinate 7, known as optical depth:

T(A) = /O ) Bexi (A, z)dz, (2.36)

where z = 0 and 7 = 0 are considered at the top of the atmosphere, while T = 7* is the total atmospheric
optical depth at the bottom of the atmosphere. Different cloud types can have different optical thick-
nesses. The International Satellite Cloud Climatology Project (ISCCP) uses global measurements from
geostationary and polar-orbiting satellites and defines nine cloud types with a classification based on
cloud top pressure and 7. In the ISCCP cloud classification, typical 7 values of cumulus, altocumulus,
and cirrus clouds are below 3.6; larger values of 7, between 3.6 and 23, are associated with stratocumu-
lus, altostratus, and cirrostratus; stratus, nimbostratus, and deep convective clouds typically have 7 > 23.
In section 3.3.0.1, the ISCCP cloud type classification is explained in more detail.

Considering the atmosphere as adjacent layers, it is possible to consider the radiation traveling through
and interacting with the single layers. For each layer, the total rate of energy transported by radiation
per unit area, i.e., the irradiance F, can be split into upward and downward components describing the

energy flux normal to a horizontal (constant 7) plane:

2 1
Fie)= [ [ 100 du dg

o (2.37)
Fio = [ 1o dudg
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2.4. Remote sensing of clouds

where the intensity of the radiation /(t,u,¢) flows in a particular direction given by the cosine of the
polar angle u (for upward transport, # > 0), the cosine of the azimuthal angle ¢, at a specific location
indicated by 7. The dependence of T on the wavelength A is omitted for brevity.

The radiation intensity can be reduced by scattering and absorption and increased by scattering and

emission. These changes are described in the differential form of the radiative transfer equation:

!idl(f,u,¢)

dt :—I(’C,[J,¢)+S<T,‘u,¢)), (2.38)
where S(7) is the source function, defined by:
2r 1
$(5) = A Fy by (,05u)e 70+ (1 on(2)BT) + A [T [ 1(2,10,0)p(2,0) a0,
(2.39)

with:

- the first term on the r.h.s. indicating the incoming solar radiation flux Fj,, at the top of the at-
mosphere, with transmittance ¢~ %/ and scattering angle ®g,, depending on the direction of the

incoming radiation (Uo, ¢p) and the outgoing radiation (U, ¢);

- the second term on the r.h.s. being the isotropic emission term with the Planck function B(T), i.e.,

the spectral distribution of a black body emitted at temperature 7':

2hc? 1

— (2.40)
A2 e’“}‘qﬁ —1

where h is Planck’s constant and kg is the Boltzmann constant;

- the third term on the r.h.s. being the incident radiation intensity interacting with the layer at optical
depth 7 and with scattering angle ® depending on the direction of the incoming radiation (u’, ¢")

and the outgoing radiation (U, ¢).

The difficulty of solving the eq. 2.38 is represented by the presence of the radiation intensity /(7, i, )
on both sides of the equation. Different methods have been developed for solving this equation, which
include the "two-stream" approximation (Schuster, 1905), the discrete ordinate method (Chandrasekhar,
1960), the adding method (van de Hulst and Irvine, 1963), and the iteration of formal solution (Herman
and Browning, 1965).

2.4. Remote sensing of clouds

Remote sensing is the science that aims to detect and interpret measurements of radiance reflected and
emitted by a body or by the atmosphere at a certain distance. The difference between the Earth’s outgoing

radiation (i.e., thermal radiation emitted by the surface-atmosphere system or solar radiation reflected at
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2. Clouds and remote sensing

the Earth’s surface or scattered in the atmosphere) through the clear sky and clouds gives information
about the cloud radiative effect and is used to evaluate clouds, which usually appear colder than the Earth
in terms of brightness temperature. The sensors used for remote sensing can be passive, if the measured
radiance is from an external source of radiation (terrestrial, solar, or atmospheric), or active, if the source
of radiation is self-provided. These sensors can be installed, for example, on the ground, on aircraft or

on board satellites travelling in different orbits.

2.4.1. Satellite orbits

Polar orbits, also known as "low Earth orbits" (LEO), are at low altitudes (~ 700 km), and their inclina-
tion of ~ 1° d~! (per day) fixes the equatorial crossing local time. A more appropriate way to call them
is "sun-synchronous" orbits as they do not pass over the poles but up to about 80° (Stephens, 1994).

To stay in an orbit around the Earth, satellites must balance both the centripetal acceleration and the

gravitational force (Stephens, 1994):
mv? /R = Gmgm/R?, (2.41)

where R is the orbit radius, v is the tangential velocity, m is the mass of the satellite, mg is the mass of the
Earth, and G is the gravitational constant. From eq. 2.41, it is possible to determine the speed at which

the satellite travels in its orbit:

v=1+/Gmg/R (2.42)

T,y =27/ R3/Gmg. (2.43)

From the last equation can be deduced that the higher the orbit, the longer the period of the orbit. If the

and the period of the orbit:

satellite is far enough away from the Earth that its period matches the Earth’s period, it will remain in a

fixed position above the Earth in a geostationary orbit.

2.4.2. Passive measurements

Passive sensors take advantage of the radiation emitted naturally by the Earth, the Sun, and the atmo-
sphere and how it interacts with a medium, such as clouds, along its propagation direction.

In the thermal infrared (between approximately 8 um and 14 um), the imaginary part of the refractive
index of water is high (water mostly absorbs, Fig. 2.4) while the single-scattering albedo of water is con-
sequently low (eq. 2.34). Under these conditions, eq. 2.38 can be simplified and its integral is (Siebesma
et al., 2020):

T /
iR (Tabs, 1, 9) :IIR(To)e_(T“"‘_TO)/“-I-/ e =T ) M B(T ()y,))dT aps, (2.44)
To
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2.4. Remote sensing of clouds

where 7, is the absorption optical depth, 7y is the optical depth at the boundary, and it is assumed that
the downwelling infrared radiation at the top of the atmosphere is almost absent, while the upwelling
radiation at the surface is determined by the product of the Planck function at the surface temperature
and the bulk surface emissivity. With passive sensors, the radiation intensity /g is measured and eq. 2.44
can be inverted to retrieve the brightness temperature B(T ), i.e., the temperature that a perfect black body
would have to emit the observed radiation intensity. If the cloud emissivity can be calculated, B(T') can
be converted to a physical temperature and the cloud top pressure can be calculated once the temperature
profile as a function of pressure is known.

Another important cloud parameter is the thermodynamic phase of clouds, which can be determined
using, among others, thresholds based on the brightness temperature in the infrared window (Pavolonis
and Heidinger, 2004; Pavolonis et al., 2005) or the spectrally dependent difference in the imaginary
refractive index of liquid water and ice. The more accurate the cloud phase, the more certain the estimate
of the cloud optical thickness (eq. 2.31). To simplify this process, a wavelength at which liquid and ice
do not absorb (solar) radiation can be chosen, so that @y ~ 1. In this case, eq. 2.38 turns into (Siebesma

et al., 2020):

T /
ISOlar(Ta.uv (P) = Isolar(7:0)67(1:71.0)//J + 1/ ef(fff )/
4 Jx

2l (2.45)
X (/ / P(7',0) o0 (7,1, 0") du’ dq)’) dr’.
o Jo

In this way, the radiative transfer equation depends solely on P(®) and 7, with the assumption that solar
radiation at the top of the atmosphere travels in a single direction (tg > 0, ¢g). Equation 2.45 can be
inverted to retrieve 7. Because of the variability in ice particles and, therefore, the higher sensitivity of
P(0) to ice particle size distribution, the optical thickness of ice clouds has more uncertainty than that
of liquid clouds.

Another important cloud parameter is the cloud effective radius. To determine it, a wavelength A can
be selected for which absorption by a clear atmosphere is negligible but absorption by condensed water
is considerable. Considering that reflection must come from the interfaces and absorption from the
interior of the medium, measurements at non-absorbing wavelength are sensitive to [;”r*n(r)dr, which
is proportional to 7, while measurements at absorbing wavelength are sensitive to [; rn(r)dr. For
spherical cloud droplets, the cloud effective radius r, is defined by the World Meteorological Society
as the "size distribution of liquid water drops, assimilated to spheres of the same volume". This variable

can be calculated using the following equation:

Jo" Pu(r)dr

= Jo rnlrjdr 2.46
reff Jo r*n(r)dr (2.46)
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2. Clouds and remote sensing

In addition, Nakajima and King (1990) introduced lookup tables for ice and liquid clouds to retrieve
rerr and T simultaneously using simultaneous measurements at non-absorbing and absorbing spectral
channels (e.g., 0.75 um and 2.16 um respectively).
Passive sensors include the Advanced Very High-Resolution Radiometer (AVHRR) and the Moderate
Resolution Imaging Spectroradiometer (MODIS).

2.4.2.1. AVHRR - Advanced Very High-Resolution Radiometer

The Advanced Very High-Resolution Radiometer (AVHRR) was one of the first instruments onboard
satellites to take measurements of atmospheric parameters. Mainly used for clouds and sea-surface
temperature studies, the AVHRR has channels in the visible (0.6 um) and infrared (0.9, 1.6, 3.7, 10.8,
and 12 pm) spectrum, with a horizontal resolution of about 1 km in the visible and about 4 km in the
infrared (Stephens, 1994).

AVHRRSs can be found onboard the polar-orbiting satellites from NOAA-NASA (National Oceanic and
Atmospheric Administration - National Aeronautics and Space Administration) and MetOp-EUMETSAT
(Meteorological Operational Satellites - European Organisation for the Exploitation of Meteorological
Satellites).

Depending on the satellite’s equatorial crossing time, the AVHRRs onboard the NOAA satellites are
named the AVHRR-AM (crossing the equator in the early morning on the ascent) and the AVHRR-PM
sensors (crossing the equator in the afternoon). The swath width of the AVHRRSs is about 2700km, so
global coverage is provided twice daily from both ascending and descending tracks. The satellites orbit
at about 850km above the Earth’s surface. The measurements have a spatial resolution of about 1km at
the nadir and 6km at the edge of the scan (Klaes, 2018).

AVHRR radiance measurements are used as inter-satellite calibrators: data from each geostationary satel-
lite and the afternoon NOAA polar orbiter are compared; then, all radiance measurements are normalized
to a single satellite; finally, this normalization is adjusted to that of NOAA-7 in July 1983.

The cloud detection scheme exploits both visible reflection (VIS) and emitted radiation (IR). It is based
on the assumption that clear scenes are less variable, darker in the VIS, and warmer in the IR intensities
than cloudy scenes. First, the spatial and temporal variation of IR and VIS intensities are statistically
collected. Then the global clear sky composite is derived from the IR and VIS measurements, assuming
that the intensities vary less in clear scenes than in cloudy scenes. The uncertainties in the estimate of
clear-sky intensities are then compared with the differences between the estimated clear-sky intensities
and the measured intensities. If these differences are greater than the uncertainties and result in colder
IR and brighter VIS, then the pixel is considered cloudy. After the clear-sky/cloudy pixel classification,
the measured intensities are compared to radiative transfer model calculations and then converted into
cloud optical thickness and cloud top pressure. Measurements during nighttime use only IR intensities
and no cloud optical thickness can be retrieved. Nevertheless, IR variations can provide information on

cloud top pressure as they are associated with the cloud top brightness temperature (Stephens, 1994).
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2.4. Remote sensing of clouds

2.4.2.2. MODIS - Moderate Resolution Imaging Spectroradiometer

The Moderate Resolution Imaging Spectroradiometer (MODIS) was first flown onboard NASA’s Terra
satellite, launched in 1999. In 2002, the MODIS instrument was also launched on board NASA’s Aqua
satellite. With both Terra and Aqua MODIS, it is possible to acquire images of the entire Earth in 1
or 2 days using 36 spectral bands with wavelengths ranging from the visible (0.4 um) to the infrared
(14.4 um) spectrum (Kelkar, 2007). The Terra-Aqua coupled system, with equatorial crossing times of,
respectively, 10:30 a.m. and 1:30 p.m., optimises cloud-free imaging while minimising the optical effects
of glare and shadow associated with morning and afternoon sunlight. The orbital altitude of about 705
km and the scanning pattern of £55° result in a swath width of 2330 km. MODIS data products are
provided in three spatial resolutions, i.e., 250 m, 500 m, and 1000 m.

A spectroradiometer is based on a monochromator with a diffraction grating. The incoming radiation
is collimated to the monochromator by a concave mirror and diffracted into its spectral components by
the diffraction grating before being focused onto a detector by a second concave mirror. Grating rotation
allows the spectrum to be scanned while the electrical signal is recorded by the detector.

Calibration of MODIS makes use of a solar diffuser and reflective bands: if the reflectance of the dif-
fuser’s surface and the angle of the incoming solar radiation are known, the radiance of the diffuser can
be estimated and the reflective bands can be calibrated. Calibration takes place when Terra is close to
the North Pole or when Aqua is close to the South Pole, i.e., when solar radiation is available and hits
the diffuser at a certain angle. As the polar regions are reached after a nighttime view of the Earth from
MODIS, an attenuation screen is used to calibrate the 9 bands which would otherwise saturate if sam-
pling were done in full sunlight. Once the satellite is travelling on the sunlit side of the Earth, the solar
diffuser is protected from solar radiation. Because of the constant solar intensity, any change measured

by MODIS must be related to degradation of either MODIS or the solar diffuser (Nishihama et al., 1997).

2.4.3. Active measurements

Active sensors, unlike passive sensors, send their own radiation in pulses and measure the intensity
and the delay of the signal reflected back to the sensor. This means that the measurement is based on
scattering, which is the dominating process in the visible and microwave energy spectrum. The sensors
used for active measurements are lidar (Light Detection and Ranging) and radar (RAdio Detection And
Ranging) instruments. Their fields of view are very narrow, so most of the backscattered radiation is
mainly scattered only once before returning in exactly the same direction as it was sent. For this specific
case with scattering in a single direction P(® = 1), eq. 2.38 depends only on the distance d travelled by

the backscatter and changes in (Siebesma et al., 2020):

K d
Iback(d) - ﬁyback(d)exp (—20(/ Bext(d/)dd/)
0 (2.47)

K
= ﬁyback(d)exp (—2&’5) )
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where K contains information about the instrument as well as the pulse strength and the receiver gain,
Yoack = Bsca(d) X P(® = m,d) /4 is the backscatter coefficient, and « is the multiple-scattering factor
(=1 for single scattering, < 1 for multiple scattering). For large optical depth (ctt 2 3) the signal is
fully attenuated and the measurement is not reliable, if present. This is a significant limitation of lidar in
exploring optically thick clouds.

The number and size of particles can be deduced from the scattered and extinguished signals, while the
shape of the particle is given by polarisation. When radiation is reflected by spherical particles with
single scattering, its polarisation remains unchanged; if the polarisation ratio (ratio between vertical
polarisation and horizontal polarisation) is reduced, the particles are not spherical and therefore they can
be ice or aerosols (for lidar only, see Sec. 2.4.3.1).

While, on the one hand, this makes phase identification by active sensors more reliable than phase identi-
fication by passive sensors, on the other hand, the current active sensors have a limited single near-nadir
viewing direction and, therefore, they provide much smaller samples than those provided by passive

SENsors.

2.4.3.1. Backscatter Lidar CALIOP - Cloud-Aerosol Lidar with Orthogonal Polarization

Lidar systems have been in use since the early 1900s: around 1938, pioneering work was performed in
France using pulsed light to determine the cloud heights (Bureau, 1946). There are several categories of
lidar that differ in the properties they measure. The atmospheric backscatter lidar is currently the most
widely used lidar and it differs from the other lidar types in that it uses the absorption of the gas that the
backscattering laser travels through to obtain information about possible aerosol and cloud hydromete-
ors present in the volume of atmosphere travelled. The lidar transmitter and its receiver telescope are
aligned so that the telescope can collect the backscattered radiation. The transmitted narrow laser beam
undergoes some divergence as it propagates. However, the field of view of the receiver is large enough to
prevent signal loss. In this way, the lidar volumes of a few cubic meters, defined by short pulse lengths
(~ 1078s) and small beam divergence (~ 1073 — 10~* radians), become tens of kilometers (Stephens,
1994). The calibration of the lidar signal consists of the calibration of the coefficients @t and By in
eq. 2.47.

For the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), which uses two wavelengths
specifically at 532 nm and 1064 nm, this calibration consists of three steps (Hostetler et al., 2006):

- First, the backscatter coefficient for the 532 nm parallel channel is calculated, assuming that the
atmosphere at mid- and high latitudes is free of aerosols at an altitude of about 30-34 km. This
backscatter coefficient is compared with the molecular backscatter coefficient calculated at low
latitudes, where an important aerosol contribution is expected. Knowing the molecular number
density and the estimates of the molecular backscatter cross-section, the molecular backscatter

coefficients can be derived (Reagan et al., 2002).
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- Then, the backscatter coefficient for the 532 nm perpendicular channel is calculated. As the free
air signal is not strong enough to calibrate the perpendicular channel, the 532 nm parallel channel

18 used for calibration.

- Similarly to the previous step, the calibration of the 532 nm parallel and perpendicular channels
is used to calibrate the 1064 nm channel, as its signal would be too low in the mid-stratosphere to
make the calibration measurement reliable. To achieve this, specific cirrus clouds are selected: in
fact, cirrus cloud particles are large and, therefore, the ratio of the 532 nm and 1064 nm backscatter
coefficients and the ratio of the 532 nm and 1064 nm extinction coefficients are both close to 1. The
1064 nm channel is calibrated by comparing the 1064 nm backscatter signal with the calibrated

532 nm cirrus backscatter measurements (Reagan et al., 2002).

To avoid a lower signal-to-noise ratio in daylight conditions, the 532 nm parallel channel calibration
coefficient is estimated on the night side of the orbit. These estimates are stored and used for interpola-
tions/extrapolations at any point in the orbit. If detector gains or boresight operations are changed, only
calibration coefficients generated from data collected after the change are used.

CALIOP is onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations)
satellite, with an orbital altitude of about 705 km. The footprint diameter of CALIOP is 70 m, while the
horizontal and vertical resolutions are 333 m and 30 m, respectively, below 8 km altitude and 1 km and
60 m, respectively, between 8 km and 20 km. The primary product of CALIOP is the cloud top height,
which is converted to temperatures using model data from the Goddard Earth Observing System, Version
5 (GEOS-5) vertical profiles. The cloud phase is then obtained from the particle depolarisation ratio &
of the backscattered light <6 = %)

2.4.4. Definition of observation data processing levels

Satellite-based Earth observations can be provided at different "levels" by the responsible institutions.
The levels from O to 4 range from full-resolution raw data to geographical composites of processed mea-
surements to more processed variables derived from multiple measurements of previous levels. Although

the levels are not fully standardised, the commonly used levels are summarised in table 2.6.
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Level Institution(s)
of product  typically responsible Indicative content How produced Science application
LO Space agency or Raw telemetry: timings, counts, Downlinked to receiving Usually none
meteorological agency instrument data, etc stations and consolidated
L1 Space agency or Calibrated radiances (and/or Calculated from L0 using Basis for retrieval of
meteorological agency counts and gain parameters), in-flight calibration results, geophysical variables
with location, time, and viewing  and platform navigation
geometry
L2 Space agency, Estimates of geophysical Retrieved, combining Full spatial resolution
meteorological agency, variables on the spatio-temporal ~ radiances (may also exploit analyses of retrieved
research organisation, sampling pattern of the L1 auxiliary datasets) variable, e.g. for process
commercial radiances (“swath data’) study
L3 Meteorological agency, L2 data transformed to a fixed Aggregation in space and/or Model testing, analysis of
research organisation, spatio-temporal sampling time, e.g. by averaging change and variability
commercial (“grid’) often at reduced available L2 data within grid
spatio-temporal resolution.
L4 Meteorological agency, Spatio-temporally complete Gap filling of L2 and/or L3 Model testing, prescribed

research organisation

fields on a regular grid

data by interpolation in space
and/or time, perhaps
combining data from more
than one sensor

field for simulations,
convenient analysis of
change and variability

Figure 2.6.: Summary of the characteristic of level 0 (LO) to level 4 (L4). From Mittaz et al. (2019), distributed
under CC BY 3.0.
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3. Datasets and methods

For this work, several datasets from both observations, global climate models (GCMs), and global
storm-resolving models were analysed. The observations include both passive (Cloud_cci (Cloud Cli-
mate Change Initiative)) AVHRR-PMv2, CLARA-A2 (CM SAF (Climate Monitoring Satellite Appli-
cation Facility) cLoud, Albedo and surface Radiation dataset from AVHRR data - Edition 2), Cloud_cci
AVHRR-PMv3, MCD06COSP_D3_MODIS (MODIS (Aqua/Terra) Cloud Properties Level 3 daily)
and active (CALIOP) satellite sensor-based datasets. The GCM datasets analysed are CAM6-Oslo
(Community Atmosphere Model Version 6) of the Norwegian Earth System Model version 2 (NorESM2)
including the MODIS-COSP2 (CFMIP (Cloud Feedback Model Intercomparison Project) Observation
Simulator Package version 2.1.0) simulator, and three global storm-resolving models from the DYA-
MOND (DYnamics of the Atmospheric general circulation Modeled On Non-hydrostatic Domains) Win-
ter project: ICON (ICOsahedral Nonhydrostatic), SCREAM (Simple Cloud-Resolving E3SM (Energy
Exascale Earth System Model) Atmosphere Model), and GEOS (Goddard Earth Observing System).
The information of the analysed datasets is summerised in Table 3.1. As the study includes an analysis
of mixed-phase clouds and the passive satellite sensor-based datasets provide only cloud-top information,
the following cloud parameters are considered for this study: cloud-top phase (CPH) considered either
as a liquid or ice pixel (for the AVHRR-based datasets and CALIOP), or as liquid (CLW) and ice (CLI)
cloud fraction (for MCD06COSP_D3_MODIS and CAM6-Oslo), or as the mass mixing ratio of ice (g;)
and liquid water (g;, for the DYAMOND datasets); cloud-top pressure (CTP); cloud-top temperature
(CTT); cloud optical thickness (COT); liquid cloud effective radius (r;,). While CPH, CLW and CLI,
and ¢; and g,, are used for cloud phase distribution, CTP and COT are used for cloud type classification.
Furthermore, COT is related to the water content of clouds and thus to the size of cloud droplets, while

rliq can provide information on aerosols and cloud microphysics.

3.1. Observations

3.1.1. AVHRR-based datasets

Cloud_cci AVHRR-PMv2, CLARA-A2, and Cloud_cci AVHRR-PMyv3 are based on measurements from
the passive satellite sensor AVHRR onboard polar-orbiting NOAA satellites. The AVHRR observa-
tions provide daily global cloud top information (Level 3, see Sec. 2.4.4), organised into global latitude-

longitude composites with a spatial resolution of 0.05°x0.05°.
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3.1. Observations

3.1.1.1. Cloud_cci AVHRR-PMv2

In Cloud_cci AVHRR-PMv2 (hereafter Cloud_cci v2, Stengel et al., 2017, ATBD-CC4CLv5.1, 2019),
the binary liquid or ice cloud top phase is generated using a threshold decision tree (Fig. 3.1, Pavolo-
nis and Heidinger, 2004, Pavolonis et al., 2005) in which the infrared brightness temperature undergoes

non

a series of spectral tests. The assigned phases are: "switch to liquid", "fog", "liquid", "supercooled",
"switch to ice", "opaque ice", "cirrus", "overlap", and "probably opaque". The first four contribute to
the final "liquid" phase, while the remaining five contribute to the final "ice" phase. The determina-
tion of CTT is obtained by interpolation of CTP and atmospheric profiles from the ECMWF (European
Centre for Medium-Range Weather Forecasts) ERA-Interim reanalysis. If some ice pixels are found for
temperatures above 0°C or some liquid pixels are found for temperatures below —40°C, the cloud top

temperature is involved in the phase reassignment.

Temperature test
on brightness
temperature (BT(11pum))

A

Overlap test

yes lno
Type: Overlap Cirrus test
yes no
Type: Cirrus
A 4
[ |
| BT(11um) < -40°C ‘ | -40°C < BT(11pm) < 0°C | ‘ BT(11pm) > 0°C ‘
‘ Type: Opaque ice ‘ IR and/or NIR Type: Water
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Figure 3.1.: Representation of the cloud phase algorithm based on Pavolonis et al. (2005).

3.1.1.2. CLARA-A2

In CLARA-A2 (Karlsson et al., 2017; ATBD-CPP_AVHRR, 2016), as in Cloud_cci v2, the cloud top
phase is either liquid or ice and is generated by a threshold decision tree (Pavolonis and Heidinger, 2004;

Pavolonis et al., 2005), that differs for some thresholds from those used in Cloud_cci v2. CTP and CTT
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are retrieved using two different algorithms, depending on the cloud type: For opaque clouds, CTP is
derived from the best fit between the simulated (from NWC SAF PPS (Nowcasting Satellite Application
Facility Polar Platform System) cloud software) and the measured brightness temperature at 11pm, so
that CTT is derived from the simulated vertical profiles; for semi-transparent cirrus and fractional water
cloud pixels, a scatter plot technique is applied from which a CTT valid for these clouds is derived, so
that CTP is derived from the simulated vertical profiles. As in Cloud_cci v2, a reclassification based on
cloud top temperature is performed if ice pixels are found for temperatures warmer than 0°C or if liquid

pixels are found for temperatures colder than —40°C.

3.1.1.3. Cloud_cci AVHRR-PMv3

For the Cloud_cci AVHRR-PMv3 retrieval scheme (hereafter Cloud_cci v3, Stengel et al., 2020, ATBD-
CC4CLv6.2, 2019), AVHRR measurements were collocated with CALIOP cloud phase. An artificial
neural network trained by the CALIOP cloud phase is used to classify CPH into a binary (liquid or ice)
flag. Optimal estimation is used to produce CTP, COT, and the liquid effective radius ry,, by fitting a
physically consistent surface/cloud/atmosphere model to the satellite observations. As for Cloud_cci v2,
the CTT is obtained by interpolation of CTP and atmospheric profiles from the ECMWEF ERA-Interim
reanalysis, and possible ice pixels with a temperature above 0°C and liquid pixels with a temperature

below —40°C are again classified using the cloud top temperature.

3.1.2. CALIOP

For this study, CALIOP Level 2 (see Sec. 2.4.4) Cloud Layer Data in version 4.20 (Hu et al., 2009)
was used, which provides data sampled in granules (orbital segments) with a spatial resolution of 5 km
(~ 0.05° at the equator, as AVHRR). Because of its very narrow footprint (~ 70 m), it takes almost a
month to collect data for global coverage. The dataset provides vertical distributions of clouds and their
properties in layers, with each layer containing only one thermodynamic phase (i.e., either liquid or ice).
The cloud phase retrieval (Fig. 3.2) consists of two steps: first, an initial cloud phase is determined by
a depolarization-backscatter threshold approach, that distinguishes water clouds from ice clouds with
“randomly-oriented” ice (ROI) and "horizontally-oriented” ice (HOI); next, a spatial coherence method
is applied to separate light backscattered by spherical liquid droplets or by randomly oriented ice particles
from light backscattered by horizontally oriented ice particles. Misclassifications of the cloud phase for
lower layers of multi-layer clouds are corrected by estimating the probability that they are water or ice.
This takes into account the temperature, the depolarisation ratio, and its standard deviation statistics. As
for the AVHRR-based datasets, a phase reassignment is applied for ice pixels at temperatures warmer

than 0°C and for liquid pixels or pixels with an unknown phase at temperatures colder than —40°C.
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CALIOP can retrieve up to an optical thickness of ~ 5 in the cloud (Karlsson and Hékansson, 2018).
For this study, only “medium” and “high” cloud-aerosol discrimination scores and “medium” and “high”

cloud phase confidence scores are considered.

HOI sector
Ve ~ > 3(y") <= HOI
 Determine phase/‘ threshold
N _

NO YES
Water
vl > Low confidence

NO

No phase. Ice (HOI)
No confidence High confidence

cAp<20 ROl sector ves = ’—an—‘
o 3(y") >=ROI T>0 M No confidence
Medium

CAD=103* threshold +

v

NO YES

|
Ice (ROI) NO
High confidence T<=0

Water

YES High confidence

No phase
No confidence |
Water sector

ROI> 3(y") >
HOI
thresholds

T>-40

Yes No
Bioee<= 0,12 Hﬁjos

YES

v
Ice (ROI)
Medium confidence

VA<1°&
Y's32>0.02&
SC<=0

YES YES
Ice (HOI) Ice (HOI)
Medium confidence Medium confidence

Ice (ROI)
Medium confidence

Water
High confidence

Figure 3.2.: Cloud phase algorithm of CALIOP v4 including the previous step based on the cloud-aerosol discrim-
ination (CAD) algorithm (Liu et al., 2019). CAD refers to CAD scores, ROI refers to the randomly oriented ice,
HOI refers to the horizontally oriented ice, T (expressed in °C) refers to the 532 nm centroid temperature of a
cloud layer, 753, is the integrated attenuated backscatter at 532 nm, 6 is the depolarization ratio using the channels
at 532 nm or both 1064 nm and 532 nm channels, VA is the near-nadir viewing angle, SC is the spatial coherence
test result, and X’ is the layer-integrated attenuated 1064/532 nm backscatter coefficient ratio. From Avery et al.
(2020), distributed under CC BY 4.0.

3.1.3. MCD06COSP_D3_MODIS

MCDO0O6COSP_D3_MODIS (hereafter MCDO6COSP, Pincus et al., 2022; NASA, 2022) is a product
specifically designed to facilitate the comparison of MODIS observations and climate model output
obtained by applying the MODIS-COSP simulator (more about the COSP simulator in section 3.2.1.1).
MCDO6COSP provides daily global latitude-longitude composites with a spatial resolution of 1°x1°,
derived by averaging Level 2 MODIS cloud top properties (5x5 km) and cloud optical properties (1x1
km) in each Level 3 gridcell. This dataset combines daily timeframes of MODIS Terra and MODIS Aqua
cloud top, cloud mask, and cloud optical retrieval data, providing several cloud top-related parameters.
For better agreement with the COSP simulator data, the optical properties of the clouds in MCD0O6COSP
are retrieved using the 3.7 um channel.

The "partly cloudy" cloud optical property parameters have not been included in this study as they are

less reliable than the "cloudy" parameters. The ice or liquid amount in clouds is expressed by the ice
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or liquid cloud fraction while the sum of these does not always correspond to the total cloud fraction as
undetermined phases may also be included.

The cloud phase algorithm (Fig. 3.3, Marchant et al., 2016) uses a majority voting logic applied after
four primary tests involving the CTT at 1 km, the cirrus detection test at 1.38 um from the MOD35 cloud
mask, IR cloud phase at 1 km test and cloud effective radius tests derived from the 3.7 um channel.
Some issues have been identified for radii smaller than 0.4 um for undetermined phase and liquid water

clouds. These Level 2 data are masked or removed from the Level 3 data.

CTT at 1 km test ‘ ‘ Effective radius test | | Cloud mask test | ‘ IR CPH at 1km test

| |

» Sum of votes [«
Check

Final cloud
phase decision

Figure 3.3.: Representation of the cloud phase algorithm of MCDO6COSP based on Marchant et al. (2016) with
the appropriate modifications reported in NASA (2022).

3.2. Models

3.2.1. NorESM2 — CAM6-Oslo

The NorESM2 model (Seland et al., 2020) is the second generation of the coupled Earth System Model
developed by the Norwegian Climate Center. The atmospheric model component of NorESM?2 is based
on the CAM6 version of CESM2.1 (Community ESM 2.1), and uses the hydrostatic finite-volume dy-
namical core on a regular latitude-longitude grid with 1.9° x 2.5° horizontal resolution and 32 hybrid-
pressure vertical levels extending to a rigid top at ~ 40 km, i.e., 3.6 hPa. NorESM?2 uses the OsloAero5.3
(Kirkevag et al., 2018) aerosol scheme and the aerosol-radiation-cloud interactions from Kirkevag et al.
(2013). A two-moment bulk cloud microphysics scheme is used. Output parameters were calculated for
4 years (from June 2019 to May 2013) after a 3-month model spin-up to allow for atmospheric adjust-
ments (Shaw et al., 2022). To facilitate the comparison between observations and simulations, horizontal
winds and surface pressure were nudged to ERA-Interim reanalysis data (Dee et al., 2011). We will refer

to this model as CAMG6-Oslo.
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3.2.1.1. COSP2 simulator

The COSP simulator (Bodas-Salcedo et al., 2011) is a software tool developed by the Cloud Feedback
Model Intercomparison Project (CFMIP) community. It simulates multiple active and passive satellite
observations using gridbox mean vertical profiles of emissivity, temperature, cloud optical thickness,
hydrometeor mixing ratios of clouds and precipitation, and humidity from each model in which it is
implemented. A schematic representation of its main features is shown in Fig. 3.4. The gridbox means
are downscaled to make them comparable to the higher-resolution satellite products: the gridbox mean
vertical profiles are broken down into sub-columns that are comparable in size to a satellite pixel; they
are then passed to the satellite instrument simulators that simulate the satellite retrieval that could pro-
duce that profile; finally, the simulated satellite retrievals are collected by statistical modules (averages or
histograms) present in COSP or in the instrument simulator that generate diagnostics ready for compar-
ison with similar statistics from satellite observations. For this study, COSP outputs are daily averages
and atmospheric conditions are nudged to reanalysis data. The COSP simulator version 2.1.0 (COSP2,
Swales et al., 2018) for MODIS has been implemented in CAM6-Oslo. The MODIS simulator (Pincus
etal., 2012) in the COSP package determines cloud detection and calculates cloud optical depth by using
simple integration at sub-column scale. For each sub-column, extinction-weighted integration is used to
estimate cloud top pressure and cloud phase. Particle size is then computed using a pseudo-inversion:
near-infrared fluxes at the top of the atmosphere are computed using polynomial fits of optical properties
as a function of (height-dependent) cloud particle size; differences between the real fluxes and simulated
fluxes are then minimised by varying the particle size. The cloud optical properties in the MODIS-COSP

simulator are simulated at 3.7 pum.

Subcolums (generated
by the host model
or by COSP)

Gridbox
means

Satellite simulator Instrument Generation COSP
| — —» . .
(e.g., MODIS) outputs of statistics outputs

Figure 3.4.: Schematic representation of COSP.

3.2.2. DYAMOND Winter project

The DYAMOND initiative aims to compare global models at storm-resolving scales (spatial resolution
of 5 km or less). It consists of three experiments: the global atmosphere-only models run during the
boreal summer from the 1st of August 2016 for 40 days, and both the global atmosphere-only and the
global coupled atmosphere-ocean models run during the boreal winter from the 20th of January 2020
for 40 days (Duras et al., 2021). All models included in these projects are initialised with a global me-
teorological analysis taken from ECMWE. To make the comparison between observations and models
as congistent as possible, the Winter experiment of I[CON, SCREAM, and GEOS was selected for this
study. In fact, only the Winter experiment includes a model dataset providing COT (SCREAM), needed
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to classify cloud types, and a model dataset providing r;;; (GEOS), needed to compare the cloud mi-
crophysics with the other datasets included in this work. Thus, the following variables are available
for analysis: cloud pressure, cloud temperature, and mass mixing ratio of cloud ice or liquid water; in
addition, SCREAM provides COT, while GEOS provides r;;,. For consistency, the atmosphere-only ex-
periments of all models are included in this study, as only ICON and GEOS were also run as coupled

atmosphere-ocean models. The data are not provided on a latitude-longitude grid.

3.2.2.1. ICON

The ICON model (Reinert et al., 2023; Zingl et al., 2015) is a global and regional numerical weather
prediction model developed in cooperation between the German Weather Service (DWD) and the Max-
Planck Institute for Meteorology in Hamburg (MPI-M). The ICON horizontal grid consists of a spherical
icosahedral Arakawa-C grid in which an initial root is divided into n sections (Rn) and then k times
into bisections (Bk), for a final customisable RnBk grid. The ICON vertical grid is height-based: the
vertical layers near the surface follow the terrain, while they gradually become constant-height layers
as the distance from the terrain increases. The vertical grid consists of n full levels (with level = 1
at the top of the atmosphere), where the vertical wind component is computed, and n+1 half levels
(with level = n+1 at the terrain level, such as the Earth’s surface), where the density of air, the virtual
potential temperature, the vertical wind component, and the horizontal velocity component normal to the
triangle edges are computed. The integration in time uses a two-time-level predictor-corrector scheme,
fully explicit in the horizontal and implicit for the terms characterising the sound wave propagation. In
the DYAMOND experiment, the setup of the atmosphere-only ICON run consists of an R02B09 grid,
corresponding to a spatial resolution of 5 km and 20971520 grid columns, with 90 vertical full levels and
a time resolution of three hours. A single-moment microphysics scheme ("graupel scheme"; D. Klocke,
personal communication, 2022) has been used to predict the specific mass content of liquid and ice water

in form of rain, graupel, and snow.

3.2.2.2. SCREAM

The SCREAM model (Caldwell et al., 2021) originates from the E3SM project, developed by the US De-
partment of Energy to estimate the future climate of the energy sector using high-performance comput-
ing. The SCREAM horizontal grid consists of a spherical cubic grid with 1024x1024 spectral elements
on each face (ne1024); each spectral element has a uniformly spaced 2x2 grid for a total of 25165824 grid
columns with a horizontal resolution of 3.25 km. The vertical grid consists of 128 layers, with a sponge
layer (above 19km) in the top 14 layers, and a model top at 2.25 hPa (40 km). The model uses explicit
Runge-Kutta schemes in the horizontal direction and a diagonally-implicit Runge-Kutta scheme in the
vertical direction. For each timestep, a nonlinear equation involving vertical velocity and geopotential

is solved several times. The time resolution of the output is three hours. The double-moment cloud mi-
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crophysics scheme is based on the Predicted Particle Properties (P3) scheme of Morrison and Milbrandt
(2015), using only one population of ice particles growing from small embryos into large and possibly
rimed snowflakes, while liquid droplets are sorted into cloud and rain droplets. Vapour deposition, sub-
limation, and the WBF process follow Gettelman and Morrison (2015) with an efficient transition from

liquid to ice.

3.2.2.3. GEOS

The GEOS model (Putman and Suarez, 2011) is an Earth system model composed of modules that can
be linked together to address different aspects of Earth science. With a non-hydrostatic finite-volume
dynamical core, the horizontal grid of the GEOS model consists of a cubed-sphere staggered-D grid
developed in collaboration with the Geophysical Fluid Dynamics Laboratory at NOAA, while the vertical
grid is expressed in height-based, terrain-following Lagrangian control volume coordinates (similar to an
eta coordinate system), where level = 1 corresponds to the top of the atmosphere while the lowest level
corresponds to the Earth’s surface. Pressure is expressed in hybrid-sigma coordinates. The integration
in time uses an incremental analysis update (Bloom et al., 1996). Each edge of a cubed-sphere face has
2880 grid cells for a total of 49766400 grid columns with 181 vertical levels and a horizontal resolution
of 3 km. The outputs are generated with a time resolution of 1 hour. A single-moment (6-class) cloud

microphysics scheme with global carbon emissions for chemistry transport is used.

3.3. Methods

This work provides a statistic of the supercooled liquid fraction (SLF) in mixed-phase clouds and con-
sists of three parts: a validation study comparing datasets from active and passive satellite sensors, a
comparison of satellite and GCM products, and the improvement of GCMs by tuning them to observa-
tions. The following sections contain a description of the first two parts, while the third part is described

in Chapter 7.

3.3.0.1. Cloud-type classification

If the datasets provide the COT, clouds are sorted as in Fig. 3.5 using thresholds for cloud top pressure
(CTP= [0,440,680,1000] hPa) and cloud optical thickness (COT= [0,3.6,23,379]), according to the
International Satellite Cloud Climatology Project (ISCCP) classification (Rossow and Schiffer, 1999).
Each COT-CTP combination is identified by the cloud name (e.g, cumulus, altocumulus, etc.) assigned
in Rossow and Schiffer (1999), bearing in mind that a classification of cloud types based solely on COT
and CTP has limitations, as shown in Hahn et al. (2001): low-level clouds cannot be distinguished by
COT because they overlap in the COT-CTP joint histograms; nimbostratus, cumulonimbus, and thick

altostratus cannot be distinguished because of their COT-CTP distributions; cirriform clouds are also
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difficult to separate in COT-CTP histograms because of overlap in their distributions; altocumulus and
thin altostratus should also be considered as a single cloud group in COT-CTP histograms.

Not all datasets provide the COT needed to sort the clouds into different types; ICON and GEOS do
not provide the COT but their clouds can be sorted by using CTP to classify clouds into high-, mid-,
and low-level clouds defined by CTP thresholds of [0,440,680,1000] hPa. Since SCREAM provides the

COT for each vertical level, the column integral of the COT for each pixel is considered.
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Figure 3.5.: ISCCP cloud-type classification following Rossow and Schiffer (1999).

3.3.1. Validation study: AVHRR vs CALIOP

The first part of this study is dedicated to the comparison of datasets based on passive (AVHRR: Cloud_cci
v2, CLARA-A2, Cloud_cci v3) and active (CALIOP) satellite sensors, with the aim of identifying pos-
sible phase and temperature mismatches and thus understanding the potential and the limitations of the
datasets. For a more reliable comparison, both collocated and non-collocated data were compared. The
collocated data include cloudy pixels retrieved by all datasets within 3 minutes and 5 km and represent
0.02% of the AVHRR non-collocated data. For the AVHRR-derived datasets, all cloudy pixels with
COT < 0.3 are filtered out from the analysis (Stengel et al., 2015). The highest cloud layer below an
accumulated COT = 0.3 is considered the cloud top for CALIOP to mimic the AVHRR view for better
comparability (Fig. 3.6). For CALIOP, pixels retrieved as cloudy with "no confidence" or "low confi-

dence" are filtered out, as well as cloudy pixels with phase "no confidence" or "low confidence".
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Figure 3.6.: Representation of the cloud layer considered as cloud top for CALIOP.

The study is limited to latitudes frame 60° N to 60° S, termed near-global, thus excluding satellite data
with low confidence due to the presence of sea ice (King et al., 2004) and the high solar zenith angle
(Grosvenor and Wood, 2014). In addition to the near-global analysis, continental and marine regions
are considered separately, as well as different latitudes with the following band separation: Northern
Hemisphere (NH) from 60° N to 30° N; Southern Hemisphere (SH) from 30° S to 60° S; Tropics from
30° N to 30° S. The analysis covers 4 years (from 1 June 2009 to 31 May 2013), chosen such that
it includes the measurements provided by the newest AVHRR/3 instrument on board the latest NOAA
satellite (NOAA-19). This avoids possible consistency problems due to sensor calibration differences
with AVHRR on board previous versions of NOAA satellites.

The comparison is based on the SLF calculated at pixel scale on isotherms from —50°C to 5°C, with a

step of 1°C, using the following equation:

n°liquid pixels

SLFye pixel = 3.D

n°liquid pixels + n°ice pixels

For this study, only daytime data were used, as these provide the optical properties of clouds.

3.3.2. Comparison between observations and models

The second part of this work compares satellite (Cloud_cci v3, MCD06COSP), GCM (CAM6-Oslo)
and global storm-resolving model (ICON, SCREAM, GEOS) datasets. The validation study described in
section 3.3.1 with results in Chapter 4 shows that the passive satellite sensor AVHRR can contribute to the
cloud phase research. As Cloud_cci v3 is the most recent AVHRR-based dataset analysed in Chapter 4,
only this dataset is included for the comparison with models. MCDO6COSP is also included to facilitate
the comparison between observations and CAM6-Oslo in which the MODIS-COSP simulator has been

implemented.
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The analysis of the satellite datasets and CAM6-Oslo covers 4 years (from 1 June 2009 to 31 May 2013),
as the validation study, while the DYAMOND models have only been analysed for February 2020 — the
Winter project of DYAMOND consists of 40 days, 10 days as spin-up period and 30 days of analysis.
Furthermore, the analysis of the datasets providing COT is limited to daytime measurements, as the COT
involved in the cloud-type classification can only be detected by satellite sensors in the visible range.
To remove very thin clouds for which retrievals are more uncertain, only satellite measurements with
COT > 0.3 and effective radius > 4 um are used. For consistency with MCDO6COSP, the cloud top
in the MODIS-COSP simulator in CAM6-Oslo is defined as the highest cloud layer with an overlying
COT = 0.3. While Cloud_cci v3, MCDO6COSP and CAM6-Oslo provide the cloud top information
in 2-dimensional composites extended in latitude and longitude (as the satellite view), the DYAMOND
datasets provide the 3-dimensional view of the atmosphere, so a top-down approach is used to locate
the cloud top. In ICON and GEOS, the cloud top is defined as the highest atmospheric layer for which
gw+qi > 1078 kg kg~! (Costa-Surés et al., 2020); in SCREAM, the cloud top is defined as the highest
atmospheric layer for which COT > 0. Since the COT in SCREAM is only provided for daytime data,
mimicking satellite retrievals based on solar wavelengths, a further analysis was performed by replacing
the COT condition with that of Costa-Surds et al. (2020) (hereafter SCREAM-CS), thus using daytime
and nighttime data to classify clouds into height levels, for a better comparison of the cloud amount with
ICON and GEOS.

ICON, SCREAM, and GEOS were also analysed at the coarser resolutions 0.5°, 1°, and 2° to better in-
vestigate the liquid-to-ice transition at the cloud top. The resolution of 0.5°, in particular, allows a more
consistent comparison with Cloud_cci v3. Due to the absence of a regular horizontal grid in the DYA-
MOND datasets, it is not possible to create gridboxes by aggregating constant numbers of gridpoints,
so the coarsening of the spatial resolution is done by rounding the latitude and longitude values to the
closest 0.5°, 1°, and 2° interval, respectively, in which the cloud variables are averaged. These gridboxes
must contain pixels whose warmest and coldest temperature difference does not exceed 20°C.

This study includes both all cloudy pixels and cloudy pixels (or gridboxes) which are considered mixed-
phase, i.e., with temperature between -40°C and 0°C, and 0 < SLF < 1 (or ¢,, > 0 and g; > 0 in ICON,
GEOS, and SCREAM-CS). The SLF derivation is described in section 3.3.2.1.

This study focuses on the geographical distribution of cloud types and both SLF-CTT and SLF-77;, joint
histograms of cloud types in the mixed-phase. A detailed description of these products can be found in

section 3.3.2.3.

3.3.2.1. SLF derivation

In Cloud_cci v3, as reported in Sec. 3.1.1.3, the thermodynamic phase of a single cloudy pixel can be ei-
ther liquid or ice, so a reduction in spatial resolution is required to compute the SLF within gridboxes: the
original latitude-longitude daily composites made by 3000x7200 pixels are reorganised into 500x1200

gridboxes of 6x6 pixels, each of which is considered cloudy only if it contains at least two cloudy pixels
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(i.e., more than ~ 5.56% of the gridbox contains clouds) with COT > 0.3 and effective radius > 4 um.
The sensitivity to the number of cloudy pixels in a gridbox required to include it in the analysis was
also tested using gridboxes with at least five cloudy pixels. Furthermore, the gridboxes are only included
in the analysis if the largest difference between the coldest and the warmest cloud top temperature of
all valid pixels is less than 20°C; using the cloud top temperature as a proxy for the cloud top height,
gridboxes with clouds of very different heights (such as low- and high-level clouds (Fig. 4.5)) are filtered
out. Finally, gridboxes are termed "mixed-phase" if they include coexisting liquid and ice pixels, which
must have a cloud top temperature between -40°C and 0°C. For each gridbox the SLF is then calculated
using equation 3.1, which will satisfy the condition O < SLF < 1 due to the coexistence of liquid and ice
phases.

The model datasets and MCDO6COSP provide information on both liquid and ice content or cloud frac-
tion in each pixel. For this reason, no gridboxes are needed to compute the SLF, as the individual pixels
can already contain mixed phase. This will also allow the ability of the models to represent mixed-phase
clouds and the phase transition from liquid to ice to be tested. Therefore, the SLF is calculated as the
ratio of the liquid cloud fraction and the sum of the liquid and ice cloud fractions (for MCDO6COSP and
CAMG6-Oslo, eq. 3.2) or as the ratio of the mass mixing ratio of liquid water and the sum of the mass

mixing ratios of ice and liquid water (for ICON, SCREAM, and GEOS, eq. 3.3).

liquid cloud fraction

SLFcloudfruction = (32)

liquid cloud fraction + ice cloud fraction

SLFmassfraction = ﬁ (33)

In Hoose et al. (2018), a similar approach was used to generate cloud top liquid fraction information from
model data, deriving both SLF,ss fraction and SLFpe ixe1, the second to make the case study comparable
to passive satellite sensor products; from this study, a warm bias at SLF ~ 0.5 of 1°C to 2°C was found
for SLFye pixer compared to SLF,,u fraction-

When coarsening the spatial resolution in ICON, SCREAM, and GEOS, the gridboxes for mixed-phase
clouds are selected as for Cloud_cci v3: the cloud top temperature must be between —40°C and 0°C;
the SLE 55 fraction (€q. 3.3) calculated at each latitude-longitude coordinate is averaged in each gridbox
(m), and included in the analysis only if the condition 0 < m < 1 is satisfied. To
compare the DYAMOND models at different resolutions, SLFyass fracrion 18 collected on isotherms using

for each gridbox its averaged CTT.

3.3.2.2. K-means clustering for the cloud type classification

For some datasets, k-means clustering is used. The clustering of clouds into groups called regimes has
been a recurring research theme over the last few decades. Some work is based on vertical velocity

(Norris and Weaver, 2001; Bony et al., 2004), on sea level pressure (Tselioudis et al., 2000), or on sea
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surface temperature and large-scale vertical motion (Ringer and Allan, 2004; Williams et al., 2003, 2006),
some others are based on CTP, COT, and total cloud cover (Jakob and Tselioudis, 2003; Rossow et al.,
2005; Williams et al., 2005; Williams and Tselioudis, 2007; Oreopoulos et al., 2017; Schuddeboom
et al., 2018; Zhang et al., 2018). Recent studies have used clustering algorithms as simple and useful
techniques to obtain cloud regimes from observational and model datasets; these algorithms include k-
means clustering (Jakob and Tselioudis, 2003; Rossow et al., 2005; Williams et al., 2005; Williams and
Tselioudis, 2007; Oreopoulos et al., 2017; Tan et al., 2018) and self-organising map (Schuddeboom et al.,
2018; Zhang et al., 2018).

While the clouds from almost all datasets analysed in this work can be identified on a pixel-by-pixel
basis using COT-CTP joint histograms, a different approach is required for Cloud_cci v3 and for the
DYAMOND datasets at coarser spatial resolution. For each gridbox in Cloud_cci v3 and in SCREAM,
a COT-CTP joint histogram is obtained by collecting the COT and CTP values of non-discarded pixels,
and thus each gridbox-related COT-CTP joint histogram potentially contains the information of two or
more pixels. The same approach is applied to the gridboxes of ICON and GEOS, considering histograms
of only CTP distributions. A clustering technique is used to classify the gridboxes into cloud types or
heights. Here, k-means clustering is used for reasons explained in the next paragraph.

The k-means algorithm (Anderberg, 1973) is a method used to sort data (points or vectors) into clusters
resulting from the minimum sum of squared Euclidean distances between each cluster and its nearest
cluster mean called centroid. Although this algorithm has limitations, these are well known and can
be overcome to improve clustering results. These limitations occur, for example, when the distance
between clusters is too large and therefore the centroids cannot move between clusters, or when sta-
ble clusters prevent the movement of centroids (e.g., high-density regions may accumulate more cen-
troids than necessary, with the risk of losing less dense clusters). Furthermore, another difficulty in
cluster analysis is the “correct” number of clusters into which the data should be sorted; in fact, this
information is not known a priori. A better initialisation method and the iteration of the k-means with
different initial solutions seem to solve the main limitations of this algorithm (Frianti and Sieranoja,
2019). Initialising 42 centroids for Cloud_cci v3 covers all possible COT-CTP combinations (excluding
those for COT < 0.3 as one of the applied filters, the possible COT-CTP combinations are 6 times 7,
from COT= [0.3,1.3,3.6,9.4,23,60,379] and CTP= [0, 180,310,440, 560,680,800, 1000] hPa bins in
Fig. 3.5, respectively) and makes the k-means algorithm deterministic. In this way, the risk of neglecting
some cloud types is prevented, clusters with low density are not lost unless they are empty, and there
is no need to repeat the k-means clustering since the initial centroids would be the same, and hence the
final clusters too. Furthermore, as gridboxes potentially contain more than one COT-CTP combination
and include neighbouring clouds, the distance between these gridboxes is reduced compared to the dis-
tance between gridboxes with only one COT-CTP combination, and therefore centroids can move easily
between clusters. Similarly to Cloud_cci v3, 7 prescribed initial centroids are used to cluster CTP his-
tograms for ICON, SCREAM-CS, and GEOS (7 as the number of CTP bins), while 49 initial clusters (7
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COT times 7 CTP combinations) are used for SCREAM as there is no reason to filter out bins with COT
< 0.3 in this model.

The final clusters need to be merged to obtain the final 9 cloud types of Fig. 3.5 or to organise them into
3 cloud heights. For this, the most frequent COT-CTP combination in each of the resulting clusters is
used to determine to which cloud type the clusters belong to. After this step, each of the 9 final COT-
CTP joint histograms and 3 CTP histograms is individually normalised and represents a cloud type (see

Sec. 3.3.2.3, eq. 3.5).

3.3.2.3. Geographical distributions and SLF-CTT(CTP)-r;j; dependency

Once the cloud classification is complete and the SLF has been computed, the geographical distribution,
and both the SLF-CTT and SLF-ry;, joint histograms can be derived for each cloud type.
The geographical distribution of a cloud type H,,, is normalised pixel by pixel with the total number of
available observational or model output time steps (including cloud-free pixels) for the specific latitude-
longitude position:

).; jtime step;; (cloud type)

Hooo = 34
seo Y. jtime step;; ’ 34)

where i and j represent the position in latitude and longitude of the geographical distribution. If a
particular location represented by a pixel were always covered by clouds, the sum of the frequency H,,
of all cloud types for that pixel would be 1. This normalisation allows to display the differences in
cloudiness between regions and between cloud types.

In the SLF-CTT joint histograms, the SLF changing with CTT is shown for all cloud types, with an
SLF bin width of 0.05 and a CTT bin width of 1°C. As the CTT is not provided in MCDO6COSP, these
histograms are replaced by SLF-CTP joint histograms, with CTP ranging from O hPa to 1000 hPa with
a bin width of 25 hPa and keeping the SLF bin width of 0.05. These histograms have been normalised,
for each cloud type, with their own total frequency of occurrence (Hy, eq. 3.5, with Ny ; the absolute
frequency of occurrence at bin combination (k,1), k referring to CTT — or CTP — and [ to SLF), which
shows the relative frequency of occurrence of SLF-CTT combinations for each cloud type, and using
an approach similar to CFADs (Contoured Frequency by Altitude Diagrams, Hcrapi i, €q. 3.6). CFAD
histograms were introduced by Yuter and Houze (1995) and later used in other forms for other studies
(e.g., Fu et al., 2003; Chen et al., 2016; Ewald et al., 2019; Shen et al., 2022). In CFAD histograms,
the normalisation is applied at each altitude level. Using the CTT as a proxy for the cloud top height,
a CFAD-like normalisation was applied for each CTT interval. The resulting histograms show the SLF
distribution at each CTT and correspond therefore closely to the CFAD histograms.

Hiy = ——% (3.5)
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The SLF-7;, joint histograms show how 7;;, varies with SLF in all cloud types, which can be used to

Hcrapi) = (3.6)

interpret cloud dynamics and microphysics. These histograms have been normalised individually for
each cloud type (similarly to eq. 3.5, with k referring to 7;;,) and show the frequency of occurrence of
SLF-7;4; combinations.

To highlight differences in CTT (or CTP), SLF, and 7;;, between NH and SH as well as land and ocean for
the different cloud types, the difference of the joint histograms is calculated for specific cases. A signif-
icance test has been applied to the resulting joint histograms, showing dots where the bin combinations
show a land/ocean or NH/SH difference that can be considered statistically significant. The significance
test used is based on the p-value (Wilks, 1995), which indicates the probability that observed differences
between groups are due to chance. The p-value has been computed in the highest resolution possible,
i.e., for each bin combination and the eight surrounding bins. For this reason, no significance test can be
applied to the bin combinations at the edges of the histograms, which therefore do not show any dots.
The p-value ranges between 0 and 1: values close to 0 indicate that the observed difference is unlikely
to be due to chance, whereas values close to 1 indicate no difference between the groups or differences
due to chance. The closer the p-value is to 0, the more significant the difference between the two groups.
The threshold value for significance can be arbitrary; in this work, a threshold value of 0.05 is considered
(Fisher, 1925). Significance tests have often been misused in science, confusing statistically significant
results with scientifically significant results (Dahiru, 2008; Amrhein et al., 2019). Being aware of this,
and considering that the significance test cannot be applied to the edges of the histograms, the differences
that pass the significance test are treated with special attention, without discarding a priori the differences

that do not pass the significance test.
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4. Comparison between AVHRR and CALIOP observations of
the cloud phase!

Observations are essential to improve our knowledge of cloud systems. Polar-orbiting satellite sensors
provide global information on clouds and can be divided into active and passive. As these sensors op-
erate in different ways (see section 2.4), the cloud properties they provide may differ. In mixed-phase
cloud research, special attention is given to the thermodynamical phase of clouds from —40°C to 0°C,
as in this temperature range clouds can consist of both liquid droplets and ice particles (see section
2.2.3). Furthermore, mixed-phase cloud research investigates how the cloud phase is related to micro-
physical parameters and cloud types, how it is distributed in clouds, and whether there are latitudinal
or regional variations (e.g., Tan et al. 2014; Tan and Storelvmo 2019; Coopman et al. 2020, 2021; Yang
et al. 2022). This chapter presents a comparison between datasets derived from passive (AVHRR, see
section 3.1.1) and active (CALIOP, see section 3.1.2) polar-orbiting satellite sensors between 60° North
and 60° South (hereafter "near-global"), based on measurements of cloud top phase and cloud top tem-
perature (CTT), sorted in addition to different cloud types (see section 3.3) and stratified by latitude
and marine/continental regions. This comparison will highlight possible biases between AVHRR and

CALIOP datasets, as well as possible regional and cloud-type dependencies.

4.1. Temperature and phase bias

As a first step, possible cloud top temperature and phase biases between CALIOP and AVHRR-based
datasets (i.e., Cloud_cci v3, Cloud_cci v2, and CLARA-A?2) are investigated using collocated data (see
section 3.3.1) for a more robust interpretation of the results presented in this chapter.

Figure 4.1 compares point-by-point the cloud top temperature retrieved by AVHRR-based datasets and
CALIOP over the entire tropospheric temperature range and for three cloud top phase combinations:
same phase, CALIOP retrieving ice while Cloud_cci v3, v2, and CLARA-A2 retrieving liquid, and vice
versa. The contour lines indicate the areas (A, B, and C) where the frequency of occurrence per 1K x
1K bin is greater than 240 (i.e., greater than 0.01% of 2085991 cloudy pixels within the histogram in
Fig. 4.1(a); the percentages change with the AVHRR-based dataset considered, as some bin combinations
may be outside the histogram ranges). This threshold highlights areas of agreement and disagreement

between the datasets, and separates the area where the sensors retrieve the same phase into two regions

IThis section includes text and figures from Bruno, O., C. Hoose, T. Storelvmo, Q. Coopman, and M. Stengel, 2021:
Exploring the cloud top phase partitioning in different cloud types using active and passive satellite sensors. Geophysical
Research Letters, 48 (2), e2020GL089 863, https://doi.org/10.1029/2020GL089863.
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4. Comparison between AVHRR and CALIOP observations of the cloud phase

(A and B). Because of the small contribution given by the collocated pixels with CALIOP retrieving
ice and AVHRR-based datasets liquid (turquoise shaded pixels), there is no contour line for this phase
combination. This figure shows a CTT bias of the AVHRR-based datasets compared to CALIOP mainly
at lower temperatures (region B), and a frequent disagreement on phase (with AVHRR-based datasets
retrieving ice where CALIOP retrieves liquid) in the mixed-phase temperature range (between -40°C

and 0°C, region C).

(@) CTT and phase of collocated data (CALIOP vs. Cloud_cci v3)
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Figure 4.1.: Point-by-point comparison of CTT and cloud top phase for (a) CALIOP and Cloud_cci v3, (b)
CALIOP and Cloud_cci v2, and (c) CALIOP and CLARA-A?2 using the collocated data, where the brightness
of the bins (1K x 1K) represents the absolute frequency of occurrence and the different colors represent the differ-
ent combinations of retrieved phase. The contour lines encompass bins with a frequency greater than 240, while
the percentages refer to the contoured areas and represent the relative amount of cases within the contour lines
with respect to the total cloudy pixels in the histogram.

Region A, including part of the cases with the same phase, incorporates cases with good agreement
in temperature and cases where the largest temperature difference is about 10°C. The percentage of

cloudy pixels in region A is higher than those in B and C for all AVHRR-based datasets, representing

48



4.1. Temperature and phase bias

45.9% of total cloudy pixels within the histogram for Cloud_cci v3, 44.5% for Cloud_cci v2, and 43.5%
for CLARA-A2. A clear warm bias in CTT from AVHRR-based datasets with respect to CALIOP is
indicated by a portion of region B. This region, including pixels with the same phase, represents 26.6%
of total cloudy pixels within the histogram for Cloud_cci v3, 23% for Cloud_cci v2, and 25.8% for
CLARA-A2. Finally, region C, with 9% of total cloudy pixels within the histogram for Cloud_cci v3,
11.3% for Cloud_cci v2, and 7.5% for CLARA-A2, refers to pixels retrieved as liquid in CALIOP
and as ice in AVHRR-based datasets. It includes, similar to region A, cases with good agreement in
temperature and cases where the largest temperature difference is about 10°C. Nevertheless, region C
contributes principally to a phase mismatch, discussed in more detail below.

The phase mismatch can also be seen in Fig. 4.2, where the geographical distribution of SLF is shown
for non-collocated data of all datasets in the temperature range between —40°C and 0°C and on different
isotherms: While CALIOP shows mainly liquid cloud tops, both Cloud_cci v2 and v3 show mainly ice
cloud tops, while CLARA-A2 agrees better with CALIOP at warmer temperatures (see also Fig. 4.3).

Cloud_cci v2 Cloud_cci v3

CALIOP

-40°C <T<0°C

10°C

T=-

-20°C

T=

-30°C

T=

0 10 20 30 40 50 60 70 80 90 100

SLF (%)

Figure 4.2.: Near-global geographical distribution of mean SLF within the temperature range from —40°C to 0°C
(first row) and on the isotherms at —10°C, —20°C, and —30°C for the analysed datasets.
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4. Comparison between AVHRR and CALIOP observations of the cloud phase

Discussion

Many factors can contribute to the discrepancies between CALIOP and AVHRR. One of the most impor-
tant is the difference in the sensors, the former being passive and the second active: While the AVHRR
has problems detecting multi-layered clouds with small COT, leading to misclassification of the cloud
top phase, CALIOP can detect multilayer clouds with optical thicknesses up to 5 (Karlsson and Hakans-
son, 2018; Young et al., 2018), which could also lead to misclassifications. In the processing of the data,
cloud edges were not excluded, as this was not possible for the AVHRR-based datasets, representing a
possible source of misclassification for low- and mid-level clouds (Pavolonis et al., 2005). Moreover, a
possible phase change of a detected cloud top would cause a modification of COT, and therefore a pos-
sible misclassification into an optically thicker or thinner cloud category, modifying the SLF of another
cloud type. Some of these issues have also been presented in Cesana et al. (2019) for shallow cumulus
and stratocumulus clouds, emphasising that errors in retrieving cloud phase, cloud optical thickness, and
cloud top height can result in cloud type misclassifications. Furthermore, the filter we apply to the opti-
cal thickness may not be sufficient to ensure that the cloud data are treated in the same way. In Stengel
et al. (2015), CALIOP’s liquid cloud fraction resulted closer to the AVHRR-based dataset CLAVR-x
(Cloud from AVHRR Extended) than to other AVHRR-based datasets. One reason for this was that the
CLAVR-x algorithms used a priori information based on CALIOP climatologies for ice clouds. This in

turn prevented phase and CTT from being retrieved independently.

4.2. Comparison of collocated and non-collocated datasets

After the comparison of collocated data, a comparison of near-global collocated and non-collocated data
is presented in this section to address how the phase and temperature biases spread in 4-year analysis
(from 1 June 2009 to 31 May 2013) in terms of SLF on isotherms.

Figures 4.3(a-b) show a comparison of collocated and non-collocated data, respectively, between Cloud_cci
v2, CLARA-A2, Cloud_cci v3, and CALIOP.

. (a) Near-global (collocated) w0 (b) Near-glabal
45 A -45 A
-40 -40
35 4 -35 1
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o 251 o_ 251 —— Cloud_cci v3
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Figure 4.3.: Comparison of supercooled liquid fractions (SLFs) vs. cloud top temperature (CTT) for collocated (a)
and non-collocated (b) near-global (60° N to 60° S) data. Different colors represent different datasets.
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4.3. Regional dependencies in AVHRR and CALIOP datasets

The difference in SLF and the associated CTT among the datasets stands out in these figures, and in
particular the gap between the three AVHRR-based datasets and CALIOP, up to about 25°C or SLF of

about 80% at a fixed temperature.

Discussion

The disagreement between datasets in Fig. 4.3 can be understood with figure 4.1, which shows both the
CTT bias at lower temperatures and the frequent disagreement on phase in the mixed-phase temperature
range (see section 4.1). Only a part of region A, where AVHRR-based datasets and CALIOP retrieves the
same phase within 10° temperature difference, is within the mixed-phase temperature range (around 13%
of total cloudy pixels within the histogram for Cloud_cci v3). Region B, albeit including only around
0.7% of total cloudy pixels within the histogram between -40°C and 0°C when comparing CALIOP and
Cloud_cci v3, includes many cases contributing only to the SLF computation for Cloud_cci v3 (counting
about 11% of total cloudy pixels within the histogram considering the mixed-phase temperature range for
only Cloud_cci v3), which are excluded from the SLF computation in CALIOP because they are outside
its mixed-phase temperature range. The percentage of cases in C changes only a little if considering
solely temperatures between -40°C and 0°C (for example, from 9% to 8.7% for Cloud_cci v3). For
AVHRR datasets retrieving liquid while CALIOP retrieving ice (turquoise region in Fig. 4.1), CLARA-
A2 revealed more cases than Cloud_cci v2 and v3 for temperatures below -30°C and down to -41°C;
For this reason, CLARA-A?2 shows SLF around 7% between -40°C and -41°C using the collocated data
in Fig. 4.3(a) and around 17% using the non-collocated data in Fig. 4.3(b). A quantitative analysis
of the differences between CALIOP and Cloud_cci v2 and v3 can be found in Stengel et al. (2020):
While any phase bias of Cloud_cci v2 and v3 with respect to CALIOP has nearly vanished for COTs of
approximately 0.15 into the clouds, there is still a significant bias at COT = 1 for the cloud top height
(CTH) of ice clouds, to which CTT is linked. As a consequence, CTH is usually retrieved from levels
below the levels used to retrieve the phase, so that the retrieved CTT can be warmer than the effective
temperature of the assigned cloud top phase, agreeing with our results. As the collocated data represent
only about 9.5% of the CALIOP and 0.02% of the AVHRR non-collocated data, the temperature and
phase biases found in the collocated data, which clarify the differences between the datasets in Fig. 4.3(a),

contribute more to the differences in the non-collocated data (Fig. 4.3(b)).

4.3. Regional dependencies in AVHRR and CALIOP datasets

After the comparison of near-gobal collocated and non-collocated data, the SLF using non-collocated
data is now presented in figure 4.4 to highlight possible differences between 30° and 60° North and

South, and between marine and continental regions.
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Figure 4.4.: Comparison of supercooled liquid fractions (SLFs) vs. cloud top temperature (CTT) for non-collocated
data constraining the mid-latitude in the Northern Hemisphere (NH) and in the Southern Hemispheres (SH) (a),
land and ocean (b), and mid-latitudes in NH and SH for only marine (c) and only continental (d) regions. Different
colors represent different datasets; different line types represent different regions. Data analysed between 60° N
and 60° S; mid-latitudes between 30° and 60°.

Figure 4.4(a) shows, for all datasets, larger SLF in SH than in NH (with an average difference for single
datasets between 1.7% and 9.8%), in agreement with e.g. Tan et al. (2014) and Villanueva et al. (2021).
This result might be explained by the larger size of the continental area and therefore the prevalence of
continental aerosol with the ability to act as INPs in the NH. In Fig. 4.4(b), CALIOP shows clearly larger
SLF over ocean than over land (with an average difference of 11.2%), but the AVHRR-based datasets
do not agree with CALIOP for the entire temperature range. While larger SLF in SH than in NH is
confirmed when constraining the analysis to marine pixels (Fig. 4.3(c), with an average difference for
single datasets between 2.1% and 7.3%), it is confirmed only for specific temperature ranges over land
(Fig. 4.3(d)), generally for T < —23°C. Further analyses using different cloud types were necessary to
understand the origin of this last feature, principally due to the low-level clouds, which occur at warmer

temperatures than the clouds at higher levels (see Section 4.4, Fig. 4.5).

4.4. Regional dependencies of cloud types in AVHRR and CALIOP datasets

For a better understanding of what may characterise the results presented in the previous section (4.3),

this section provides a regional comparison of SLF for different cloud types.
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Figure 4.5 shows the near-global SLF distribution for different cloud types and different datasets. The
cloud types have been grouped into high-, mid-, and low-level clouds taking into account the temperature
ranges that the datasets have in common at the three heights individually. This figure is derived from
SLE-CTT distributions, for which the least frequent cases in CTT (frequency of occurrence lower than
2% with respect to the maximum of each distribution in temperature) have been filtered out. Similarly to
Figures 4.3 and 4.4, in Fig. 4.5 the systematically lower SLF in AVHRR compared to CALIOP is found.
A further outcome can be identified in this figure for every height-level: same-height clouds showed SLF

increasing with COT. This is consistent in all datasets with a few exceptions.
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Figure 4.5.: Boxplot of the supercooled liquid fraction (SLF) for different cloud types sorted in three height levels.
Clouds at the same height-level share the same cloud top temperature range, specified at the top of each panel.
The different datasets are separated by columns and every color corresponds to one cloud type. The boxes extend
from the lower to upper quartile values of the data, whereas the whiskers show the entire range of the data. The
horizontal lines within the boxes represent the median of the distributions, while the stars represent their mean
values.

Figure 4.6 condenses the SLF into average values for different cloud types, land and ocean, NH and SH.

All datasets confirm generally larger SLF for optically thicker clouds at the same height-level.
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Figure 4.6.: Comparison of mean SLF for different cloud types, considered in the temperature ranges they have in
common at the same height-level and for each subplot individually, for near-global marine and continental pix-
els (a), tropical marine and continental pixels (b), and mid-latitudes in NH and SH (c), with the further separation
of marine and continental regions (d). Different markers identify different datasets, filling colors distinguish the
cloud types, while edge colors refer to continental or marine pixels in (d).

Figures 4.6(a)-(c) reveal larger SLF over ocean than over land and in SH than in NH (in agreement with
Coopman et al. 2020), respectively, for most of the cloud types with the exception of some high- and
mid-level clouds in Cloud_cci v2 and v3, especially in Fig. 4.6(a). In the Tropics (Fig. 4.6(b)), most of
the clouds show larger SLF over ocean than over land, except for again some high- and mid-level clouds
in Cloud_cci v2 and v3, and low-level clouds in Cloud_cci v2. Finally, figure 4.6(d) shows that, in the
mid-latitudes, separating the marine and continental pixels in NH and SH, SLF is larger in SH than in
NH, with the exception of most of the low-level clouds over land (cumulus, stratocumulus, and stratus
clouds), for which the opposite occurs. As continental clouds are separated from marine clouds for this
plot, and the SLF is averaged over the isotherms common to both continental and marine clouds, the SLF
values may be shifted compared to Fig. 4.6(c).

This study has been conducted using the collocated data too (figures A.3 and A.4), confirming the main

results of the shown findings, although with more noise.
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Discussion

Although clouds containing more droplets than ice particles result in higher optical thickness, we cannot
exclude an influence of the cloud dynamics on both COT and SLF to explain the results in Fig. 4.5. For
example, optically thicker clouds tend to have stronger updrafts and consequently higher supersaturation
values, which may inhibit the glaciation process (Korolev, 2007), potentially lowering the glaciation
temperature in clouds and causing the presence of more supercooled liquid water than ice. However, it
is not possible to determine which process can explain the result obtained from this study.

As the continental area between 30° and 60° is less extensive in the SH than in the NH, a larger SLF in
the SH than in the NH may be due to fewer INPs in the SH. However, continental low-level clouds show
smaller SLF in the SH than in the NH. Considering that the common temperature range of the analysed
continental low-level clouds goes from —15°C to 0°C (Fig. A.1), the result presented in Fig. 4.6 shows
agreements with Villanueva et al. (2020), that found lower ice content in clouds in NH than in SH for T
= (—15° £ 6°)C, possibly because of the larger amount of feldspar in the SH. Another explanation for it
could also be the higher density of particles acting as CCN in the NH, resulting in smaller droplet sizes,
which might limit secondary ice formation (Mossop, 1980). These speculations are partially supported
by further previous studies: Some anthropogenic aerosols such as black carbon, sulfate, and organic
aerosols, do not act as efficient INPs but are efficient CCNs (Hoose and Méhler, 2012); model outputs
have shown that sulfate aerosol and black carbon have the highest mass concentration in the lower tropo-
sphere of the NH (Liu et al., 2009), where they act as CCN (Boucher and Lohmann, 1995), whereas they
act as INPs only at very high altitudes over the Tropics and the polar regions (Liu et al., 2009). Indeed,
Tan et al. (2014) found that dust (as mineral desert dust), polluted dust (as dust mixed with urban pollu-
tion and biomass-burning smoke), and smoke (as biomass-burning aerosols, principally made of soot and
organic carbon) are mainly distributed in the Tropics and in the NH. Synoptic conditions experienced by

low-level clouds in these regions may also impact their thermodynamic phase.

4.5. Conclusions

This chapter presented a validation study comparing datasets derived from passive (AVHRR-based) and

active (CALIOP-based) satellite sensors. The results presented in this chapter are summarised here:

- Collocated data show a warm bias of the AVHRR CTT compared to CALIOP and a phase mis-
match (some liquid cloud tops in CALIOP are retrieved as ice in AVHRR-based datasets). This

may be due to the different sensors, one passive and one active.

- For clouds with temperatures from —40°C to 0°C at the same height-level, the supercooled lig-
uid fraction (SLF) increases with cloud optical thickness. This result may depend on different

processes: clouds having more droplets than ice particles (i.e., higher SLF) result in higher opti-
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cal thickness; optically thicker clouds may have stronger updrafts, which may inhibit glaciation

processes, thus causing the presence of more supercooled liquid water than ice particles.

The supercooled liquid fraction is higher in the Southern Hemisphere than in the Northern Hemi-
sphere between 30° and 60°, probably due to fewer INPs in the SH, except for low-level continental
clouds where the opposite is true. Several reasons may explain this result: the presence of specific
aerosols acting as INPs in the SH over continents; the higher density of particles acting as CCN
in the NH, resulting in smaller droplet sizes, which may inhibit secondary ice processes; synoptic

conditions.

Despite the phase and temperature mismatch, the passive and active satellite retrievals are in qual-
itative agreement regarding SH-NH, land-ocean, and cloud type dependencies of the cloud top
phase, showing that the passive satellite sensor AVHRR can contribute to the cloud-phase research

once its limitations have been taken into account.



5. Comparison between observational and model datasets

Weather and climate models are used to reproduce and predict atmospheric processes such as cloud
formation and evolution. However, mixed-phase clouds are still not well represented because they are not
fully understood (Forbes and Ahlgrimm, 2014; Cesana et al., 2015; McCoy et al., 2016). Observations
provide a great opportunity to explore clouds and identify features that can be simulated by models.
In this chapter, a comparison between observational and model datasets highlights how well the cloud
phase distribution is represented in models, and shows the current limitations of models in simulating
cloud microphysics. In Chapter 4 the potential of passive satellite sensors in cloud physics research was
presented. Because of this so far underused potential, Cloud_cci v3 and MCDO6COSP, derived from
the passive sensors AVHRR and MODIS respectively, were chosen for this study: while Cloud_cci v3 is
the most recent AVHRR-based dataset used for the study presented in Chapter 4, MCDO6COSP allows
a direct comparison between observations and models, as the COSP simulator for MODIS has been
implemented on CAM6-Oslo, one of the model datasets included in this study (see sections 3.1.3 and
3.2.1.1 for MCDO6COSP and COSP, respectively). The model datasets used for comparison are CAM6-
Oslo, ICON, SCREAM, and GEOS. The comparison between the datasets is based on the fraction of all
and mixed-phase clouds, their COT-CTP joint histograms (see section 3.3.0.1) in which the clouds are
sorted according to Rossow and Schiffer (1999) or CTP-based histograms when COT is not available,
their geographical distribution, and their SLF-CTT and CFAD-like joint histograms (see section 3.3.2.3).
In this study, clouds are considered mixed-phase if the temperature is between —40°C and 0°, and contain
both liquid and ice phases (see section 3.3.2.1). Except for Cloud_cci v3, all datasets provide pixel-wise
information on both liquid and ice cloud fraction or mass mixing ratio, allowing SLF to be computed
pixel-wise (see section 3.3.2.1). Therefore, the results for Cloud_cci v3 consist of gridboxes of 6x6 pixels
in which SLF can be computed. As there are no significant differences in the results when comparing
gridboxes with at least two or five cloudy pixels (unless mentioned), the results associated with gridboxes
with at least two cloudy pixels are shown in this work. For a more consistent comparison between the
datasets, this chapter also includes the analysis at 0.5° resolution of ICON, SCREAM, and GEOS. A
sensitivity study analysing ICON, SCREAM, and GEOS at coarse resolutions of 0.5°, 1°, and 2° is also
included in this chapter. In the datasets with data collected in gridboxes, k-means clustering is used
for cloud type classification (3.3.2.2). For a better interpretation of the results shown in Chapter 4, the
comparison between datasets presented here focuses on latitudes between 60°N and 60°S, and more

specifically on the land-ocean and NH-SH (between 30° and 60°) differences.
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To make this chapter more readable, the figures show only a subset of all cloud types and are sometimes
limited to one observational dataset and one model dataset, while the full set of plots related to this

chapter can be found in the Appendix.

5.1. Differences in the near-global amount of all and mixed-phase clouds

The use of different sensors and models can lead to differences in the amount of clouds. The total
amount of all and mixed-phase clouds retrieved from the datasets between 60° North and 60° South is
summarised in Table 5.1. The total amount of all and mixed-phase clouds is defined by the Relative

Frequency of Occurrence (RF O) for all clouds (RFO,;;) and mixed-phase clouds (RF Oyp) as follows:

n°(mixed-phase) cloudy pixels

RFOimpy = (5.1)

n°[cloudy + invalid cloudy + clear sky] pixels

where the pixels are replaced by gridboxes in Cloud_cci v3.

Cloud_cciv3 MCDO0O6COSP CAM6-Oslo SCREAM SCREAM-CS ICON GEOS

all (59.2%) 52.9% 87.3% 71.7% 81.3% 70.7% 65.5% 72.1%
MP 6.2% 55.0% 16.7% 3.1% 3.4% 6.9% 14.7%
MP/all 11.7% 63.0% 23.3% 3.5% 4.8% 10.5% 20.4%

Table 5.1.: Total amount of all ("all") and mixed-phase ("MP") clouds retrieved by all datasets included in this

study between 60° North and 60° South, from 1 June, 2009 to 31 May 2013 for Cloud_cci v3, MCDO6COSP, and
CAMBG6-Oslo and for February 2020 for ICON, SCREAM(-CS), and GEOS. In the third row, "MP/all" indicates
the amount of mixed-phase clouds relative to the amount of all clouds. In Cloud_cci v3 the amount of cloudy
boxes and mixed-phase boxes is provided; a pixel-wise amount of "all" clouds is also provided in parenthesis.

The main results from Table 5.1 are:

The total cloud amount is more consistent between the datasets than the amount of mixed-phase

clouds, which is partly due to resolution and the definition of "mixed phase";

- The amount of all clouds retrieved by Cloud_cci v3 decreases from 59.2% to 52.9% when grid-

boxes are used;
- Cloud_cci v3 retrieves the least amount of all clouds (52.9%);
- MCDO6COSP retrieves the highest amount of both all (87.3%) and mixed-phase (55.0%) clouds;
- SCREAM shows the lowest amount of mixed-phase clouds (3.1%);

- CAM6-Oslo, ICON, SCREAM-CS, and GEOS capture a near-global amount of "all" clouds rang-
ing from 65.5% to 72.1% close to previous satellite studies (from 61.9% to 67.2% for afternoon
satellites; PVIR, 2020), while SCREAM and MCDO6COSP overestimate it;
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- The amount of all and mixed-phase clouds closest to the observations of Cloud_cci v3 is provided
by ICON.

Discussion

Cloud_cci v3 provides the least amount of clouds, probably partly due to the limited number of channels
used by the AVHRR sensor, and partly due to the regridding process, which involves the application
of several filters (e.g., gridboxes are considered cloudy only if the difference between the warmest and
the coldest cloudy pixels is within 20°C). In fact, the total number of cloudy pixels in Cloud_cci v3 is
59.2%, while the percentage drops from 52.9% to 48.2% for cloudy boxes and from 6.2% to 6.1% for
mixed-phase boxes when gridboxes with at least 5 cloudy pixels are used for analysis instead of 2 cloudy
pixels. Cumulus clouds (Table 5.2) are the largest contributor to the decrease for all cloudy boxes (Table
5.1), with 18.0% using gridboxes with at least 2 cloudy pixels and 14.9% using gridboxes with at least 5
cloudy pixels.

MCDO6COSP has the highest fraction of both all (87.3%) and mixed-phase (55.0%) clouds. Although
this may be explained by a higher sensitivity of the retrieved data due to a larger number of channels
than those used by AVHRR, the temporal and spatial averaging of MCDO6COSP may also contribute
to the cloud amounts in Table 5.1. In fact, Aqua and Terra measurements are combined to produce
MCDO06COSP, giving as cloudy also locations where only one of the satellites detects clouds, and aver-
aged in space to a resulting spatial resolution of 1°.

SCREAM shows the lowest amount of mixed-phase clouds (3.1%). This result may be due to the
higher spatial resolution compared to other datasets (the spatial resolution dependence of the DYA-
MOND datasets is further discussed in section 5.4). Since SCREAM does not show the lowest amount
of clouds also for all clouds, the lowest amount of mixed-phase clouds may be due to a very efficient
Wegener-Bergeron-Findeisen (WBF) process (see section 2.2.3).

Between 2003 and 2010, a near-global (between 60° North and South) average cloud cover ranging from
61.9% to 67.2% has been retrieved by different afternoon satellite sensors (PVIR, 2020). Only CAM6-
Oslo, ICON, SCREAM_CS, and GEOS come close to this percentage considering all clouds between
60° South and 60° North, while SCREAM and MCDO6COSP overestimate it. The possible reasons for
the overestimation of MCDO6COSP have already been discussed. In SCREAM, this may be due to the
method used to detect the top of the clouds as the highest level with COT > 0, which limited the analysis
to the simulated daytime clouds (as in Cloud_cci v3, MCDO6COSP, and CAM6-Oslo), excluding the

nighttime clouds.
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5. Comparison between observational and model datasets

2-pixels S-pixels
cirrus 1.1% 1.0%
cirrostratus 4.7% 4.1%

deep convective  1.4% 1.9%

altocumulus 1.4% 1.2%
altostratus 6.3% 6.0%
nimbostratus 0.2% 0.4%
cumulus 18.04% 14.9%
stratocumulus 185% 17.5%
stratus 1.3% 1.2%

Table 5.2.: Total amount of all ("all") cloudy boxes retrieved by Cloud_cci v3 between 60° North and 60° South,
from 1 June, 2009 to 31 May 2013 for different cloud types using gridboxes with 2 and 5 cloudy pixels. K-means
clustering has been used for the cloud-type classification (see Sec. 3.3.2.2).

Furthermore, only CAM6-Oslo, ICON, and GEOS show close values for mixed-phase clouds with an av-
erage of 17.9%, while MCDO6COSP and Cloud_cci retrieved mixed-phase clouds of 55.0% and 6.2%,
respectively. For selected regions and cloud types, previous studies based on observations have estimated
the amount of mixed-phase clouds to be between ~ 30% and 60% of the total cloud cover (metric com-
parable to "MP/all" in Table 5.1). However, the measurements of these observations were made in the
Arctic (Shupe et al., 2006), in the former Soviet Union (Mazin, 2006), over the Southern Ocean (from
30° to 75° S and from 50° to 92° W, D’ Alessandro et al. 2019), and globally (up to 82°, but only for
midlevel stratiform clouds with liquid top, Zhang et al. 2010).

Future studies can benefit from this work, as it adds new references to the existing literature on the

amount of mixed-phase clouds, which includes all cloud types up to 60° latitude.

5.2. Amount and geographical distribution of all cloud types

To better understand the differences found in the amount of all clouds shown in section 5.1, this section
focuses on the geographical distribution of the different cloud types.

Figure 5.1 shows the cloud classification of all clouds using COT-CTP joint histograms and their geo-
graphical distributions for Cloud_cci v3. The other datasets are shown in figures: A.5 for MCDO6COSP,
A.6 for CAM6-Oslo, A.7 for SCREAM. The COT-CTP joint histograms are replaced by a cloud top
height classification for GEOS, ICON, and SCREAM-CS (Figure A.8).

The datasets providing COT mostly agree on the cloud types with the highest RFO for the different
heights: stratocumulus for low-level clouds, altostratus for mid-level clouds, and cirrostratus (cirrus for
SCREAM) for high-level clouds. This is shown in Fig. 5.1 for Cloud_cci v3. The datasets show no
specific bias in COT or CTP.
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Figure 5.1.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in a 3x3 matrix for Cloud_cci v3. Each cloud category is identified by a name in the upper left corner
of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right corner. Each
histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination. The lower
panel shows the geographical distribution of the different cloud types in the upper panel and is also shown in a
3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distributions is
normalized to the total number of measurements taken in that pixel.

In Cloud_cci v3, the need to introduce gridboxes to investigate SLF for all cloud types leads to pos-

sible contamination of gridboxes with cloud types from neighbouring COT-CTP joint histograms. As
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gridboxes are not required for the analysis of the other datasets, this contamination is only present in
Cloud_cci v3. Examples of COT-CTP joint histograms for some cloud types, comparing Cloud_cci v3
and MCDO6COSP, are shown in Fig. 5.2. This figure also shows that the geographical distribution of
clouds at the same height differs depending on the dataset: for example, most of the marine cumulus
clouds in Cloud_cci v3 are not retrieved as cumulus clouds by MCDO6COSP but may be included in the
stratocumulus clouds, while the mid-latitude stratus clouds retrieved by MCDO6COSP are not retrieved

as stratus clouds by Cloud_cci v3 but may be included in the stratocumulus clouds.
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Figure 5.2.: COT-CTP joint-histograms and geographical distributions of low-level clouds (cumulus, stratocumu-
lus, and stratus) for Cloud_cci v3 (upper panel) and MCDO6COSP (lower panel). At the top of each histogram,
the Relative Frequency of Occurrence (RFO) is shown.

To better compare the geographical distribution of clouds and their RFO of the analysed datasets, the
cloud types at the same height are combined in Fig. 5.3 to obtain high-, mid-, and low-level clouds.
The RFO (eq. 5.1) of the different clouds varies significantly between the datasets. While the satellites
retrieve more low-level clouds (RFO = 37.83% and 50.59%) than mid- (RFO = 7.9% and 19.3%) and
high-level clouds (RFO = 7.15% and 17.41%), the model results show a majority of high-level clouds
(RFO between 27.17% and 52.06%). The datasets mostly agree on the regions where clouds at certain

heights occur.
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Figure 5.3.: Geographical distribution of all clouds for the different datasets combined at three height-levels: high-,
mid-, and low-level. The Relative Frequency of Occurrence (RFO) is shown above each distribution. Each pixel
in the geographical distributions is normalised to the total number of measurements taken in that pixel. Data from
the DYAMOND datasets are represented at 1° spatial resolution for better visualization.
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However, the geographical distributions also show that the same cloud type can be found in different
locations depending on the dataset: for example, low-level clouds are more widely distributed over the
western sides of the oceans in Cloud_cci v3 and MCDO6COSP than in the models (e.g., in the Pacific
Ocean near South America), ICON shows mid-level clouds in the Bering Sea, not present in the other
datasets, and high-level clouds are present on the eastern side of the Pacific Ocean near North America
in SCREAM, SCREAM-CS, and GEOS, with lower frequency in Cloud_cci v3 and MCDO6COSP, but
these are absent in CAM6-Oslo and ICON.

Discussion

The geographical distributions in Fig. 5.3 show that low-level clouds are mostly marine clouds while mid-
and high-level clouds are found over both continents and oceans, consistent with other studies (Rossow

et al., 2005; Williams and Tselioudis, 2007; Oreopoulos et al., 2017; Tan et al., 2018). In particular:

- High-level clouds are mainly found in the extratropics and over the equator, reaching a wider area
that can cover the tropics, depending on the dataset. These areas are often subject to synoptic-
and mesoscale events, i.e., tropical and extratropical cyclones, consisting mostly of cirrus and

cirrostratus in the upper levels.

- Mid-level clouds, such as altostratus and altocumulus, can have different origins. Although they
can form independently (e.g., altocumulus as high-based convective clouds), they can also form as
remnants of cumulonimbus and nimbostratus clouds, part of the clouds that constitute cyclones.

For this reason, they are mainly found in the same regions as high-level clouds.

- Low-level clouds are found mainly over the oceans, and especially over their eastern edges, where
their formation is made possible by the atmospheric subsidence above a low sea surface tempera-

ture.

The differences in cloud locations between datasets, together with the other differences found in the RFO,
suggest a possible misclassification of clouds using the observations, further showing the limitations of
sorting clouds with simple COT-CTP joint histograms (see section 3.3.0.1, Hahn et al., 2001), and a
possible wrong representation of the geometric structure of clouds in models.

Figure 5.2 shows that the analysed datasets can differ in the COT assigned to clouds of the same height, as
well as in the cloud amount. The MCDO6COSP retrieval for cloud optical properties (including COT),
uses only one channel and this may contribute to misclassification of cloud types when considering

clouds at the same height.

5.3. Amount and geographical distribution of mixed-phase cloud types

Figure 5.4 shows the cloud classification in COT-CTP joint histograms of mixed-phase boxes (see section

3.3.2.1) and their geographical distributions for Cloud_cci v3.
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Figure 5.4.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in the mixed phase in a 3x3 matrix for Cloud_cci v3. Each cloud category is identified by a name in the
upper left corner of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right
corner. Each histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination.
The lower panel shows the geographical distribution of the different cloud types in the upper panel and is also
shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distri-
butions is normalized to the total number of measurements taken in that pixel. The colorbar for the geographical
distribution has a smaller range than in figures including all clouds.
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The other datasets are shown in figures: A.9 for MCDO6COSP, A.10 for CAM6-Oslo, A.11 for SCREAM.
The COT-CTP joint histograms are replaced by a cloud top height classification for GEOS, ICON and
SCREAM-CS (Figure A.12).

As in section 5.2, COT-CTP joint histograms of Cloud_cci v3 may be contaminated by gridboxes with
cloud types from neighbouring COT-CTP joint histograms. Stratocumulus clouds are the most abundant
low-level mixed-phase clouds, altostratus clouds are the most abundant mid-level mixed-phase clouds,
and cirrostratus clouds are the most abundant high-level mixed-phase clouds. Except for ICON and
GEOS, which do not provide COT information, the other datasets agree with Cloud_cci v3 on this result
(except for SCREAM, for which cirrus clouds are the most abundant high-level mixed-phase clouds).
All models systematically show an increase in CTP (and consequently a decrease in cloud top height)
for the mixed-phase high-level clouds compared to all clouds. This is shown for cirrostratus clouds in
CAMG6-Oslo by the black dots in Fig. 5.5, as these represent the most abundant high-level cloud type
found in the mixed-phase, in Figures A.7 and A.11 for SCREAM, and in Figures A.8 and A.12 for the
other DYAMOND models.

All MP

o

®
3

w
=]
S

£
3

@
&
3

2
8
3

®
3
3

1000

Cloud Top Pressure (hPa)

0 0.3 13 36 94 23 60 379 0 0.3 13 36 94 23 60 379
Cloud Optical Thickness (COT) Cloud Optical Thickness (COT)

01 1 2 6 10 20 30 40 50 60 70 80 90 100
(%)

Figure 5.5.: CTT-CTP histograms for all (left) and mixed-phase (MP, right) cirrostratus clouds in CAM6-Oslo. The
histograms are normalised individually. The colorbar indicates the relative frequency of occurrence for a given
CTT-CTP bin.

Figure 5.6 shows the geographical distributions of the mixed-phase clouds at three heights for the differ-
ent datasets. The main contributors to mixed-phase clouds are low-level clouds. This result is consistent
across all datasets. While MCDO6COSP shows a negligible contribution in cloud fraction at high and
middle levels when comparing the clouds in the mixed-phase regime to all clouds (Fig. 5.3), the other
datasets show a reduction in cloud fraction at all heights for mixed-phase clouds. The datasets agree
on the geographical distribution of mixed-phase clouds, which are mainly located in the mid-latitudes,
with the exception of MCDO6COSP, for which a high frequency of mixed-phase clouds is also found
in the tropics, regardless of the cloud type. However, the geographical distributions also show differ-
ences between the datasets: for example, ICON, SCREAM, SCREAM-CS, and GEOS show low-level
clouds over the maritime area around Japan which are not present in Cloud_cci v3, MCDO6COSP, and

CAMG6-Oslo.

66



5.3. Amount and geographical distribution of mixed-phase cloud types
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Figure 5.6.: Geographical distribution of mixed-phase clouds for the different datasets combined at three height-
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5. Comparison between observational and model datasets

Discussion

The reduction in cloud top height found for high-level mixed-phase clouds compared to all clouds, and
hence the increase in cloud top temperature, may contribute to the presence of the liquid phase in high-
level mixed-phase clouds in the temperature range between —40°C and 0°C. The presence of cirrus
clouds in the mixed-phase regime may not be surprising, as previous studies have shown the presence of
supercooled liquid droplets in this cloud type (Sassen, 1992).

The presence of mixed-phase clouds mainly at mid-latitudes is consistent with Hu et al. (2010), as super-
cooled liquid water has been observed mainly in both convective and stratiform clouds in these regions.

However, MCDO6COSP retrieves more mixed-phase clouds than the other datasets, which are also found
in the tropics in areas where strong updrafts lead to the formation of high-level clouds with ice tops (e.g.,
the Intertropical Convergence Zone). This may indicate the presence of problems in the MCD0O6COSP
cloud retrieval.

The differences between the datasets in the geographical distributions in Fig. 5.6 may imply different
dynamics and therefore the possibility of regionally dependent cloud micro- and macrophysics within the
same cloud type. As in section 5.2 for all clouds, the position of a cloud type in the mixed-phase varies
between the datasets (e.g., only the DYAMOND models retrieve low-level mixed-phase clouds in the
areas surrounding Japan, while MCDO6COSP retrieves high-level mixed-phase clouds in the same area),
again highlighting the limitations of the COT-CTP joint-histogram-based method (see section 3.3.0.1,

Hahn et al. 2001) used to sort the clouds and a possible misclassification of clouds.

5.4. Comparison between coarsened spatial resolutions of DYAMOND datasets

Since the results from SCREAM and SCREAM-CS shown so far do not contain substantial differences,
only SCREAM will be considered in the following sections, as SCREAM provides information on the
COT, which allows the cloud type classification used for the observations.

In this paper, all analyses performed with ICON, SCREAM and GEOS are also shown at the coarser spa-
tial resolution of 0.5° (ICON 0.5°, SCREAM 0.5° and GEOS 0.5°) to make comparisons with Cloud_cci
v3 more consistent. However, due to the coarser resolution of MCDO6COSP (1°) and CAM6-Oslo (~2°),
the DYAMOND models were also evaluated at the coarser spatial resolutions of 1° and 2°, and the results
are presented in this section.

The cloud amount provided by SCREAM, ICON and GEOS changes with the coarser spatial resolution
as shown in the table 5.3.

From the original to the coarser spatial resolution of 0.5°, the amount of all clouds decreases. For mixed-
phase clouds, this only occurs for GEOS and SCREAM. Coarsening the spatial resolution from 0.5°
to 1° and 2° decreases the amount of all and mixed-phase clouds for all DYAMOND datasets. While
the "MP/all" ratio increases for ICON and GEOS with increasing spatial resolution, it decreases for

SCREAM. Since the cloud amount decreases up to about 50% when the spatial resolution is coarsened
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5.4. Comparison between coarsened spatial resolutions of DYAMOND datasets

SCREAM ICON GEOS
3km 0.5° 1° 2° Skm 0.5° 1° 2° 3km 0.5° 1° 2°
all 813% 354% 292% 20.7% 65.5% 58.6% 44.1% 283% 672% 49.5% 36.5% 24.3%
MP 3.1% 0.7% 0.4% 0.1% 6.9% 11.5%  9.9% 7.2% 147%  8.9% 7.0% 5.0%
MP/all  3.5% 2.0% 1.4% 0.5% 10.5% 19.6% 22.5% 25.4% 20.4% 18.0% 19.2%  20.6%

Table 5.3.: Total amount of all ("all") and mixed-phase ("MP") clouds retrieved from the DYAMOND datasets
between 60° North and 60° South from 1 June 2009 to 31 May 2013 for February 2020 at the original and at
the coarser spatial resolutions of 0.5°, 1° and 2°. In the third row, "MP/all" indicates the amount of mixed-phase
clouds relative to the amount of all clouds.

from 0.5° to 2°, only the results at 0.5° are considered in this paper (closer to the gridbox resolution
of Cloud_cci v3 — 0. 3° — than the resolution of MCDO6COSP — 1° — and CAM6-Oslo — ~ 2°)
together with the results at the original resolution.

Figure 5.7 shows SLF averaged on isotherms with intervals of 1°C in ICON for clouds at different heights
and at different spatial resolutions. Coarsening the spatial resolution in ICON mostly leads to a decrease
of the SLF considering all cloud heights at a common temperature of -11°C. In GEOS, only the high-
level clouds mostly show an increase in SLF when the spatial resolution is coarsened, while the opposite
is true for the low clouds (Fig. A.14). In SCREAM (Fig. A.13), it is not possible to clearly observe
whether the SLF increases or decreases with the resolution: although the majority of the isotherms show
a decrease of the SLF with the resolution, the difference between the cases supporting this result and the
cases contradicting it is about 3% comparing the resolutions 0.5° and 1° and about 10% comparing the

resolutions 1° and 2°.

Discussion

Coarsening the spatial resolution to 0.5° reduces the amount of all clouds. At coarser resolution, the
gridboxes are considered cloudy only if the difference between the warmest and the coldest cloudy pixels
is within 20°C (see section 3.3.2.1); applying this filter excludes a portion of the clouds. While this may
explain why there is a decrease in the amount of mixed-phase clouds in GEOS and SCREAM, the reason
why the percentage of mixed-phase clouds and ICON increases from the original resolution to 0.5° may
be due to a very efficient WBF process: the averaging of the supercooled liquid fraction in the gridboxes
may contribute to increasing the mixed-phase boxes more than the temperature filter reduces them. The
temperature filter excludes more and more cloudy gridboxes, coarsening the spatial resolution from 0.5°
to 2° and decreasing the amount of all and mixed-phase clouds in all datasets.

ICON for temperatures below -11° and GEOS for high-level clouds show a decrease in SLF coarsen-
ing the spatial resolution. Coarsening the resolution may increase the probability of finding ice in a
mixed-phase box, as the probability of finding ice below 0°C increases exponentially with decreasing

temperature (see section 2.2.2.1).
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Figure 5.7.: SLF profiles on isotherms of high-, mid-, and low-level clouds for ICON at the spatial resolutions of
0.5°, 1°, and 2°.

5.5. CTT-height dependency of cloud types in the mixed phase and WBF process

In order to better understand the results in Chapter 4 about the SLF differences found for different regions,
the following investigations are limited to mixed-phase clouds in the continental and marine regions at
latitudes between 30° and 60°. In Chapter 4, the continental low-level mixed-phase clouds show a
different hemispheric dependence from the other clouds when comparing their SLF. As shown in sections
5.2 and 5.3, stratocumulus clouds are the most abundant low-level clouds in the mixed-phase and of all
clouds. As the continental area in the Northern Hemisphere is more extensive than in the Southern
Hemisphere, and therefore provides more data, continental (stratocumulus) clouds in the NH are shown

from this section onwards, unless the focus of the discussion is on other cloud types.
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5.5. CTT-height dependency of cloud types in the mixed phase and WBF process

Figure 5.8 shows the SLF-CTT joint histograms for the different cloud types over continental regions in
the NH for Cloud_cci v3. From this figure, the diversity of cloud types can be observed as each cloud
has a unique SLF-CTT joint histogram. Furthermore, CTT decreases with increasing height level, as
expected from the direct dependence of CTT on the cloud top height, and SLF decreases with decreasing
CTT.

The cloud-type-dependent diversity of the SLF-CTT joint histograms is also found for the other regions
and datasets: figures A.15 to A.17 for Cloud_cci v3, figures A.18 to A.21 for MCDO6COSP using
SLF-CTP joint histograms, figures A.22 to A.25 for CAM6-Oslo (A.26 to A.29 using SLF-CTP joint
histograms for comparison with MCDO6COSP), figures A.30 to A.33 for SCREAM, Fig. A.34 for ICON,
Fig. A.35 for GEOS, figures A.36 to A.39 for SCREAM 0.5°, Fig. A.40 for ICON 0.5°, and Fig. A.41
for GEOS 0.5°.
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Figure 5.8.: SLF-CTT joint histograms for continental mixed-phase clouds in the NH for Cloud_cci v3. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.

Figure 5.9 shows the SLF-CTT joint histograms for stratocumulus clouds over continental regions in the
NH for all datasets. MCDO6COSP does not provide the CTT, so the SLF-CTP joint histogram is used
as a substitute, and the same type of histogram is included for CAM6-Oslo for comparison; low-level
clouds are shown for ICON and GEOS.
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Figure 5.9.: SLF-CTT joint histograms for the continental mixed-phase stratocumulus clouds in the NH for all
datasets. A SLF-CTP histogram replaces the SLF-CTT histogram for MCDO6COSP, while both SLF-CTP and
SLF-CTT histograms are shown for CAM6-Oslo. Stratocumulus is replaced by low-level clouds for ICON, ICON
0.5°, GEOS, and GEOS 0.5°. The colorbar indicates the cloud fraction for a given SLF-CTT or SLF-CTP bin
relative to the individual histogram.
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5.5. CTT-height dependency of cloud types in the mixed phase and WBF process

Compared to the observations and CAM6-Oslo, the DYAMOND datasets show fewer intermediate stages
of SLF at the original spatial resolution, with the majority of the SLF-CTT frequency for SLF < 0.05 and
SLF > 0.95 (0.6 for GEOS). While SCREAM and ICON do not show any intermediate SLF values for
low- and mid-level clouds (Figures A.30 to A.33 for SCREAM and Fig. A.34 for ICON), but cover the
whole SLF range for high-level clouds (Fig. 5.10), GEOS shows intermediate SLF values for almost all
cloud types (Fig. A.35).

Intermediate SLF values are also found more frequently in the DYAMOND datasets at a resolution of
0.5° than at the original resolution, with the exception of the high-level clouds, whose SLF decreases
when the resolution is coarsened to 0.5° (Fig. 5.10). Both Cloud_cci v3 and CAM6-Oslo show SLF >
0.4 for stratus clouds (Fig. 5.11), with SLF reaching lower values over land (Cloud_cci v3 only in the
SH). From the DYAMOND datasets, SCREAM 0.5° shows SLF > 0.4 for marine stratus clouds only in
the SH, while GEOS 0.5° shows SLF > 0.3 for marine low-level clouds in the SH (Fig. 5.12) and similar
SLF values for the other geographical areas (Fig. A.41).
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Figure 5.10.: SLF-CTT joint histograms for continental mixed-phase high-level (ICON and GEOS) and cirrostratus
(SCREAM) clouds in the NH at the original resolution (top) and at 0.5° (bottom). Each histogram is normalised
individually. The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin.

Discussion

A decrease of SLF with CTT is shown in Fig. 5.8 for Cloud_cci v3. In the temperature range between
—40°C and 0°C, this could be driven by heterogeneous ice nucleation (section 2.2.2.3, Lamb and Verlinde
2011; Pruppacher and Klett 1997) as well as secondary ice formation and ice crystal growth at the
expense of liquid droplets (WBF process). Even at the same height, different cloud types show different
SLF-CTT dependencies, indicating individual cloud processes that could be driven by cloud dynamics or

regional effects, e.g., different aerosol composition. One reason why the DYAMOND datasets, especially
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ICON and SCREAM, display fewer intermediate SLF values (Fig. 5.9) may be the lower resolution
of Cloud_cci v3 (due to the regridding process in gridboxes), MCDO6MODIS and CAM6-Oslo (both
providing averages), which makes intermediate SLF values more likely in the histograms of the latter
datasets. This is confirmed by coarsening the spatial resolution of the DYAMOND datasets to 0.5°. In
addition, comparing Cloud_cci v3 and the DYAMOND models at coarser resolution, more ICON 0.5°
and SCREAM 0.5° than GEOS 0.5° may have an overly efficient WBF process leading to rapid cloud

freezing once ice nucleation starts.
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Figure 5.11.: SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and SH for
Cloud_cci v3 (top) and CAM6-Oslo (bottom). Each histogram is normalised individually. The colorbar indicates
the relative frequency of occurrence for a given SLF-CTT bin.
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Figure 5.12.: SLF-CTT joint histograms for marine mixed-phase stratus clouds for SCREAM 0.5° (left) and low-
level clouds GEOS 0.5° (right) in the SH. Each histogram is normalised individually. The colorbar indicates the
relative frequency of occurrence for a given SLF-CTT bin.

74



5.5. CTT-height dependency of cloud types in the mixed phase and WBF process

The importance of the efficiency of the WBF process in models to represent the mixed-phase clouds has
been addressed, e.g., by Forbes and Ahlgrimm (2014) and Cesana et al. (2015), who respectively show
that the ice deposition growth rate largely determines the liquid-ice partition in mixed-phase clouds, and
that while the effects of the WBF process can be observed with satellite data, models may fail to de-
termine the liquid-ice partition in mixed-phase clouds despite the WBF parameterisation. While GEOS
shows intermediate SLF values for all cloud types (for some still fewer than Cloud_cci v3 (Fig. 5.9) and
for some others extended over the whole SLF range (Fig. A.35)), the SLF is constrained to values below
0.05 and above 0.95 for low and mid-level clouds in ICON and SCREAM. The presence of interme-
diate SLF values for high-level clouds in ICON and SCREAM may be due to contamination by other
cloud types and therefore to cloud-type misclassification, or it may be indicative of erroneous processes
occurring exclusively in high-level clouds.

Coarsening the spatial resolution of the DYAMOND datasets leads to lower SLF values for high-level
clouds (Fig. 5.10). Indeed, the temperature filter applied to the gridboxes limits the possibility of lower
clouds contaminating the results for high-level clouds (see section. 3.3.2).

The absence of small values of SLF for mixed-phase stratus clouds in Cloud_cci v3 and CAM6-Oslo
shown in Fig. 5.11 may be caused by very efficient ice formation processes bringing SLF to zero: con-
sidering that a consequence of riming can be the production of secondary ice by the rime-splintering
process (Mossop and Hallett, 1974, which occurs at temperatures between —3°C and —8°C) and that "a
large amount of secondary ice would intensify the WBF process" (Korolev et al., 2022), the results that
Cloud_cci v3 and CAM6-Oslo show for stratus clouds may be explained by these processes. However,
only values for SLF > 0 and SLF < 1 are shown in Fig. 5.11. Therefore, inefficient ice formation pro-
cesses in mixed-phase stratus clouds are more probable to explain the absence of low SLF values for
this cloud type. The difference found between continental and marine regions may be due to the greater
abundance of INPs over land than over the ocean, or to differences in the cloud dynamics, or both. If
Cloud_cci v3 was correct in retrieving lower values of SLF for continental stratus clouds only in the SH,
then the presence of specific INPs in the continental regions in the SH and/or differences in dynamics
with respect to marine area could be related to the speculations made in section 4.4, and this would
also imply that CAM6-Oslo fails to capture differences between NH and SH over continents. Although
SLF-CTT histograms are not available for MCDO6COSP, its SLE-CTP histograms for stratus clouds are
similar to the SLF-CTP histograms of CAM®6-Oslo.

Among the DYAMOND datasets, only SCREAM 0.5° and GEOS 0.5° show similar results (Fig. 5.12).
While in GEOS 0.5° it is not possible to consider only stratus clouds but low-level clouds, in SCREAM
only stratus clouds are considered, and two conclusions can be deduced: coarsening the spatial resolution
to 0.5° may be necessary to fairly compare the DYAMOND datasets with the observations of Cloud_cci
v3; SCREAM 0.5° may fail to properly represent macro- and microphysical processes in mixed-phase

stratus clouds, as only marine stratus clouds in the SH are in agreement with observations.
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5.6. Land and ocean contrast in the SLF-CTT joint histograms

The previous section showed that each cloud type is characterised by a unique SLF-CTT histogram.
This section focuses on possible land-ocean contrasts. Cirrostratus and stratocumulus clouds are again
considered for the comparisons, as they are the most common cloud types in the high and low clouds
they represent. Figure 5.13 shows the histograms of these cloud types distinguished by location and their
differences for Cloud_cci v3. While cirrostratus clouds are warmer over land than over the ocean in both

hemispheres, stratocumulus clouds show this characteristic only in the SH, while the opposite is true in
the NH.
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Figure 5.13.: In the top two rows: SLF-CTT joint histograms of cirrostratus (left) and stratocumulus (right) in the
mixed-phase in NH and SH over land and ocean for Cloud_cci v3. Bottom: The difference of land minus ocean
for NH (left) and SH (right). The dots represent the SLF-CTT combination where the p-value is less than 0.05,
indicating a statistically significant test result. The colorbar on the left indicates the cloud fraction for a given

SLF-CTT bin relative to the individual histogram. The colorbar on the right indicates the difference between two
SLF-CTT histograms for a given SLF-CTT bin.

Figure 5.14 shows the land/ocean contrast of cirrostratus (or high-level) clouds in both the NH and the SH
for all datasets. CAM6-Oslo, GEOS, GEOS 0.5°, and ICON 0.5° (only in the SH) agree with Cloud_cci
v3. MCDO6COSP shows a similar contrast to CAM6-Oslo only in the SH.
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Figure 5.14.: Differences between continental and marine cirrostratus (or high-level) clouds in the NH (left) and

SH (right) represented by SLF-CTT joint histograms for all datasets. A SLF-CTP histogram replaces the SLF-
CTT histogram for MCDO6COSP, while both SLF-CTP and SLF-CTT histograms are shown for CAM6-Oslo.
Cirrostratus clouds are replaced by high-level clouds for ICON, ICON 0.5°, GEOS, and GEOS 0.5°. The dots
represent the SLF-CTT combination where the p-value is less than 0.05, indicating a statistically significant test
result. The colorbar indicates the land minus ocean difference for a given SLF-CTT or SLF-CTP bin relative to
the individual histogram.

Figure 5.15 shows the land/ocean contrast of stratocumulus (or low-level) clouds in both the NH and

the SH for all datasets. Again, CAM6-Oslo, GEOS, GEOS 0.5°, and ICON 0.5° (only in the SH) agree
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5. Comparison between observational and model datasets

with Cloud_cci v3. For stratocumulus clouds, SCREAM 0.5° is also in agreement with Cloud_cci v3.

MCDO6COSP shows a land/sea contrast similar to CAM6-Oslo in both hemispheres.
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Figure 5.15.: Differences between continental and marine stratocumulus (or low-level) clouds in the NH (left) and

SH (right) represented by SLF-CTT joint histograms for all datasets. A SLF-CTP histogram replaces the SLF-
CTT histogram for MCDO6COSP, while both SLF-CTP and SLF-CTT histograms are shown for CAM6-Oslo.
Stratocumulus clouds are replaced by low-level clouds for ICON, ICON 0.5°, GEOS, and GEOS 0.5°. The dots
represent the SLF-CTT combination where the p-value is less than 0.05, indicating a statistically significant test
result. The colorbar indicates the land minus ocean difference for a given SLF-CTT or SLF-CTP bin relative to
the individual histogram.
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5.7. Hemispheric dependencies of cloud types on CTT-SLF joint histograms

Discussion

Low- and mid-level clouds are more influenced by the Earth’s surface, i.e., by orography, aerosol trans-
port, and the ground heated by the Sun (land has a lower heat capacity than water and heats up faster,
producing more convection and clouds during the day). Therefore, turbulence and updrafts may charac-
terise the dynamics of mid- and low-level clouds, leading to higher tops. The reason why it is only found
in NH may be related to the continental geographic extent between 30° and 60°, which is much wider in
the NH than in the SH and may be less influenced by the ocean.

While CAM6-Oslo and GEOS reproduce well the results found in Cloud_cci v3, ICON and SCREAM
partially agree with the observations only at the coarser spatial resolution of 0.5°, supporting the impor-

tance of comparing datasets at similar spatial resolutions.

5.7. Hemispheric dependencies of cloud types on CTT-SLF joint histograms

The main result in section 4.4 was that all four datasets (from passive and active satellite sensors) showed
higher SLF in the SH than in the NH for all cloud types, except for continental low-level clouds (and
altocumulus clouds, for Cloud_cci v3 only), for which the opposite was found. In an attempt to compare
the results in section 4.4 with models, CFAD-like histograms (see section 3.3.2.3) are used for consis-
tency. Despite using a different method for this second part of the analysis, Cloud_cci v3 confirms the
results found previously and shown in section 4.4.

This is shown in Fig. 5.16, where both CFAD-like histograms for different areas as well as their difference
between NH and SH for continental and marine areas are shown for only cirrostratus and stratocumulus,
which are representative for high- and mid-level clouds (excluding altocumulus) and low-level clouds
(and altocumulus), respectively. For a given CTT < —15°C, cirrostratus clouds in the SH have higher
SLF than in the NH over both land and the ocean, as shown by the turquoise colors at high SLF in the
difference plot. The same holds only over marine regions for stratocumulus clouds, while the opposite is
true over land.

Figure 5.17 shows the hemispheric contrast of cirrostratus (or high-level) clouds over land and ocean for
all datasets. Only ICON and CAM6-Oslo show agreement with Cloud_cci v3 over both land and the
ocean, and ICON especially at SLF extremes. SCREAM agrees with Cloud_cci v3 only over the ocean,
while the histograms of SCREAM 0.5° cannot be evaluated due to lack of data. GEOS 0.5° shows
agreement with Cloud_cci v3 only over the ocean and for CTT < —25°C. MCDO6COSP shows similar
results to CAM6-Oslo only over land.

Figure 5.18 shows the hemispheric contrast of stratocumulus (or low-level) clouds over land and the
ocean for all datasets. CAMG6-Oslo shows larger SLF in the SH than in the NH for marine clouds, in
agreement with Cloud_cci v3, but also for continental clouds, in contrast to Cloud_cci v3. SCREAM
agrees with Cloud_cci v3 over land and for CTT > —15° over the ocean, while SCREAM 0.5° agrees
with Cloud_cci v3 only over land. The results of ICON are in contrast to Cloud_cci v3, while ICON
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0.5° agrees with Cloud_cci v3 only over land for temperatures from —10°C to —5°C. GEOS agrees with
Cloud_cci v3 over land only for temperatures from —10°C to —20°C and the ocean only for temperatures
from —15°C to —25°C. GEOS 0.5° agrees with Cloud_cci v3 over land only for temperatures from 0°C
to —10°C and over the ocean only for temperatures from —20°C to —25°C. MCDO6COSP shows similar

results to CAM6-Oslo over both land and the ocean, thus in agreement with Cloud_cci v3 only over the

ocean.
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Figure 5.16.: In the top two rows: CFAD-like histograms of mixed-phase cirrostratus (left) and stratocumulus
(right) in NH and SH over land and the ocean for Cloud_cci v3. Each line of the CFAD-like histograms shows a
dot where the maximum SLF is located. Bottom: The difference between NH and SH for land (left) and the ocean
(right). The dots represent the SLF-CTT combination where the p-value is less than 0.05, indicating a statistically
significant test result. The colorbar on the left indicates the cloud fraction for a given SLF-CTT bin relative to the
individual histogram. The colorbar on the right indicates the difference between two SLF-CTT histograms for a
given SLF-CTT bin.

The complete set of CFAD-like histograms can be found in the Appendix: figures A.42 to A.45 for
Cloud_cci v3, figures A.46 to A.49 for MCDO6COSP using SLF-CTP joint histograms, figures A.50 to
A.53 for CAM6-Oslo (A.54 to A.57 using SLE-CTP joint histograms for comparison with MCDO6COSP),
figures A.58 to A.61 for SCREAM, Fig. A.62 for ICON, Fig. A.63 for GEOS, figures A.64 to A.67 for
SCREAM 0.5°, Fig. A.68 for ICON 0.5°, and Fig. A.69 for GEOS 0.5°.
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5.7. Hemispheric dependencies of cloud types on CTT-SLF joint histograms
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Figure 5.17.: Differencens between CFAD-like histograms of cirrostratus (or high-level) clouds in the NH and
SH over land and the ocean for all datasets. CFAD-like histograms of MCDO6COSP are derived from SLF-CTP
histograms, while both SLF-CTP and SLF-CTT histograms are used to derive CFAD-like histograms of CAMG6-
Oslo. Cirrostratus clouds are replaced by high-level clouds for ICON, ICON 0.5°, GEOS, and GEOS 0.5°. The
dots represent the SLF-CTT combination where the p-value is less than 0.05, indicating a statistically significant
test result. The colorbar indicates the land minus ocean difference for a given SLF-CTT or SLF-CTP bin relative
to the individual histogram.
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Figure 5.18.: Differencens between CFAD-like histograms of stratocumulus (or low-level) clouds in the NH and
SH over land and ocean for all datasets. CFAD-like histograms of MCDO6COSP are derived from SLF-CTP
histograms, while both SLF-CTP and SLF-CTT histograms are used to derive CFAD-like histograms of CAM6-
Oslo. Stratocumulus clouds are replaced by low-level clouds for ICON, ICON 0.5°, GEOS, and GEOS 0.5°. The
dots represent the SLF-CTT combination where the p-value is less than 0.05, indicating a statistically significant
test result. The colorbar indicates the land minus ocean difference for a given SLF-CTT or SLF-CTP bin relative
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5.8. Ice formation in marine low-level clouds at about -15°C in Southern Hemisphere

Discussion

Differences between NH and SH in cloud dynamics and cloud microphysics of the simulated cloud types,
as well as possible seasonal effects influencing the DYAMOND datasets analysed in this thesis, which are
only available for February 2020, may explain the differences between the datasets shown in the results
as well as the contrast with the observations. Furthermore, the number of datasets in agreement with
observations is higher for high-level clouds than for low-level clouds, suggesting that cloud micro- and
macrophysics in low-level clouds are more influenced by the Earth’s surface than in high-level clouds,
making the simulation of low-level clouds more complex. When comparing low-level clouds, the only
agreement with observations was found for marine clouds, suggesting that continental low-level clouds
may be difficult to represent due to possible heterogeneity in orography, aerosol composition, urban

areas, etc.

5.8. Ice formation in marine low-level clouds at about -15°C in Southern Hemisphere

Some CFAD-like histograms show a trimodal SLF tendency, with a high frequency of occurrence at low
SLF around —15°C and a high frequency of occurrence at high SLF for higher and lower temperatures.
This is shown in Fig. 5.19 for cumulus (or low-level) marine clouds in the SH, the only region where
Cloud_cci v3, CAM6-Oslo, SCREAM 0.5°, and GEOS 0.5° show this phenomenon. While in Cloud_cci
v3 and CAM6-Oslo SLF reaches very low values close to zero at temperatures between —15°C and
—28°C in the first and —11°C and —15°C in the second dataset, in SCREAM 0.5° SLF reaches 0.8 at
about —7°C, and in GEOS SLF reaches 0.5 at about —13°C. While in Cloud_cci v3 this result occurs only
for marine cumulus clouds in the SH, in CAM6-Oslo it occurs for marine cumulus and stratocumulus
clouds in both hemispheres, in SCREAM 0.5° it occurs for all marine low-level and nimbostratus clouds
in the SH, and in GEOS it occurs for both continental and marine low-level clouds in both hemispheres

and for both continental and marine mid-level clouds only in the SH.

Cloud_cci v3 CAM6-Oslo SCREAM 0.5° GEOS 0.5°

Low-level

CTT (°C)

0.0 0.005 0.01 0.05 0.1 05 0.7 0.8 0.9 0.95 1.0

Figure 5.19.: CFAD-like histograms of marine mixed-phase cumulus clouds for Cloud_cci v3 and CAM6-Oslo and
of marine mixed-phase low-level clouds for ICON in SH. The dots represent the highest frequency of occurrence
for each isotherm. The colorbar indicates the cloud fraction for a given SLF-CTT bin relative to a single isotherm.
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Discussion

In section 2.2.2.3, the formation of dendritic ice structures at temperatures between —12°C and —17°C
was mentioned to support the high efficiency of coalescence processes occurring in this temperature
range. In Libbrecht (2005) and Lamb and Verlinde (2011) the temperature range in which plate-like
crystals (and hence dendrites) are most commonly found is between —8°C and —22°C. The presence of
dendritic crystals at these temperatures, which may also act as a source of secondary ice, may explain
the high frequency of occurrence at low SLF in the temperature range between —10°C and —28°C in
Fig. 5.19.

Evidence for a minimum in SLF at about —15° is also present in previous studies analysing stratiform and
mid-level clouds from observations in specific regions (Mignani et al., 2019; Zhang et al., 2019a; Silber
etal., 2021; Danker et al., 2022), or globally over the ocean (Nagao and Suzuki, 2022), or distinguishing
day/night, land/ocean, and seasonal contrasts in the tropics and extratropics (Riley and Mapes, 2009).
While it is not clear why high frequency of low SLF values in this temperature range is only found for
some cloud types and in some regions in the datasets analysed in this work, the presence of this robust
result also in previous literature leaves hope for the possibility of using passive satellite sensors to study

cloud microphysics.

5.9. Conclusions

This chapter presented a comparison between observations (Cloud_cci v3 and MCD06COSP) and model
datasets (CAMG6-Oslo, ICON, SCREAM, and GEOS). The results presented in this chapter are sum-

marised here:

- There is a large variability in the amount of clouds retrieved by the datasets (from 52.9% in
Cloud_cci v3 to 87.3% in MCDO6COSP for all clouds and from 55.0% for MCDO6COSP to 3.1%
in SCREAM for mixed-phase clouds), which can be explained by the different sensors, number of
channels, and algorithms when comparing the observations, and the different algorithms, micro-,
and macrophysics when comparing the models. CAM6-Oslo, ICON, SCREAM-CS, and GEOS
retrieve a near-global amount of "all" clouds ranging from 65.5% to 72.1% close to previous stud-
ies based on satellite measurements (ranging from 61.9% to 67.2% for afternoon satellites; PVIR,
2020). This thesis provides new references on the amount of mixed-phase clouds, which includes

all cloud types up to 60° latitude.

- When comparing all or mixed-phase clouds at high, middle, and low heights, the datasets mostly
agree on the geographical position where the clouds occur. Possible misclassification of cloud
types can occur when considering clouds at the same height but with different cloud optical thick-
ness (COT). For all clouds, the observations mostly retrieve low-level clouds while the model

datasets mostly contain high-level clouds. The model datasets show a systematic decrease in the
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cloud top height (and hence, an increase in temperature) for the high-level mixed-phase clouds
compared to all clouds; this may contribute to the presence of liquid phase in high-level mixed-
phase clouds in the temperature range between —40°C and 0°. Most of the datasets agree in
retrieving mixed-phase clouds at low heights and at mid-latitudes, where supercooled liquid water

has also been observed in previous studies (e.g., Hu et al., 2010).

A validation study comparing ICON, SCREAM and GEOS at coarsened spatial resolutions (0.5°,
1° and 2°) shows that the amount of all clouds decreases when the original spatial resolution is
coarsened to 0.5°. This occurs only for GEOS and SCREAM, when only the mixed-phase clouds
are considered. The reduction in the number of clouds is due to a cloud top temperature (CTT)
filter applied in the gridboxes, which are only included in the analysis if the difference between the
warmest and coldest pixels is within 20°C. In ICON, the increase in the amount of mixed-phase
clouds may be due to an over-efficient Wegener-Bergeron-Findeisen (WBF) process. The amount
of clouds systematically decreases in all datasets coarsening the spatial resolution to 1° and 2°,
as the filter in CTT excludes more and more cloudy gridboxes. Comparing the datasets at coarser
spatial resolutions using SLF on isotherms, ICON for all cloud heights at CTT < —11°C and GEOS
for high clouds only show a decrease in SLF at coarser and coarser resolutions, possibly due to the

higher probability of finding ice at coarser resolutions and decreasing temperatures below 0°C.

The analysed datasets show different SLF-CTT joint histograms for each cloud type (or cloud
height), indicating individual cloud processes, and a decreasing SLF with CTT: In the temperature
range between —40°C and 0°C this could be driven by heterogeneous ice nucleation as well as sec-
ondary ice formation and ice crystal growth at the expense of liquid droplets (WBF process). In
ICON and SCREAM, low- and mid-level clouds do not show intermediate SLF values. This may
be due to an overly efficient WBF process. Intermediate SLF values are obtained by coarsening the
spatial resolution to 0.5°, but still less than in Cloud_cci v3. Cloud_cci v3 and CAM6-Oslo show
only SLF > 0.4 for stratus clouds, while similar results are shown by GEOS 0.5° for low-level
clouds and SCREAM 0.5° for marine stratus clouds only in the SH. Very efficient ice formation
processes may cause this result: riming and secondary ice production by the rime-splintering pro-
cess (Mossop and Hallett, 1974) may intensify the WBF process (Korolev et al., 2022), bringing
SLF to zero.

In Cloud_cci v3, CAM6-Oslo, GEOS, and GEOS 0.5°, high-level clouds are warmer over land
than over the ocean in both hemispheres, while low-level clouds are warmer over land than over the
ocean only in the SH and colder over land than over the ocean in the NH. This result is reproduced
only by ICON 0.5° and MCDO6COSP and only in the SH. Low-level clouds are more influenced
by the Earth’s surface than high-level clouds, therefore, turbulence and updrafts may characterise

the dynamics of low-level clouds, leading to higher tops. The reason why this result is limited to
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the NH may be related to the continental geographic extent between 30° and 60°, which is much

wider in NH than in SH and may be less influenced by the ocean.

In Cloud_cci v3, high-level clouds have higher SLF in the SH than in the NH over both land and
the ocean; CAM6-Oslo and MCDO6COSP agree with this result only over land, while SCREAM
agrees only over the ocean. Low-level clouds in Cloud_cci v3 show higher SLF in the SH than
in the NH over the ocean, but the opposite over land; CAM6-Oslo, MCDO6COSP, and SCREAM
agree with Cloud_cci v3 only over the ocean. Other datasets agree only over land or ocean and
for limited temperature ranges. The diversity of the results may depend on differences in cloud
dynamics and cloud microphysics of the simulated cloud types, as well as possible seasonal effects
affecting ICON, SCREAM, and GEOS (available only for February 2020). Furthermore, the num-
ber of datasets in agreement with observations is higher for high-level clouds than for low-level
clouds, suggesting that the cloud micro- and macrophysics of low-level clouds are more influenced
by the Earth’s surface than for high-level clouds, making the simulation of low-level clouds more
complex. When comparing low-level clouds, the only agreement with observations was found for
marine clouds, suggesting that continental low-level clouds may be difficult to represent due to

possible heterogeneity in orography, aerosol composition, urban areas, etc.

Cloud_cci v3 and CAM6-Oslo show evidence of enhanced ice production at modest supercooling
in marine cumulus clouds in the SH, SCREAM 0.5° in marine low-level and nimbostratus clouds
in the SH, and GEOS 0.5° in both continental and marine low-level clouds in both hemispheres and
in both continental and marine mid-level clouds only in the SH. In Cloud_cci v3, CAM6-Oslo, and
GEOS 0.5°, this result occurs at temperatures around —15°C, in agreement with previous studies
based on observations of stratiform and mid-level clouds, leaving hope for the possibility of using

passive satellite sensors to study cloud microphysics.



6. Droplet size effects in mixed-phase clouds

In order to better understand how the results presented in the previous chapters are influenced by the cloud
microphysics, a major focus is placed on the liquid effective radius of cloud droplets using, for different
cloud types or heights, SLF-77;, joint histograms (3.3.2.3) separated into continental and marine areas in
the NH and the SH and 7;; geographical distributions. As ICON and SCREAM do not provide radius
information, this section only includes a comparison between Cloud_cci v3, MCD06COSP, CAM6-Oslo,
and GEOS.

6.1. Thermodynamic phase dependence of the liquid effective radius size

In Chapter 5 it was shown that the datasets mostly agree in having the highest amount of mixed-phase
clouds in stratocumulus clouds. The continental area in the NH is more extensive than in the SH, re-
sulting in more data and better statistics. For these reasons, Fig. 6.1 shows SLF-7;;, joint histograms
of continental stratocumulus clouds (low-level clouds for GEOS and GEOS 0.5°) in the NH. With the
exception of GEOS and GEOS 0.5°, all the other datasets show an increase in 77;, with a decrease in SLF,
and this is consistent for all cloud types. This result is shown in Fig. 6.2 for Cloud_cci v3 in the NH over
land, while in figures A.70 to A.72 for the other regions, figures A.73 to A.76 for MCDO6COSP, figures
A.77 to A.80 for CAM6-Oslo, Fig. A.81 for GEOS, and Fig. A.82 for GEOS 0.5°. Cloud_cci v3 shows
a high frequency of 7;;; between 12 and 13 um. This is most likely due to the a priori value assigned to
7ig>» which is 12 um. GEOS and GEOS 0.5° do not show the wide variability in radius size shown by the

other datasets.

Cloud_cci v3 MCD06COSP CAM6-Oslo GEOS GEOS 0.5°
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Figure 6.1.: SLF-7;;, joint histograms of continental mixed-phase stratocumulus clouds in the NH for the datasets
Cloud_cci v3, MCDO6COSP, CAM6-Oslo, and SLF-7;; joint histograms of continental low-level clouds in the
NH for GEOS and GEOS 0.5°. The colorbar indicates the cloud fraction for a given SLF-7;;; bin relative to the
individual histograms.
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In addition, the following results are shown in Fig. 6.2 for continental clouds in NH for Cloud_cci v3

(and in Figures A.70 to A.72 for the other areas):

- Cumulus, stratocumulus, stratus, and nimbostratus clouds show a decrease in the SLF-r;;,; bin

frequency with decreasing SLF;

- For stratus clouds (and less for stratocumulus clouds) the frequency of smaller droplets decreases

with decreasing SLF;

- For high clouds, both the increase and decrease in 7, are found with decreasing SLF at SLF < 0.2.
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Figure 6.2.: SLF-r;;, joint histograms of different continental cloud types in the mixed phase in the NH for
Cloud_cci v3. The colorbar indicates the cloud fraction for a given SLF-7;;, bin relative to the individual his-
tograms.
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Discussion

Coopman et al. (2020) has shown that the glaciation of clouds with larger droplets is more likely to occur
at warmer temperatures. Chapters 4 and 5 have shown that SLF decreases from 1 to 0 with decreasing
CTT; therefore, warmer temperatures can be associated with SLF approaching 1, and this may explain
why smaller values of 7;, are found as SLF approaches 1 in Fig. 6.1. This result can be explained
by several microphysical processes: in clouds with strong updrafts, liquid droplets and ice crystals can
grow simultaneously at the expense of available water vapour (Korolev and Mazin 2003, see section
2.2.3), allowing the presence of large liquid droplets at low SLF; during ascent in the cloud (where a
decrease in SLF is expected due to the decreasing CTT), droplets can collide and aggregate, resulting in
larger droplets (Lamb and Verlinde, 2011); collisions in the mixed phase temperature range can cause
heterogeneous glaciation and the formation of secondary ice (Korolev and Leisner, 2020), which can
explain the decrease in SLF with the increase in 7.

The results shown in Fig. 6.2 may be due to cloud processes related to specific cloud types:

- Cumulus, stratocumulus, and nimbostratus clouds can have relatively strong updrafts (Houze,
2014), thus the simultaneous growth of liquid droplets and ice crystals, as long as water vapour
is available (Korolev and Mazin, 2003), is likely. As mentioned above, the larger droplets have a
higher probability of colliding and eventually freezing or producing secondary ice, thus decreasing
the SLF-77;, bin frequency with decreasing SLF. Cloud type misclassification (Hahn et al., 2001)
may explain why this also occurs for altostratus clouds in MCDO6COSP and CAM6-Oslo, and

why this result is present in nimbostratus clouds and not in deep convective clouds.

- For stratus clouds, some speculation was made in section 5.5 about the possibility that both the
WBEF process (Korolev, 2007) and very efficient glaciation processes (e.g., riming and secondary
ice formation) as well as inefficient ice formation processes may drive the microphysics in these
clouds. These speculations are supported by the SLF-77;, joint histograms, as the frequency of
smaller droplets in the stratus decreases with decreasing SLF, which could be related to the growth
of ice at the expense of liquid droplets through the WBF process, causing the smaller droplets to

evaporate faster than the larger droplets.

- For high clouds, while the increase in 7;;; with low SLF may be due to strong updrafts (Korolev
and Mazin, 2003) for deep convective clouds, the increase found in cirrus and cirrostratus clouds
may be due to cloud misclassification (Hahn et al., 2001). The decrease in 77, may be due to the
WBEF process (Korolev, 2007), which allows ice crystals to grow, reducing the water content of the
liquid droplets and thus their size. It should be stressed again that the cloud type classification is
based on the COT-CTP joint histograms, so the same cloud type may undergo different processes
depending on the location where it forms or the atmospheric or dynamical conditions. For this

reason, while both increasing and decreasing 7;, processes at lower SLF may occur in the same

89



6. Droplet size effects in mixed-phase clouds

cloud, it is also likely that different clouds classified as the same cloud type will be subject to

different processes that are collected in only one histogram.

- In Chapter 4, a cloud-phase mismatch between AVHRR-based datasets and CALIOP was shown,
in which the former retrieved some liquid clouds which CALIOP retrieved as ice clouds. It repre-
sented between 7.5% and 11.3% of the total collocated cloudy pixels, depending on the datasets.
This implies that the liquid effective radius may be affected by errors due to incorrect phase as-
signment of cloudy pixels. In Stengel et al. (2017) a validation study between several Cloud_cci
datasets is presented. It shows that several datasets derived from passive satellite sensors over-
estimate the occurrence of liquid clouds at the expense of ice clouds. The sensitivity of passive
retrievals to optically very thin ice cloud layers above liquid cloud layers is very low and the filter
on COT applied in this work, which removes clouds for COT < 3, may not be sufficient to over-
come this problem. In addition, there could always be some ice in the primarily liquid pixels, and

these large ice crystals may bias 7.

- The decrease of 7;;; with SLF in GEOS may indicate that some processes dominate other processes,

(e.g., the higher probability that larger droplets have to collide and glaciate may cause this result).

6.2. Land-ocean contrast of the liquid effective radius

In section 5.6, the analysed datasets were compared for different regions using SLF-CTT joint histograms
for different cloud types. A difference in CTTs in mixed-phase clouds was observed, with warmer CTTs
over land than over the ocean for all clouds except the continental mid- and low-level clouds in the SH.
A similar contrast between land and sea is also found for 7;;; and is shown from Cloud_cci v3 in Fig. 6.3
for cirrostratus and stratocumulus clouds, the first representative of high-level clouds and the second
representative of mid- and low-level clouds. While stratocumulus clouds are the most frequent low-level
clouds retrieved in the mixed-phase temperature range, cirrostratus clouds are the most frequent high-
level clouds. In particular, mid- and low-level clouds have, for the entire SLF range, larger 77, over the
ocean than over land in the NH, while the opposite occurs in the SH; high-level clouds show larger 77,
over the ocean than over land for all SLF values in both the NH and SH.

In MCDO6COSP, continental clouds have smaller 7;;, than marine clouds, regardless of the cloud type,
with the exception of cumulus clouds in the NH where the opposite is true. Low-level clouds in CAM6-
Oslo show results in agreement with Cloud_cci v3. These results are visible in Fig. 6.4. The small
variability in 77, of GEOS and GEOS 0.5° complicates the interpretation of the result, shown in Fig. 6.5.
While GEOS shows mostly 7;;, smaller over the ocean than over land in both hemispheres, GEOS 0.5°
shows low-level clouds with smaller 7;;; over continents than over the ocean in the NH and the opposite

in the SH, in a better agreement with Cloud_cci v3.
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Figure 6.3.: In the top two rows: SLF-7;;, joint histograms of mixed-phase cirrostratus (left) and stratocumulus
(right) in NH and SH over land and sea for Cloud_cci v3. Bottom: The difference of land minus ocean for NH
(left) and SH (right). The dots represent the SLF-77;, combination where the p-value is less than 0.05, indicating
a statistically significant test result. The colorbar on the left indicates the cloud fraction for a given SLF-77;,
bin relative to the individual histogram. The colorbar on the right indicates the difference between two SLF-7/;,
histograms for a given SLF-77;, bin.

Discussion

These results may indicate that low- and mid-level clouds are strongly influenced by the Earth’s surface,
which affects them differently depending on which hemisphere is considered, whereas high-level clouds
are less influenced by the Earth’s surface.

Low- and mid-level clouds in the NH may be mainly influenced by the aerosol concentration, which is
greater over land than over the ocean (Lamb and Verlinde, 2011), leading to smaller 7;;, over land than
over the ocean (Twomey effect, Lamb and Verlinde 2011). In the SH, the opposite is observed; in this
region, the orography may affect this result more: in particular, the continental regions between 30° and
60° are mainly mountainous, so orographic updrafts may cause the growth of supercooled liquid droplets
(Korolev and Mazin, 2003), making the dynamics possibly a more important contributor to larger 77, over
land in the SH.
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Figure 6.4.: Differences of SLF-7;;, histograms (land minus ocean) in the NH and SH for cirrostratus and stratocu-
mulus clouds in MCDO6COSP (left) and CAM6-Oslo (right). The dots represent the SLF-77;, combination where
the p-value is less than 0.05, indicating a statistically significant test result. The colorbar indicates the difference
between two SLF-7;;; histograms for a given SLF-7;, bin.
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Figure 6.5.: Differences of SLF-7;;; histograms (land minus ocean) in the NH and SH for high- and low-level
clouds in GEOS (left) and GEOS 0.5° (right). The dots represent the SLF-7;; combination where the p-value is
less than 0.05, indicating a statistically significant test result. The colorbar indicates the difference between two
SLF-74 histograms for a given SLF-7;; bin.

Although high-level clouds do not qualitatively show differences in NH and SH, but rather a land-ocean

dependence, the supercooled droplets over the ocean, which are larger and/or smaller than over conti-
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nents, leave open questions about possible smaller-scale regional dependencies. Also, while smaller 7;;,
could be explained by evaporation of liquid droplets to allow ice crystal growth through the WBF process
(Korolev, 2007) as in deep convective clouds, larger 7;; could be due to strong updrafts (Korolev and
Mazin, 2003) expected in deep convective cloud systems but absent in cirrus and cirrostratus clouds. The
regional coexistence of strong convective cloud systems and cirriform clouds should be further inves-
tigated to clarify whether the larger 7;, over the ocean may depend on specific micro- and macroscale
processes in the cloud.

These results are only partially reproduced by the other datasets. MCDO6COSP agrees with Cloud_cci
v3 only for altostratus, nimbostratus, stratocumulus and stratus clouds. In general, MCDO6COSP shows
larger 7;;, over the ocean than over land in both NH and SH, regardless of the cloud type. This could
be due to the lower aerosol concentration over the ocean than over land, which together with the higher
amount of water vapour leads to larger droplets. CAM®6-Oslo land-ocean differences in radius are not
always clear for high-level clouds, which complicates the comparison with Cloud_cci v3. However, mid-
and low-level clouds in CAM6-Oslo are mostly consistent with Cloud_cci v3, with 7;, larger over land
than over the ocean in the SH, and the opposite in the NH. However, it should be stressed again that
MCDO6COSP and the COSP simulator implemented in CAM6-Oslo use only one spectral channel to
retrieve the optical properties of the clouds. Between GEOS and GEOS 0.5°, the land-ocean contrast in
GEOS 0.5° is better in agreement with Cloud_cci v3, supporting the importance of comparing datasets

at similar spatial resolution.

6.3. Hemispheric dependencies of cloud types on liquid effective radius

In section 4.4, the comparison of cloud types for different regions using passive and active observations
showed higher SLF in the SH than in the NH, except for the continental low-level clouds, for which
lower SLF values were found in the SH than in the NH. This result was confirmed by Cloud_cci v3 using
a different method and partially by CAM6-Oslo and SCREAM in section 5.7.

In the current section, 7;;,-related hemispheric dependencies are discussed in order to improve the under-
standing of the results presented in sections 4.4 and 5.7.

Figure 6.6 shows SLF-7;;; histograms for different regions of cirrostratus — representative of mid- and
high-level clouds — and stratocumulus clouds — representative low-level clouds — with their differ-
ences between NH and SH over continental and marine regions for Cloud_cci v3. Cirrostratus clouds
show smaller 7;;, for all SLF values in the NH than in the SH over land (excluding the smallest values of
7}iq for which the histograms show very low occurrence), but the opposite over ocean, while stratocumu-
lus clouds show smaller 77, in the NH than in the SH for all SLF values over both land and ocean. From

these results, only the NH-SH difference for continental stratocumulus clouds pass the significance test.
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Figure 6.6.: In the top two rows: SLF-rj;, joint histograms of mixed-phase altostratus (left) and stratocumulus
(right) in NH and SH over land and sea for Cloud_cci v3. Bottom: The difference of land minus ocean for NH
(left) and SH (right). The dots represent the SLF-77;, combination where the p-value is less than 0.05, indicating
a statistically significant test result. The colorbar on the left indicates the cloud fraction for a given SLF-7;;,
bin relative to the individual histogram. The colorbar on the right indicates the difference between two SLF-77;,
histograms for a given SLF-77;, bin.

MCDO0O6COSP shows good agreement with Cloud_cci v3 for marine low- and high-level clouds and
only partially over the continents. CAM6-Oslo shows good agreement with Cloud_cci v3 over land, but
opposite results over the ocean. These results are shown in Fig. 6.7. While GEOS shows agreement with
Cloud_cci v3 for low-level clouds, GEOS 0.5° shows agreement for both high- and low-level clouds
(Fig. 6.8), with smaller 7;;; in the NH than in the SH for both continental and marine low-level clouds

but larger 77, in the NH than in the SH for both continental and marine high-level clouds.

Discussion

Previous studies based on aircraft campaigns (Minikin et al., 2003; Hamilton et al., 2014; Williamson
et al., 2021) have shown that the aerosol concentration in the NH is way much higher than in the SH
at different altitudes and regardless of the surface type (land or sea). Smaller 77, in the NH may be a
direct consequence of this (Twomey effect, Lamb and Verlinde (2011)), occurring over both land and
ocean for low-level clouds, but only over land for mid- and high-level clouds. The reason why mid- and
high-level clouds show smaller 77;, in the NH than in the SH over land but not over the ocean may be
related to other micro- and macrophysical processes contributing more than the Twomey effect at those

heights: a possibility is that, over land, 77, is smaller in the NH than in the SH also because of the mainly
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mountainous orography in the SH (see Discussion in section 6.2), which may cause larger supercooled
liquid droplets (Korolev and Mazin, 2003).
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Figure 6.7.: Differences of SLF-7;;; histograms (NH minus SH) over continental and marine areas for cirrostratus
and stratocumulus clouds in MCDO6COSP (left) and CAM6-Oslo (right). The dots represent the SLF-7;, combi-
nation where the p-value is less than 0.05, indicating a statistically significant test result. The colorbar indicates
the difference between two SLF-7;, histograms for a given SLF-7;;; bin.
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Figure 6.8.: Differences of SLF-7;;, histograms (NH minus SH) over continental and marine areas for high- and
low-level clouds in GEOS (left) and GEOS 0.5° (right). The dots represent the SLF-7;;, combination where the
p-value is less than 0.05, indicating a statistically significant test result. The colorbar indicates the difference
between two SLF-7;, histograms for a given SLF-7;;; bin.

6.4. Geographical distribution of liquid droplets in mixed-phase low-level clouds

Figure 6.9 shows the geographical distribution of 7;;, for mixed-phase shallow cumulus, stratocumulus

and stratus clouds in Cloud_cci v3, MCD0O6COSP and CAM6-Oslo, while Fig. 6.10 shows the geo-
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graphical distribution of 77, for mixed-phase low-level clouds in GEOS and GEOS 0.5° (all cloud types
or heights are in figures: A.83 for Cloud_cci v3, A.84 for MCDO6COSP, A.85 for CAM6-Oslo, A.86
for GEOS, and A.87 for GEOS 0.5°). In GEOS and GEOS 0.5°, the geographical distribution of 7, is

averaged on a geographical resolution of 1° for a better visualisation of the results.
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Figure 6.9.: Geographical distribution of 7;;; in shallow cumulus (left), stratocumulus (centre), and stratus (right)
clouds in the mixed phase for Cloud_cci v3 (top), MCDO6COSP (middle), and CAM6-Oslo (bottom). The color-
bar indicates the size (im) of 77;4.

Continental clouds in Cloud_cci v3 and MCDO6COSP generally have smaller 7;;;, than marine clouds.
However, larger values of 77, are also found over continents, in particular in mountainous regions (e.g.,
the Andes Mountains in South America, and the North American Cordillera). CAM6-Oslo also shows
larger values of 7;;; over the Andes Mountains in South America but a less land-ocean contrast compared
to the observations. In GEOS and GEOS 0.5° the land-ocean contrast is difficult to detect.

MCDO6COSP is the only dataset showing mixed-phase clouds in the tropics (result already shown and

discussed in section 5.3).
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Figure 6.10.: Geographical distribution of 7;;; in low-level clouds in the mixed phase for GEOS (left) and GEOS
0.5° (right). The colorbar indicates the size (um) of 7;;;. The color scale is reduced compared to Fig. 6.9

In CAM6-Oslo and GEOS, with different orders of magnitude, large values of 77;, are found mainly in the
tropics for low-level clouds. Furthermore, the model datasets do not show a strong land-ocean contrast
as the observations do. GEOS and GEOS 0.5° show larger 7/;; in mountainous regions in the NH (e.g.,
the Himalayas and the Rockies Mountains of western Canada) but not in the SH, where observations

show larger 7/,

Discussion

Smaller 77, in continental than marine regions may be an indirect effect of the aerosol number concen-
tration, acting as CCN or INP, being greater over land than over the ocean (Lamb and Verlinde, 2011),
so that more droplets compete for water vapour over land, growing less than over the ocean.

Continental larger values of 7;;; found in mountainous regions support the hypothesis that orographic
updrafts may cause droplets to grow to larger sizes. The continental area in the latitude range from 30°
to 60° N is larger than the continental area in the latitude range from 30° to 60° S, which is mainly
mountainous. This could explain why continental low-level clouds have larger 7;; in the SH than in the
NH.

The regions where larger 7, is found can vary with the dataset and the cloud type. For example, the
continental region in the SH with larger droplets in Cloud_cci v3 is found in shallow cumulus clouds,
while in MCDO6COSP the larger droplets are found in stratus clouds; the continental region in the NH
with larger droplets in Cloud_cci v3 includes northeastern China, while in MCDO6COSP this region
includes southern Russia and part of the east coast of China. These are significant differences that
go beyond a possible misclassification of cloud types. A validation study with collocated data would
help to further investigate these results and is left for future studies. However, it is possible to refer to
the Product Validation and Intercomparison Report PVIR (2020), which includes a comparison of the
Cloud_cci AVHRR-AM v3 and AVHRR-PM v3 datasets with the Cloud_cci MODIS-Terra and MODIS-
Aqua datasets, respectively. In particular, the comparison of Cloud_cci AVHRR-PM v3 (referred to as
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Cloud_cci v3 in this thesis) and MODIS-Aqua (afternoon satellites) shows: larger CTP in MODIS, also
increasing with latitude; larger COT in MODIS for liquid clouds, also increasing with latitude and with
a difference from AVHRR-PM v3 of more than 10 (but less than 20) at 60°; larger 77;, in MODIS; liquid
cloud fraction in MODIS about 10% larger than in AVHRR-PM v3, globally and for all subregions con-
sidered in their study. Mismatches in COT, CTP and phase may be responsible for the differences found
in Fig. 6.9, as the mismatch mentioned for 7;;; does not seem to affect the results presented for low-level
clouds, for which the opposite occurs (only in high- and mid-level clouds 7/, is larger in MCD0O6COSP
than in Cloud_cci v3). However, while the validation study PVIR (2020) compares morning and af-
ternoon satellites separately, our analysis includes MCDO6COSP in the comparison, which combines
observations from MODIS-Aqua and MODIS-Terra and uses only one spectral channel to retrieve the
cloud optical properties. This may also contribute to the retrieved mixed-phase clouds in the tropics.

If the presence of larger 7;;, over land in the SH than in the NH for low-level clouds found in Cloud_cci
v3 and partially in MCDO6COSP is taken as true, the results in sections 4.4 and 5.7 with Cloud_cci v3
showing a lower SLF over land in the SH than in the NH for the same cloud types could be explained by
the higher probability of larger droplets grown by orographic updrafts, colliding with ice particles and
the possibility to rime and produce secondary ice (Lamb and Verlinde, 2011). Although mountainous
regions can add uncertainty to cloud retrievals in the presence of snow (PVIR, 2020; Karlsson et al.,
2015; King et al., 2004), the improvements in the Cloud_cci v3 cloud detection algorithm, compared to
the that in Cloud_cci v2 (used in Chapter 4) make cloud detection more reliable (PVIR, 2020).

In CAM6-Oslo and GEOS, relatively large values of 7;, are found mainly in the tropics, where the
presence of mixed-phase low-level clouds is not expected. This result may indicate an unrealistic rep-
resentation of the geometric structure of clouds in models, leading to misclassification of cloud types.
The weaker land-ocean contrast found in the models may be due to balanced contributions from aerosol
concentrations over the ocean, which are lower than over land (Lamb and Verlinde, 2011) and cause the
growth of 7;;4, and different cloud dynamics over continents, including orography-related updrafts, which
may cause the growth of 7;;; over continents. GEOS and GEOS 0.5° show larger 7/;; in mountainous re-
gions in the NH (e.g., the Himalayas and the Rockies Mountains) but not in the SH, where observations
show larger 7/,

In section 4.4, speculations about a possible diversity of INPs in the continental regions of the SH and
NH were made to justify the lower values of SLF found in continental low-level clouds in the SH. This
cannot be confirmed by the results presented in this Chapter, as neither the physical nor the chemical

nature of the aerosols was investigated, and is left for future studies.

6.5. Conclusions

In this chapter, the comparison of SLF-7/;, joint histograms for satellite (Cloud_cci v3 and MCD06COSP)
and model (CAM6-Oslo, GEOS, and GEOS 0.5°) datasets is presented to better understand cloud micro-
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physical processes affecting clouds in continental and marine areas in the latitude ranges 30°-60° North
and South, and better interpret the results shown in Chapters 4 and 5. The results presented in this chapter

are summarised here:

- All datasets — except GEOS and GEOS 0.5° — show an increase in 77;, with a decrease in SLF.
This may be due to the higher probability of clouds with larger droplets to glaciate: droplets can
collide and aggregate as they ascend in the cloud, resulting in larger droplets; in the mixed-phase
temperature range, colliding droplets can glaciate and cause secondary ice formation, leading to
an increase in 77, with a decrease in SLF. The disagreement of GEOS and GEOS 0.5° with this
result for all cloud types regardless of the hemisphere and the surface type (land or ocean) may be

due to the higher probability that larger droplets have to collide and glaciate.

- In Cloud_cci v3, low-level clouds have smaller 7;;, over land than over the ocean in the NH, while
the opposite occurs in the SH; high-level clouds show larger 7;;, over the ocean than over land
in both the NH and SH. In the NH, low-level clouds may have smaller 7;;, over land than over
the ocean because of the higher aerosol concentration over land (Twomey effect); in the SH, the
predominantly mountainous orography may affect droplet growth more than aerosol concentration,
causing 7, to grow through strong updrafts. The results for high-level clouds require further inves-
tigation, particularly into possible regional dependencies and the micro- and macroscale processes
occurring in these clouds. Except for GEOS, these results are partially reproduced by all datasets:
in MCDO6COSP, 7/, is larger over the ocean than over land, regardless of the hemisphere and the
cloud type; CAM6-Oslo does not agree with Cloud_cci v3 for high-level clouds in the NH; GEOS
0.5° shows agreements with Cloud_cci v3 but the small variability of 7;;, makes the interpretations

of the results difficult.

- In Cloud_cci v3, low-level clouds show smaller 7;;, in the NH than in the SH over both land and
the ocean, while high- (and mid-level) clouds reproduce this result only over land and show the
opposite over the ocean. The aerosol concentration, which is higher in the NH than in the SH,
may cause smaller 7, in the NH than in the SH (Twomey effect); mid- and high-level clouds may
be affected by other processes; over land, in addition to the Twomey effect, the predominantly
mountainous orography in the SH may contribute to larger 7;, than in the NH. These differences
between land and ocean are not uniformly reproduced by all datasets: MCDO6COSP shows agree-
ment with Cloud_cci v3 for low- and high-level clouds over the ocean and only partially over land;
CAMG6-Oslo shows good agreement with Cloud_cci v3 over land, but not over the ocean; GEOS
shows agreement with Cloud_cci v3 for low-level clouds, while GEOS 0.5° shows agreement for

both high- and low-level cloud.

- Geographical distributions of 77, from observations show: smaller 77;, over land than over the

ocean in low-level clouds, probably due to the higher aerosol number concentration over land than
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over the ocean (Twomey effect); over land, larger values of 7;;, are found in mountainous regions,
probably due to orographic updrafts which can make droplets grow larger; low-level mixed-phase
clouds in the tropics in MCDO6COSP, probably due to misclassification of cloud types and the use
of only one channel to retrieve cloud optical properties. Models do not show a clear land-ocean
contrast like observations: this may be due to different processes contributing to the growth of
T1iq over both land (e.g., the presence of orography) and the ocean (e.g., the lower aerosol number

concentration compared to continental regions).

- Mountainous regions can add uncertainty to cloud retrievals if snow is present (PVIR, 2020; Karls-
son et al., 2015; King et al., 2004). Nonetheless, Cloud_cci v3 provides a more realistic represen-

tation of clouds compared to Cloud_cci v2.
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7. Comparison of the global and Arctic cloud phase distribution
from GCMs and satellite observations'

While the previous chapters (4, 5, and 6) focused on latitudes within the tropics and midlatitudes, this
chapter focuses on the Arctic, a vast region where satellite sensors mostly have problems with measure-

ments (see section 2.2.4) and on the whole globe.

7.1. Motivation

Tan and Storelvmo (2019) shows that a correction for the supercooled liquid fraction in mixed-phase
clouds in global simulations affects the Arctic amplification and that the strength of the Arctic amplifi-
cation depends on the cloud’s microphysical properties.

While the fully-coupled simulations of Tan and Storelvmo (2019) examine how a global SLF correction
affects the Arctic, the first part of this study uses atmosphere-only simulations to investigate how and
why the Arctic is affected by local changes in cloud microphysics.

The cloud phase in mixed-phase clouds is not homogeneously distributed (Zhang et al., 2019b; Sokol
and Storelvmo, 2022). In GCMs, an overly efficient WBF process can lead to an underestimation of
liquid water in mixed-phase clouds (Komurcu and Storelvmo, 2014; Cesana et al., 2015; Mcllhattan
et al., 2017), as models represent clouds as a homogeneous mixture of liquid droplets and ice crystals
(Korolev, 2007; Storelvmo et al., 2015). Improving model parameterisation would lead directly to model
improvement (Jakob, 2010). For this reason, model tuning to observations becomes relevant for model

improvement and is applied on a global scale in the second part of this study.

7.2. Datasets

For this study, satellite observations and GCMs are analysed from 1 June 2009 to 31 May 2013.

The observations used are CALIOP Level 2 Cloud Layer Data in version 4.20 (Hu et al., 2009, see section
3.1.2).

NorESM2-MM (NorESM2 Medium atmosphere-Medium ocean resolution, i.e., as NorESM2 — see
section 3.2.1 — but with a higher horizontal resolution of 1.25° x 0.9375°) is used for the global study.

IThis chapter is the result of my collaboration with the University of Oslo. More about these studies can be found in Shaw,
J., Z. McGraw, O. Bruno, T. Storelvmo, and S. Hofer (2022) and Hofer, S., F. Hellmuth, M. Pietschnig, L. Hahn, I. Mostue, J.
Shaw, O. Bruno, R. David, Z. McGraw, T. Carlsen, and T. Storelvmo (2023). My contributions to these publications are related
to observational data curation and analysis, methodology, and writing (writing only in Hofer et al. (2023)).

101
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Three models are used as GCMs for the Arctic analysis (more about Arctic clouds in section 2.2.4): two
modified versions of NorESM2 and a modified version of the Community Earth System Model Version

2 (CESM2).

7.2.1. NorESM2 — CAM6-Oslo

A description of the NorESM2 model (Seland et al., 2020) is given in section 3.2.1, where it was named
CAMG6-Oslo. The CAM6-Oslo model differs from the version used for the analysis shown in the previous
chapters in the two-moment bulk microphysics scheme, which is modified here to limit the in-cloud ice
number concentration to the calculated concentration of available ice nuclei, i.e., although the Hallet-

Mossop secondary ice scheme is not disabled, the ice number concentration cannot exceed 10% kg—!.

7.2.2. CESM2 — CAM6

The Community Earth System Model Version 2 (CESM2, Danabasoglu et al. 2020) is the latest gen-
eration of the coupled climate/Earth system models developed by the National Center for Atmospheric
Research (NCAR) and partners. It differs from CAMG6-Oslo in the use of the MAM4 (Liu et al., 2016)
aerosol scheme instead of OsloAero5.3 and in a different parameterisation of mid- and high-level ice

clouds. As CESM2 also uses CAMO6, this model will be named as CAM6.

7.2.3. NorESM2 — CAMG6-Oslolce

A third model is used for this study, obtained by modifying CAM6-Oslo: CAM6-Oslolce. Specifically,
the ice number limit at temperatures between -37°C and 0°C is disabled to restore heterogeneous and
secondary ice production through the Hallet-Mossop process. To avoid strong secondary ice production
due to the absence of a limitation on ice number, a limit on the ice number tendency variable from
secondary ice production has been introduced. In CAM6-Oslolce, scavenged INPs are replaced by new

INPs in the next model time step by transport and entrainment.

7.3. Methods

In this study, two SLF metrics are used: the cloud top SLF, which corresponds to the SLF at the highest
cloud layer below COT = 0.3 (as in section 3.3), and the cloud bulk SLF, which is computed as the SLF
in the upper layers with COT between 0 and 3 (Fig. 7.1). The SLF has been calculated on isotherms
from —40°C to 0°C, with an increment of 5°C. The CALIOP observations included in this study cover
the period from 1 June 2009 to 31 May 2013.
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7.3.1. Comparison over the Arctic region

The analysed Arctic region consists of the area between 66° and 82° N. In order to minimise the root
mean square error of both the cloud top and cloud bulk SLF, the time scale of the WBF process and the
number of aerosols active as INPs were iteratively modified in the base models (CAM6-Oslo, CAM6,
and CAM6-Oslolce). The efficiency of the WBF process and the INP number concentration in the fitted
models are scaled by multipliers to obtain higher or lower SLF in order to better fit with the satellite

observations.

Uy

SLF for 0°C =T = -40°C

Y . Phase of cloud top
e e at COT = 0.3
.

Phase of cloud interior

e 00: [ bulk | 0 < COT < 3.0
o.o .0

.’0

Figure 7.1.: Representation of the cloud top and the cloud interior (bulk) used to retrieve the cloud phase from
CALIOP observations. This figure is adapted from Hofer et al. (2023)

Table 7.1 summarises the base and fitted models. Ice crystal size and number concentration variables in
the constrained runs (termed "Fit" in Table 7.1) are consistent with the observations from the M-PACE
experiment in northern Alaska in October 2004 (Prenni et al., 2009), indicating that ice crystals are

reasonably reproduced by the models.

Ice number limit WBF INP
Run name Model (secondary ice limit) multiplier —multiplier
CAMG6-Oslo NorESM2 Yes (No) 1.0 1.0
CAM6 CESM2 Yes (No) 1.0 1.0
CAMG6-Oslolce NorESM2 No (Yes) 1.0 1.0
CAMG6-Oslo Fit 1 NorESM3 Yes (No) 1.25 10.0
CAM6-Oslolce Fit2 NorESM2 No (Yes) 0.5 0.05
CAMG6-Oslolce Fit3  NorESM2 No (Yes) 0.2 0.1
CAMG6 Fit 4 CESM2 Yes (No) 1.0 100

Table 7.1.: List of the models with the original and with modified (named "Fit") prescribed parameterisations.
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7.3.2. Global and regional comparison

NorESM2-MM was tuned by limiting the WBF process efficiency and the INP concentration, and by
modifying the temperature-based linear relationship that controls the phase of cloud particles being
detrained from convective updrafts in NorESM2: in the "Control" run, all particles detrained below
Tice_Detrainmens = —35°C from convection consist of ice, all particles detrained above T7i; perrainment =
—5°C consist of liquid, and these temperatures must satisfy the linear temperature ramp defining the
fraction of ice to liquid particles as in eq. 7.1:

e Tviq_petrainment — T (7.1)

TLiq_Detrainment - TIce_Det rainment

By changing the appropriate parameters (Table 7.2), the differences between the observed and simulated
SLF metrics (top and bulk) were reduced: globally (NorESM2 Global), only in the northern extratropics
(from 30° to 90° N, NorESM2 N-ET), and only in the southern extratropics (from 30° to 90° S, NorESM?2
S-ET).

WBF INP
multiplier  multiplier  T7ig_perrainment  Tice_Detrainment
Control 1 1 -5° -35°
Global 0.001 0.5 -30° -35°
N-ET 0.001 0.5 -20° -35°
S-ET 0.001 0.5 -25° -35°

Table 7.2.: List of the parameterisations in the "Control" and the modified runs.

7.4. Results

7.4.1. Model tuning over the Arctic region

Figure 7.2(a) shows the cloud-top and cloud-bulk SLF on isotherms from CALIOP and the base models.
Between —35°C and —10°C, the cloud top SLF is larger than the cloud bulk SLF for CALIOP, with the
largest difference at —20°C: at this isotherm, the cloud top SLF is more than twice the cloud bulk SLF.
At 0°C and —5°C, the cloud top SLF is still larger than the cloud bulk SLF for CALIOP, but within one
standard deviation for these isotherms. Although all models also show that the cloud top SLF is larger
than the cloud bulk SLF, they differ quantitatively from CALIOP: while both the cloud top and cloud
bulk SLF of CAM6-Oslo show strong agreement with the observations, CAM6 overestimates the cloud
top SLF and CAMG6-Oslolce underestimates both the cloud top and cloud bulk SLF. The underestimation
found in Oslolce is due to a high ice number concentration causing a rapid depletion of liquid water.
CAMG6-Oslo and CAM6-Oslolce differ mostly in SLF at temperatures below —20°C, i.e., where sec-

ondary ice processes are not active, showing that more freedom in heterogeneous nucleation processes
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in CAM6-Oslolce leads to cloud changes and that the limitation of INPs in CAMG6-Oslo is necessary to

maintain liquid cloud tops at these temperatures.
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Figure 7.2.: Cloud-top and cloud-bulk supercooled liquid fraction (SLF) on isotherms for (a) base models and
(b) fitted models. Error bars for CALIOP indicate one standard deviation. All values are area-weighted averages
from 66° to 82°N. From Shaw et al. (2022), distributed under the Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International Licence.

Figure 7.2-b shows the cloud top and cloud bulk SLF on isotherms from CALIOP and the fitted models.
The presence of more liquid water at the cloud top than in the cloud (cloud bulk) found in Arctic mixed-
phase clouds using CALIOP is consistent with previous observational studies (Hobbs and Rangno, 1998;
Pinto, 1998; Curry et al., 2000; Verlinde et al., 2007). This vertical phase structure is better represented
by CAM6-Oslo than by CAM6, suggesting that high cloud parameterisations and model aerosol schemes

play an important role in cloud phase determination.

7.4.2. Model tuning globally and regionally

The geographical distribution of the difference between SLF at the cloud top and at the cloud bulk on the
—20°C isotherm (Fig. 7.3(a)) shows that this difference is positive worldwide and that the higher amount
of liquid phase at the cloud top compared to the lower cloud layers is not only a feature of certain cloud
types or regions (Carey et al., 2008; Zhang et al., 2010; Shaw et al., 2022; Yang et al., 2022), but extends
worldwide and is independent of cloud type. The SLF difference is higher in the extratropics and lower
in the tropics, where convection is stronger and can lead to well-mixed layers, hindering the formation
of separate cloud phase layers.

Figure 7.3(b) shows that the CALIOP lidar can penetrate opaque clouds, i.e., clouds in which the lidar
signal is quickly completely attenuated compared to other clouds, for 1.67 +0.49 km on average and at

least 1 km at all latitudes. This information is important to affirm that the cloud bulk includes at least 1
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km of cloud, and therefore the SLF associated with the cloud interior refers to different thermodynamic

properties than the SLF at the cloud top.
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Figure 7.3.: a) Geographical differences of SLF (%) for cloud top and cloud bulk on the isotherm at -20°C (left)
and its mean cross-section over latitude (right). b) Global CALIOP penetration depth (km) for opaque clouds (left,
detailed data description in Guzman et al. (2017)) and its mean cross-section over latitude (right). This figure is
adapted from Hofer et al. (2023)

Figure 7.4 shows that the SLF from observations is higher at the cloud top than for cloud interiors
globally (a), constrained to the northern (b) and southern (c) extratropical regions, and independent of
season. The largest SLF difference between cloud tops and interiors is found between —30°C and —10°C.
This temperature range may be defined by the limited INP activation at temperatures above —10°C and
the more and more increasing probability of homogeneous ice crystals nucleation for temperatures below
—30°C.

The extratropical regions (Fig. 7.4(b)) show more seasonal variability in the NH than in the SH. The con-
tinental region from 30° latitude in the NH is much more heterogeneous than in the SH: more vegetation
and more human activity in the NH can influence the aerosol composition with seasonal variability more
than in the SH.
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Figure 7.4.: CALIOP seasonal supercooled liquid fraction (SLF) at the cloud top (dashed line) and cloud bulk
(solid line) on isotherms for: a) the whole globe; b) northern extratropical regions; c) southern extratropical
regions. Different colours represent different seasons. This figure is adapted from Hofer et al. (2023)

Compared to CALIOP observations, NorESM2 produces too much ice (Fig. 7.5, left). After model
tuning, NorESM2 reproduces the temperature dependence of the SLF well for all constrained regions
(global, N-ET, S-ET), with consequences for the net radiation at the top of the atmosphere (Fig. 7.5,
right). In particular, forcing mixed-phase clouds to have globally higher SLF (Fig. 7.5(a)) leads to a
cooling effect at the top of the atmosphere in the extratropical regions, where supercooled liquid water
is mostly observed (Hu et al., 2010). A possible reason for this result may be that a higher supercooled
liquid fraction is associated with optically thicker (Bruno et al., 2021) and brighter clouds, resulting in
more shortwave radiation being reflected back to space. The cooling effect is greater in the SH than in
the NH at mid-latitudes. This may be due to the greater extent of the marine region in the SH, which is
a better source of water vapour than the NH, and thus produces optically thicker clouds through larger
droplets (see section 6.2).

When the model is tuned with regional (N-ET and S-ET) constraints on the SLF cloud top and bulk
(Fig. 7.5(b)-(¢c)), similar regional cooling effects are obtained as for the global constraint. However, both
constraints applied separately in the N-ET and S-ET produce effects in the tropics and (less) in the other
hemisphere, although the atmospheric circulation cannot respond to local changes in net energy, as the
atmospheric circulation is prescribed by the ERA reanalysis when the model is tuned with the observed

SLF at the cloud top and inside the cloud.

7.5. Conclusions

Mixed-phase clouds in the Arctic have been studied using three models based on the atmospheric model
CAMG6. These models differ in their cloud microphysics and are named: CAMG6-Oslo, CAM6 and
CAMG6-Oslolce. The modelled supercooled liquid fraction (SLF) at the cloud top and inside the cloud
was compared with CALIOP observations. Both observations and models show higher SLF at the cloud
top than in the cloud interior, suggesting that model aerosol schemes and high cloud parameterisations

affect the cloud phase.
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Figure 7.5.: Left: Supercooled liquid fraction (SLF) on isotherms at the cloud top (black dash-dot line for CALIOP,

orange line for NorESM2) and cloud bulk (black dotted line for CALIOP, blue line for NorESM2) for: a)
NorESM2 Global; b) NorESM2 N-ET; ¢) NorESM2 S-ET. Right: Geographical distribution of the difference
in the net radiation at the top of the atmosphere of NorESM?2 after and before tuning. This figure is adapted from
Hofer et al. (2023)

This result is present both before and after the application of multipliers aimed at modifying the WBF
process efficiency and the INP number concentration. The use of multipliers to modify the WBF process
efficiency and the INP number concentration to tune the models leads to a representation of the SLF at
the cloud top and inside the cloud closer to the observations.

Mixed-phase clouds have also been studied globally with NorESM2-MM, based on the CAM6 atmo-
spheric model. CALIOP observations and NorESM2-MM show that mixed-phase clouds have a higher
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SLF at the top than in the interior. This result is confirmed for CALIOP regardless of the season. Modifi-
cations of the INP concentration, the WBF process efficiency, and the temperature above which particles
detrained from convection are liquid were applied to reduce the difference between the observed and
simulated SLF at the top and in the interior. Both these SLF metrics were used for the first time to tune
the model globally and to constrain the northern and southern extratropical regions. After model tuning,
the simulated SLF at the top and in the interior of mixed-phase clouds are in good agreement with obser-
vations. As the model tuning produces higher SLF, it leads to a cooling effect on the net energy at the top
of the atmosphere in the northern and southern mid-latitudes. This cooling effect is also obtained locally

when the constraint is restricted to the northern and southern extratropical regions separately.
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8. Conclusions and Outlook

8.1. Conclusions

This thesis provides a statistical analysis of the phase partitioning in mixed-phase clouds using observa-
tional and model data. The first part of the work focuses on cloud tops from 60°N to 60°S, in extratropical
Northern and Southern Hemispheres separately, in the Tropics, over continental and oceanic areas, and
for different cloud types. To classify the cloud types, cloud top pressure and cloud optical thickness
thresholds were used (Rossow and Schiffer, 1999). This part of the work contains a validation study
comparing datasets derived from active and passive satellite sensors and a comparison between obser-
vational and model datasets. The second part of the work focuses on improving the representation of
mixed-phase clouds in global climate models (GCMs) in the Arctic and globally by tuning them.

The validation study consists of a 4-year (from 1 June 2009 to 31 May 2013) statistical analysis to better
understand the relationship between cloud top phase and temperature in the mixed-phase temperature
range (—40°C to 0°C). This study is based on four datasets (Cloud_cci v2, Cloud_cci v3, CLARA-A2,
and CALIOP v4.20) and consists of comparing the retrieved cloud top phase and cloud top temperature
in terms of the supercooled liquid fraction (SLF, see section 3.3.2.1) for specific isotherms on pixel-
base. The study included collocated data, to determine the inconsistencies between retrievals, and non-

collocated data for the main study. The results of the validation study are:

- The collocated data show a warm bias of the AVHRR CTT compared to CALIOP and a phase
mismatch (liquid cloud tops in CALIOP are retrieved as ice in the AVHRR-based datasets). This

may be due to the different sensors, one passive and one active.

- For clouds with temperatures from —40°C to 0°C at the same height level, the supercooled liquid

fraction increases with cloud optical thickness.

- The supercooled liquid fraction is higher in the Southern Hemisphere than in the Northern Hemi-

sphere between 30° and 60°, except for low-level continental clouds, for which the opposite occurs.

Despite the phase and temperature mismatch, the passive and active satellite retrievals are in qualitative
agreement, showing that the passive satellite sensor AVHRR can contribute to cloud-phase research once
its limitations are taken into account.

In the comparison between observations (Cloud_cci v3 and MCDO6COSP) and model datasets (CAMG6-
Oslo, ICON, SCREAM, and GEOS), not all datasets provide 4-year data. For this reason, only February
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2020 was analysed for ICON, SCREAM and GEOS from the DYAMOND Winter project. The use of
different metrics for SLF was necessary to deal with the different quantities provided by the datasets for
the cloud thermodynamic phase; SLF based on cloud fraction and mass fraction were used in addition
to the pixel-based SLF defined and used in the validation study. Since gridboxes were introduced to
compute SLF in Cloud_cci v3, a clustering algorithm (i.e., k-means clustering) was used to classify
different cloud types, optimised with prescribed initial seeds. This optimisation allowed not only the most
common cloud types to be captured, but also the very rare cloud types that would otherwise have been
missed by the k-means algorithm. In order to compare the datasets as consistently as possible, the spatial
resolution of the DYAMOND datasets was coarsened to 0.5°. In addition, the spatial resolution of the
DYAMOND datasets was coarsened to 1° and 2° for a sensitivity study comparing the results at the three
coarsened resolutions. To classify cloud types in the DYAMOND datasets at coarser resolutions again,
the k-means algorithm with prescribed initial seeds was used. To mimic the satellite view, the cloud top
had to be defined in the models. The comparison between the observational and model datasets was based
on the results of the validation study, in which a NH-SH and a land-ocean dependence was found for all
analysed datasets associated with cloud types: therefore, the comparison focuses on latitudes between
30° and 60° North and South, separating clouds in continental and marine areas. For the analysis, SLF-
CTT (cloud top temperature) joint histograms were used. To verify if the datasets reproduced the results
obtained in the validation study, CFAD (Contoured frequency by altitude diagram)-like histograms were

used. The results of this comparison between the observational and model datasets are:

- There is a large variability in the amount of clouds retrieved by the datasets (from 52.9% in
Cloud_cci v3 to 87.3% in MCDO6COSP for all clouds and from 55.0% in MCDO6COSP to 3.1%
in SCREAM for mixed-phase clouds). CAM6-Oslo, ICON, SCREAM-CS, and GEOS simulate a
near-global amount of "all" clouds ranging from 65.5% to 72.1% close to previous studies based on
satellite measurements (ranging from 61.9% to 67.2% for afternoon satellites; PVIR, 2020). This
thesis provides new references for the amount of mixed-phase clouds, which includes all cloud

types up to 60° latitude.

- Comparing all or mixed-phase clouds at high, middle, and low heights, the datasets mostly agree
on the geographical location of the clouds. For all clouds, the observations are dominated by
low-level clouds while in the model datasets high-level clouds dominate. The model datasets
show a systematic decrease in the cloud top height for high-level mixed-phase clouds compared
to all clouds. Most of the datasets agree in placing mixed-phase clouds at low heights and at

mid-latitudes.

- A validation study comparing ICON, SCREAM, and GEOS at coarsened spatial resolutions (0.5°,
1° and 2°) shows that the amount of all clouds decreases when the original spatial resolution is
coarsened to 0.5°. This is probably due to the temperature filter applied to each gridbox, which

discards cloudy boxes with a difference of less than 20°C between the warmest and coldest cloudy
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pixels. This occurs only in GEOS and SCREAM when only the mixed-phase clouds are consid-
ered. The amount of clouds decreases systematically in all datasets when the spatial resolution
is coarsened to 1° and 2°. Comparing the datasets at coarsened spatial resolutions using SLF on
isotherms, ICON for all cloud heights at CTT < —11°C and GEOS for only high-level clouds show

an increase in SLF with coarser and coarser resolutions.

- The analysed datasets show different SLF-CTT joint histograms for each cloud type (or cloud
height), indicating individual cloud processes, and SLF decreasing with CTT. In ICON and SCREAM,
low- and mid-level clouds do not show intermediate SLF values. However, intermediate SLF val-
ues are obtained by coarsening the spatial resolution to 0.5°. Cloud_cci v3 and CAM6-Oslo show
SLF > 0.4 for stratus clouds, while similar results are shown by GEOS 0.5° for low-level clouds
and SCREAM 0.5° for marine stratus clouds only in the SH.

- In Cloud_cci v3, CAM6-Oslo, GEOS, and GEOS 0.5°, high-level clouds are warmer over land
than over the ocean in both hemispheres, while low-level clouds are warmer over land than over the
ocean only in the SH and colder over land than over the ocean in the NH. This result is reproduced
by ICON 0.5° and MCDO6COSP only in the SH.

- In Cloud_cci v3, high-level clouds have higher SLF in the SH than in the NH over both land and
the ocean; CAMG6-Oslo and MCDO6COSP agree with this result only over land, while SCREAM
agrees only over the ocean. Low-level clouds in Cloud_cci v3 show higher SLF in the SH than
in the NH over the ocean, but the opposite over land; CAM6-Oslo, MCD0O6COSP, and SCREAM
agree with Cloud_cci v3 only over the ocean. Other datasets agree only over land or ocean and for

limited temperature ranges.

- Cloud_cci v3 and CAM6-Oslo show evidence of enhanced ice production between —15°C and
—28°C and between —11°C —15°, respectively, in marine cumulus clouds in the SH, SCREAM
0.5° at about —7°C in marine low-level and nimbostratus clouds in the SH, and GEOS 0.5° at
about —15°C in both continental and marine low-level clouds in both hemispheres and in both

continental and marine mid-level clouds only in the SH.

To better understand how cloud microphysics influences the results, the liquid effective radius (77;,) of
cloud droplets was analysed using 77;,-SLF joint histograms and 7;;, geographical distributions for differ-
ent cloud types (or heights), separated into continental and marine areas in NH and SH. For this analysis,
only Cloud_cci v3, MCD0O6COSP, CAM6-Oslo, and GEOS were used, as they provide information on

7ig- The results of this comparison between observational and model datasets are:

- Cloud_cci v3, MCO6COSP, and CAM6-Oslo show an increase in 7;; with decreasing SLF.

- Some cloud types in Cloud_cci v3 (i.e., stratus, cirrus, cirrostratus, and nimbostratus) show also a

decrease in 77;; with decreasing SLF.
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- In Cloud_cci v3, low-level clouds have smaller 7;;, over land than over the ocean in the NH, while
the opposite occurs in the SH; high-level clouds show larger 7;;; over the ocean than over land in
both the NH and SH. These results are partially reproduced by MCDO6COSP, for which 7, is
larger over the ocean than over land, regardless of the hemisphere and the cloud type, and CAM6-
Oslo, which does not agree with Cloud_cci v3 for high-level clouds in the NH; GEOS 0.5° shows
agreements with Cloud_cci v3 but the small variability of 77, makes interpretation of the results

difficult.

- In Cloud_cci v3, low-level clouds show smaller 7;;; in the NH than in the SH over both land and
the ocean, while high- (and mid-level) clouds reproduce this result only over land and show the
opposite over the ocean. These land/ocean contrasts are not uniformly reproduced by all datasets:
MCDO6COSP shows agreement with Cloud_cci v3 for low- and high-level clouds over the ocean
and only partially over land; CAM6-Oslo shows good agreement with Cloud_cci v3 over land, but
opposite results over the ocean; GEOS shows agreement with Cloud_cci v3 for low-level clouds;

GEOS 0.5° shows agreements with Cloud_cci v3 for both high- and low-level clouds.

- Geographical distributions of 7;;; from observations show: smaller 7;;; over land than over the
ocean in low-level clouds; larger values of 77;;, over land in mountainous regions; low-level mixed-
phase clouds in the tropics in MCDO6COSP. Furthermore, models do not show a clear land/ocean

contrast like observations.

The results presented in Chapter 4 (SLF higher in the SH than in the NH, except for continental low-level
clouds) were confirmed in Chapter 5 from Cloud_cci v3 using a different method. Further investigations
based on 7, in Chapter 6 show that the lower SLF in the SH than in the NH for low-level clouds may be
due to orographic updrafts, as the continental areas between 30° and 60° latitude are mainly mountainous.
To improve the ability of global climate models to reproduce observations more realistically, different
versions of CAM6-Oslo were used for global GCMs simulations tuned locally (i.e., in the Arctic region,
in the NH, and in the SH) and globally. These models were tuned to bring the cloud top and interior
SLF from the models into agreement with the CALIOP observations by modifying the efficiency of the
WBEF process, the INP concentration, and the glaciation temperature of the cloud particles detrained from
convective updrafts. After model tuning, the simulated SLF at the top and in the interior of mixed-phase
clouds were in good agreement with observations.

In the introduction of this thesis, four questions were addressed. The answers to these questions are given

here, based on the results listed above.

1. Do mixed-phase clouds exhibit regional dependencies? And if they do, are the regional de-
pendencies cloud-type-dependent? Can the passive satellite sensor AVHRR contribute to

cloud-phase research?
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Mixed-phase clouds between 30° and 60° latitude show hemispheric dependencies, with higher
SLF in the SH than in the NH. This occurs for all cloud types over land and the ocean, with the
exception of continental low-level clouds, for which SLF is higher in the NH than in the SH.
Therefore, the regional dependencies are cloud-type-dependent. The study presented in Chapter 4
shows that datasets derived from the active satellite sensor CALIOP and the passive satellite sensor
AVHRR are qualitatively consistent with these results, making the passive satellite sensor AVHRR

a good candidate for cloud-phase research.

. How well do global climate and global storm-resolving models represent the amount, the
geographical distribution, and the phase partitioning in mixed-phase clouds globally and

regionally?

Global climate and global storm-resolving models retrieve from 3.1% (SCREAM) to 16.7% (CAM6-
Oslo) of mixed-phase clouds between 60° North and 60° South, closer to the observations of
Cloud_cci v3 (6.2%) than MCDO6COSP (55.0%). Despite the large variability in the amount of
mixed-phase clouds retrieved, the models mostly agree with the observations in representing the
geographical distribution of mixed-phase clouds, mainly at mid-latitudes. Models show a reduc-
tion of SLF with CTT, in agreement with the observations, regardless of the cloud types and re-
gions. The hemispheric and continental-marine contrasts revealed by the observations (Cloud_cci
v3) were only captured by a few models. Reasons for this may be an overly efficient WBF process
in the models, a still not realistic representation of the aerosol influence (especially for low-level

clouds), and an insufficient representation of the cloud macro- and microphysics.

. How well do global climate and global storm-resolving models represent the microphysics

involved in mixed-phase clouds?

Global climate and global storm-resolving models were not always able to reproduce the results
from the observations. Regardless of the cloud types and the regions, observations show an in-
crease in 77;; with decreasing SLF. Only CAM6-Oslo agreed with this result, while GEOS failed to
reproduce it. The hemispheric and continental/marine contrasts revealed by the observations were
only partially reproduced by the models. Possible reasons for the disagreement between observa-
tions and models are the representation of cloud micro- and macrophysics as well as of aerosol

influence (especially in the continental/marine contrast).

. What can be done to improve models with respect to the simulation of mixed-phase clouds?

Globally and regionally, it is possible to tune models to better mimic observations: by using met-
rics based on phase partitioning in clouds (e.g., SLF) at different cloud heights (e.g., at the top
and inside clouds), microphysical-related parameters of GCMs have been adjusted (i.e., the time

scale of the WBF process, the number of aerosols active as INPs, and the temperature-based lin-
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ear relationship driving the phase of cloud particles detained from convective updrafts) to more

realistically represent mixed-phase clouds.

8.2. Outlook

Research is an ongoing process, and although many questions have been answered, many others remain

open or have arisen. Some of these are listed here as inspirational starting points for future research:

116

The validation study based on datasets derived from passive and active satellite sensors shows
qualitative agreement between the datasets. However, a mismatch in cloud top temperature and
phase was retrieved, which was responsible for differences up to about 25°C or SLF of about 80%
at a fixed temperature between active and passive retrievals. Further investigation of the clouds

responsible for this discrepancy may clarify whether it is, e.g., regional or cloud-type related.

The cloud amount of the DYAMOND datasets decreases by coarsening the spatial resolution.
The application of the temperature filter to the gridboxes may cause this result. However, this
hypothesis would be confirmed (or rejected) by using different temperature differences between
the coldest and the warmest cloudy pixels in a gridbox as a threshold for including the gridboxes

in the analysis.

An increase in 7;;; was found in cirriform clouds in Cloud_cci v3. Further investigation of this
phenomenon using other sensors and/or regional scales may help to better understand the physics
driving this result, whether it is due to misclassification of cloud type, and whether it is due to

limitations of the AVHRR sensor.

Further investigation of the increase and/or decrease in 7;; with decreasing SLF, distinguishing the
cloud types and regions where these processes occur separately, may help to clarify the conditions

under which one or both processes occur and whether they are regionally dependent.

MCDO6COSP is a combination of MODIS-Aqua and MODIS-Terra, but was created to make com-
parisons with models implementing the MODIS-COSP simulator more consistent, and therefore
only one channel was used to retrieve the cloud optical properties. This adds uncertainties to the
comparisons presented in this thesis. These uncertainties would be reduced by adding MODIS-
Terra to the analysed datasets. In this way it would be clear how the MCDO6COSP algorithm

affected the MODIS observations, making the interpretation of the results more robust.

In this work, neither the physical nor the chemical nature of the aerosol acting as CCN or INP was
investigated. The research presented here would benefit from datasets that provide this informa-

tion.



A. Appendix
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Figure A.1.: Boxplot of the supercooled liquid fraction (SLF) for different cloud types over land sorted in three
height levels. Clouds at the same height-level share the same cloud top temperature range, specified at the top of
each panel. The different datasets are separated by columns and every color corresponds to one cloud type. The
boxes extend from the lower to upper quartile values of the data, whereas the whiskers show the entire range of
the data. The horizontal lines within the boxes represent the median of the distributions, while the stars represent
their mean values. For each dataset, data from the northern (without dots) and southern (with dots) hemispheres
can be distinguished.
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Figure A.2.: Boxplot of the supercooled liquid fraction (SLF) for different cloud types over the ocean sorted in
three height levels. Clouds at the same height-level share the same cloud top temperature range, specified at the
top of each panel. The different datasets are separated by columns and every color corresponds to one cloud
type. The boxes extend from the lower to upper quartile values of the data, whereas the whiskers show the entire
range of the data. The horizontal lines within the boxes represent the median of the distributions, while the stars
represent their mean values. For each dataset, data from the northern (without dots) and southern (with dots)

hemispheres can be distinguished.

118



T[-40°C;-10°C]

100

80 1
g 60 4
o
d 40
201
o
T[-39°C;0°C] -
100 [ cirrus
[ cirrostratus
801 I deep convection
. [ altocumulus
% [ altostratus
5 L] I nimbostratus
o [ cumulus (shallow)
201 [ stratocumulus
Il stratus
o % mean
T[-23°C;0°C]
100 ——r—
80 4
g 60 4 .
w
d 40
3%
201 I
L
Cloud_cci v2 Cloud_cci v3 CLARA-A2 CALIOP

Figure A.3.: Boxplot of the supercooled liquid fraction (SLF) for different cloud types from collocated data sorted
in three height levels. Clouds at the same height-level share the same cloud top temperature range, specified at
the top of each panel. The different datasets are separated by columns and every color corresponds to one cloud
type. The boxes extend from the lower to upper quartile values of the data, whereas the whiskers show the entire
range of the data. The horizontal lines within the boxes represent the median of the distributions, while the stars
represent their mean values.
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Figure A.4.: Comparison of mean SLF for different cloud types from collocated data, considered in the temperature
ranges they have in common at the same height-level and for each subplot individually, for near-global marine
and continental pixels (a), tropical marine and continental pixels (b), and mid-latitudes in NH and SH (c), with
the further separation of marine and continental regions (d). Different markers identify different datasets, filling
colors distinguish the cloud types, while edge colors refer to continental or marine pixels in (d).
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Figure A.5.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in a 3x3 matrix for MCDO6COSP. Each cloud category is identified by a name in the upper left corner
of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right corner. Each
histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination. The lower
panel shows the geographical distribution of the different cloud types in the upper panel and is also shown in a
3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distributions is
normalized to the total number of measurements taken in that pixel.
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Figure A.7.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different

cloud types in a 3x3 matrix for SCREAM. Each cloud category is identified by a name in the upper left corner
of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right corner. Each
histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination. The lower
panel shows the geographical distribution of the different cloud types in the upper panel and is also shown in a
3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distributions is
normalized to the total number of measurements taken in that pixel.
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Figure A.8.: CTP histograms and geographical distributions of all clouds in high, mid and low levels for ICON
(left), SCREAM-CS (middle), and GEOS (right). At the top of each histogram, the Relative Frequency of Occur-
rence (RFO) is shown.
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Figure A.9.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in the mixed phase in a 3x3 matrix for MCDO6COSP. Each cloud category is identified by a name in
the upper left corner of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper
right corner. Each histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combi-
nation. The lower panel shows the geographical distribution of the different cloud types in the upper panel and is
also shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical
distributions is normalized to the total number of measurements taken in that pixel. The colorbar for the geo-
graphical distribution has a smaller range than in figures including all clouds.
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Figure A.10.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in the mixed phase in a 3x3 matrix for CAM6-Oslo. Each cloud category is identified by a name in the
upper left corner of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right
corner. Each histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination.
The lower panel shows the geographical distribution of the different cloud types in the upper panel and is also
shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distri-
butions is normalized to the total number of measurements taken in that pixel. The colorbar for the geographical
distribution has a smaller range than in figures including all clouds.
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Figure A.11.: This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms for different
cloud types in the mixed phase in a 3x3 matrix for SCREAM. Each cloud category is identified by a name in the
upper left corner of the histogram, while its Relative Frequency of Occurrence (RFO) is shown in the upper right
corner. Each histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP combination.
The lower panel shows the geographical distribution of the different cloud types in the upper panel and is also
shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each pixel in the geographical distri-
butions is normalized to the total number of measurements taken in that pixel. The colorbar for the geographical
distribution has a smaller range than in figures including all clouds.
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Figure A.12.: CTP histograms and geographical distributions of mixed-phase clouds in high, mid and low levels
for ICON (left), SCREAM-CS (middle), and GEOS (right). At the top of each histogram, the Relative Frequency
of Occurrence (RFO) is shown. The colorbar for the geographical distribution has a smaller range than in figures

including all clouds.
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Figure A.13.: SLF profiles on isotherms of different cloud types for SCREAM at the spatial resolutions of 0.5°, 1°,
and 2°.
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Figure A.14.: SLF profiles on isotherms of high-, mid-, and low-level clouds for GEOS at the spatial resolutions
of 0.5°, 1°, and 2°.
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Figure A.15.: SLF-CTT joint histograms for marine mixed-phase clouds in the NH for Cloud_cci v3. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.16.: SLF-CTT joint histograms for continental mixed-phase clouds in the SH for Cloud_cci v3. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.17.: SLF-CTT joint histograms for marine mixed-phase clouds in the SH for Cloud_cci v3. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.18.: CTP-SLF joint histograms for continental mixed-phase clouds in the NH for MCDO6COSP. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given CTP-
SLF bin.
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Figure A.19.: CTP-SLF joint histograms for marine mixed-phase clouds in the NH for MCDO6COSP. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given CTP-

SLF bin.
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Figure A.20.: CTP-SLF joint histograms for continental mixed-phase clouds in the SH for MCDO6COSP. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given

CTP-SLF bin.
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Figure A.21.: CTP-SLF joint histograms for marine mixed-phase clouds in the SH for MCDO6COSP. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given CTP-

SLF bin.
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Figure A.22.: SLF-CTT joint histograms for continental mixed-phase clouds in the NH for CAM6-Oslo. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.23.: SLF-CTT joint histograms for martime mixed-phase clouds in the NH for CAM6-Oslo. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.24.: SLF-CTT joint histograms for continental mixed-phase clouds in the SH for CAM6-Oslo. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.25.: SLF-CTT joint histograms for marine mixed-phase clouds in the SH for CAM6-Oslo. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.26.: CTP-SLF joint histograms for continental mixed-phase clouds in the NH for CAM6-Oslo. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given
CTP-SLF bin.
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Figure A.27.: CTP-SLF joint histograms for marine mixed-phase clouds in the NH for CAM6-Oslo. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given CTP-

SLF bin.

CTP (hPa)

CTP (hPa)

CTP (hPa)

Cirrus Cirrostratus Deep convection
=
-
200 - - 200
"
00 - . w00 [ ]
500 600 500
800 800 800
>0 02 04 06 08 <1 >0 02 o4 06 08 <1 >0 02 04 06 08 <1

Altocumulus Altostratus Nimbostratus
200 200 200
w0 00 w0

= fe!
00 500
=

Cumulus (shallow)

Stratocumulus

Stratus

000073 0.00126 000200 0.00316 0.00501 0.00794 0.01259 0.01995 0.03162

Figure A.28.: CTP-SLF joint histograms for continental mixed-phase clouds in the SH for CAM6-Oslo. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given

CTP-SLF bin.
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Figure A.29.: CTP-SLF joint histograms for marine mixed-phase clouds in the SH for CAM6-Oslo. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given CTP-SLF bin.
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Figure A.30.: SLF-CTT joint histograms for continental mixed-phase clouds in the NH for SCREAM. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.31.: SLF-CTT joint histograms for marine mixed-phase clouds in the NH for SCREAM. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin.
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Figure A.32.: SLF-CTT joint histograms for continental mixed-phase clouds in the SH for SCREAM. Each his-
togram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.33.: SLF-CTT joint histograms for marine mixed-phase clouds in the SH for SCREAM. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin.
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Figure A.34.: SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and SH for
ICON. Each histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for
a given SLF-CTT bin.
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Figure A.35.: SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and SH for
GEOS. Each histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for

a given SLF-CTT bin.
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Figure A.36.: SLF-CTT joint histograms for continental mixed-phase clouds in the NH for SCREAM 0.5°. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

CTT bin.
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Figure A.37.: SLF-CTT joint histograms for marine mixed-phase clouds in the NH for SCREAM 0.5°. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.38.: SLF-CTT joint histograms for continental mixed-phase clouds in the SH for SCREAM 0.5°. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.39.: SLF-CTT joint histograms for marine mixed-phase clouds in the SH for SCREAM 0.5°. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
CTT bin.
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Figure A.40.: SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and SH for
ICON 0.5°. Each histogram is normalised individually. The colorbar indicates the relative frequency of occurrence
for a given SLF-CTT bin.
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Figure A.41.: SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and SH for
GEOS 0.5°. Each histogram is normalised individually. The colorbar indicates the relative frequency of occur-
rence for a given SLF-CTT bin.
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Figure A.42.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for Cloud_cci v3.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.43.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for Cloud_cci v3. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.44.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for Cloud_cci v3.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.45.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for Cloud_cci v3. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.46.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for MCDO6COSP.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.47.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for MCDO6COSP. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.48.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for MCDO6COSP.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.49.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for MCDO6COSP. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.

Figure A.50.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for CAM6-Oslo.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.51.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for CAM6-Oslo. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.52.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for CAM6-Oslo.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.53.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for CAM6-Oslo. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.54.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for CAM6-Oslo.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.55.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for CAM6-Oslo. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.56.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for CAM6-Oslo.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given CTP-SLF bin relative to a single isobar.
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Figure A.57.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for CAM6-Oslo. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isobar.
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Figure A.58.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for SCREAM. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.59.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for SCREAM. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.60.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for SCREAM. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.61.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for SCREAM. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.62.: CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the NH and SH
for ICON. Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located.
The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.63.: CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the NH and SH
for GEOS. Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located.
The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.64.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for SCREAM 0.5°.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.65.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for SCREAM 0.5°.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.66.: CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for SCREAM 0.5°.
Each line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The
colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.67.: CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for SCREAM 0.5°. Each
line of the histogram is normalised individually and has a dot where the maxim of SLF is located. The colorbar
indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single isotherm.
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Figure A.68.: CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the NH and SH
for ICON 0.5°. Each line of the histogram is normalised individually and has a dot where the maxim of SLF is
located. The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single
isotherm.
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Figure A.69.: CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the NH and SH
for GEOS 0.5°. Each line of the histogram is normalised individually and has a dot where the maxim of SLF is
located. The colorbar indicates the relative frequency of occurrence for a given SLF-CTT bin relative to a single

isotherm.
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Figure A.70.: SLF-7/;; joint histograms for marine mixed-phase clouds in the NH for Cloud_cci v3. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-7;;, bin.
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Figure A.71.: SLF-7;, joint histograms for continental mixed-phase clouds in the SH for Cloud_cci v3. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-

7jig bin.
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Figure A.72.: SLF-r;;, joint histograms for marine mixed-phase clouds in the SH for Cloud_cci v3. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-77;, bin.
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Figure A.75.: SLF-7;;, joint histograms for continental mixed-phase clouds in the SH for MCD06COSP. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
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Figure A.76.: SLF-7/;, joint histograms for marine mixed-phase clouds in the SH for MCD0O6COSP. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-77;, bin.
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Figure A.78.: SLF-77;, joint histograms for marine mixed-phase clouds in the NH for CAM6-Oslo. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-77;, bin.
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Figure A.79.: SLF-7;; joint histograms for continental mixed-phase clouds in the SH for CAM6-Oslo. Each
histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-
7jig bin.
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Figure A.80.: SLF-77;, joint histograms for marine mixed-phase clouds in the SH for CAM6-Oslo. Each histogram
is normalised individually. The colorbar indicates the relative frequency of occurrence for a given SLF-77;, bin.
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Figure A.82.: SLF-7;;; joint histograms for continental and marine mixed-phase clouds in the NH and SH for GEOS
0.5°. Each histogram is normalised individually. The colorbar indicates the relative frequency of occurrence for a
given SLF-7;;, bin.
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Figure A.83.: Geographical distribution of 77, in different cloud types in the mixed phase for Cloud_cci v3. The
colorbar indicates the size of 77;, in pm.
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Figure A.84.: Geographical distribution of 7;; in different cloud types in the mixed phase for MCDO6COSP. The
colorbar indicates the size of 77;, in um.
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Figure A.85.: Geographical distribution of 77, in different cloud types in the mixed phase for CAM6-Oslo. The
colorbar indicates the size of 77;, in pm.
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Figure A.86.: Geographical distribution of 7/, in different cloud heights in the mixed phase for GEOS. The colorbar
indicates the size of 7;; in um.
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Figure A.87.: Geographical distribution of 77, in different cloud heights in the mixed phase for GEOS 0.5°. The
colorbar indicates the size of 77;, in pm.
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ing a statistically significant test result. The colorbar indicates the difference between
two SLF-7/;, histograms for a given SLF-7;, bin. . . . .. ... ... .. ........
Differences of SLF-7;;; histograms (NH minus SH) over continental and marine areas for
high- and low-level clouds in GEOS (left) and GEOS 0.5° (right). The dots represent the
SLF-77;, combination where the p-value is less than 0.05, indicating a statistically signif-
icant test result. The colorbar indicates the difference between two SLF-77;, histograms
foragiven SLF-7, bin. . . . . .. ... o
Geographical distribution of 77, in shallow cumulus (left), stratocumulus (centre), and
stratus (right) clouds in the mixed phase for Cloud_cci v3 (top), MCDO6COSP (middle),
and CAM6-Oslo (bottom). The colorbar indicates the size (um) of ;5. . . . . . . . . ..
Geographical distribution of 7;;; in low-level clouds in the mixed phase for GEOS (left)
and GEOS 0.5° (right). The colorbar indicates the size (um) of 7;;,. The color scale is
reduced comparedto Fig. 6.9 . . . . . . . ... ...

Representation of the cloud top and the cloud interior (bulk) used to retrieve the cloud
phase from CALIOP observations. This figure is adapted from Hofer et al. (2023) . . . .
Cloud-top and cloud-bulk supercooled liquid fraction (SLF) on isotherms for (a) base
models and (b) fitted models. Error bars for CALIOP indicate one standard deviation.
All values are area-weighted averages from 66° to 82°N. From Shaw et al. (2022), dis-
tributed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International Licence. . . . . . . . . . ...
a) Geographical differences of SLF (%) for cloud top and cloud bulk on the isotherm at
-20°C (left) and its mean cross-section over latitude (right). b) Global CALIOP penetra-
tion depth (km) for opaque clouds (left, detailed data description in Guzman et al. (2017))
and its mean cross-section over latitude (right). This figure is adapted from Hofer et al.
(2023) . .
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7.4

7.5

Al

A2

A3

CALIOP seasonal supercooled liquid fraction (SLF) at the cloud top (dashed line) and
cloud bulk (solid line) on isotherms for: a) the whole globe; b) northern extratropical
regions; ¢) southern extratropical regions. Different colours represent different seasons.
This figure is adapted from Hoferetal. (2023) . . . . . . . ... ... ... ... ....
Left: Supercooled liquid fraction (SLF) on isotherms at the cloud top (black dash-dot line
for CALIOP, orange line for NorESM?2) and cloud bulk (black dotted line for CALIOP,
blue line for NorESM?2) for: a) NorESM?2 Global; b) NorESM2 N-ET; ¢) NorESM2 S-
ET. Right: Geographical distribution of the difference in the net radiation at the top of
the atmosphere of NorESM?2 after and before tuning. This figure is adapted from Hofer
etal. (2023) . . . . e

Boxplot of the supercooled liquid fraction (SLF) for different cloud types over land sorted
in three height levels. Clouds at the same height-level share the same cloud top temper-
ature range, specified at the top of each panel. The different datasets are separated by
columns and every color corresponds to one cloud type. The boxes extend from the lower
to upper quartile values of the data, whereas the whiskers show the entire range of the
data. The horizontal lines within the boxes represent the median of the distributions,
while the stars represent their mean values. For each dataset, data from the northern
(without dots) and southern (with dots) hemispheres can be distinguished. . . . . . . ..
Boxplot of the supercooled liquid fraction (SLF) for different cloud types over the ocean
sorted in three height levels. Clouds at the same height-level share the same cloud top
temperature range, specified at the top of each panel. The different datasets are separated
by columns and every color corresponds to one cloud type. The boxes extend from the
lower to upper quartile values of the data, whereas the whiskers show the entire range of
the data. The horizontal lines within the boxes represent the median of the distributions,
while the stars represent their mean values. For each dataset, data from the northern
(without dots) and southern (with dots) hemispheres can be distinguished. . . . . . . ..
Boxplot of the supercooled liquid fraction (SLF) for different cloud types from collocated
data sorted in three height levels. Clouds at the same height-level share the same cloud
top temperature range, specified at the top of each panel. The different datasets are
separated by columns and every color corresponds to one cloud type. The boxes extend
from the lower to upper quartile values of the data, whereas the whiskers show the entire
range of the data. The horizontal lines within the boxes represent the median of the

distributions, while the stars represent their mean values. . . . . . ... ... .. ....

117

118



A4

AS

A.6

A7

A8

Comparison of mean SLF for different cloud types from collocated data, considered
in the temperature ranges they have in common at the same height-level and for each
subplot individually, for near-global marine and continental pixels (a), tropical marine
and continental pixels (b), and mid-latitudes in NH and SH (c), with the further separation
of marine and continental regions (d). Different markers identify different datasets, filling
colors distinguish the cloud types, while edge colors refer to continental or marine pixels
in(d). . ..
This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms
for different cloud types in a 3x3 matrix for MCDO6COSP. Each cloud category is iden-
tified by a name in the upper left corner of the histogram, while its Relative Frequency of
Occurrence (RFO) is shown in the upper right corner. Each histogram is normalized to 1
and the single dot indicates the most frequent COT-CTP combination. The lower panel
shows the geographical distribution of the different cloud types in the upper panel and is
also shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each
pixel in the geographical distributions is normalized to the total number of measurements
takeninthatpixel. . . . . . . . . . L
This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms
for different cloud types in a 3x3 matrix for CAM6-Oslo. Each cloud category is identi-
fied by a name in the upper left corner of the histogram, while its Relative Frequency of
Occurrence (RFO) is shown in the upper right corner. Each histogram is normalized to 1
and the single dot indicates the most frequent COT-CTP combination. The lower panel
shows the geographical distribution of the different cloud types in the upper panel and is
also shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each
pixel in the geographical distributions is normalized to the total number of measurements
takeninthatpixel. . . . . . . . . . ... e e
This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms
for different cloud types in a 3x3 matrix for SCREAM. Each cloud category is identified
by a name in the upper left corner of the histogram, while its Relative Frequency of
Occurrence (RFO) is shown in the upper right corner. Each histogram is normalized to 1
and the single dot indicates the most frequent COT-CTP combination. The lower panel
shows the geographical distribution of the different cloud types in the upper panel and is
also shown in a 3x3 matrix for one-to-one correspondence with the upper panel. Each
pixel in the geographical distributions is normalized to the total number of measurements
takeninthatpixel. . . . . . . . . . . L
CTP histograms and geographical distributions of all clouds in high, mid and low levels
for ICON (left), SCREAM-CS (middle), and GEOS (right). At the top of each histogram,

the Relative Frequency of Occurrence (RFO)isshown. . . . . ... ... ... .....
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A.9 This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms

for different cloud types in the mixed phase in a 3x3 matrix for MCDO6COSP. Each
cloud category is identified by a name in the upper left corner of the histogram, while
its Relative Frequency of Occurrence (RFO) is shown in the upper right corner. Each
histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP
combination. The lower panel shows the geographical distribution of the different cloud
types in the upper panel and is also shown in a 3x3 matrix for one-to-one correspondence
with the upper panel. Each pixel in the geographical distributions is normalized to the
total number of measurements taken in that pixel. The colorbar for the geographical

distribution has a smaller range than in figures including all clouds. . . . . . ... . ..

A.10 This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms

for different cloud types in the mixed phase in a 3x3 matrix for CAM6-Oslo. Each
cloud category is identified by a name in the upper left corner of the histogram, while
its Relative Frequency of Occurrence (RFO) is shown in the upper right corner. Each
histogram is normalized to 1 and the single dot indicates the most frequent COT-CTP
combination. The lower panel shows the geographical distribution of the different cloud
types in the upper panel and is also shown in a 3x3 matrix for one-to-one correspondence
with the upper panel. Each pixel in the geographical distributions is normalized to the
total number of measurements taken in that pixel. The colorbar for the geographical

distribution has a smaller range than in figures including allclouds. . . . . . . . ... ..

A.11 This figure is composed of two parts. The upper panel shows COT-CTP joint-histograms

for different cloud types in the mixed phase in a 3x3 matrix for SCREAM. Each cloud
category is identified by a name in the upper left corner of the histogram, while its Rela-
tive Frequency of Occurrence (RFO) is shown in the upper right corner. Each histogram
is normalized to 1 and the single dot indicates the most frequent COT-CTP combination.
The lower panel shows the geographical distribution of the different cloud types in the
upper panel and is also shown in a 3x3 matrix for one-to-one correspondence with the
upper panel. Each pixel in the geographical distributions is normalized to the total num-
ber of measurements taken in that pixel. The colorbar for the geographical distribution

has a smaller range than in figures including allclouds. . . . . . . ... ... ... ...

A.12 CTP histograms and geographical distributions of mixed-phase clouds in high, mid and

low levels for ICON (left), SCREAM-CS (middle), and GEOS (right). At the top of each
histogram, the Relative Frequency of Occurrence (RFO) is shown. The colorbar for the

geographical distribution has a smaller range than in figures including all clouds.

A.13 SLF profiles on isotherms of different cloud types for SCREAM at the spatial resolutions

of 0.5°, 1%, and 2°. . . . . . e
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A.14 SLF profiles on isotherms of high-, mid-, and low-level clouds for GEOS at the spatial

resolutions of 0.5°, 1°,and 2°. . . . . . . . .. e 130
A.15 SLF-CTT joint histograms for marine mixed-phase clouds in the NH for Cloud_cci v3.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . .. .. ... ... ... ... ...... 131
A.16 SLF-CTT joint histograms for continental mixed-phase clouds in the SH for Cloud_cci

v3. Each histogram is normalised individually. The colorbar indicates the relative fre-

quency of occurrence for a given SLF-CTT bin. . . . . . ... ... ... ... ..... 131
A.17 SLF-CTT joint histograms for marine mixed-phase clouds in the SH for Cloud_cci v3.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . . .. ... ... ... ... ... 132
A.18 CTP-SLF joint histograms for continental mixed-phase clouds in the NH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given CTP-SLFbin. . . . ... ... ... ... ... ........ 132
A.19 CTP-SLF joint histograms for marine mixed-phase clouds in the NH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given CTP-SLFbin. . . . . . ... ... ... ... ... ...... 133
A.20 CTP-SLF joint histograms for continental mixed-phase clouds in the SH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given CTP-SLFbin. . . . . . ... .. .. ... ... .. ..... 133
A.21 CTP-SLF joint histograms for marine mixed-phase clouds in the SH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given CTP-SLFbin. . . . . . .. ... .. ... ... .. ..... 134
A.22 SLF-CTT joint histograms for continental mixed-phase clouds in the NH for CAM6-

Oslo. Each histogram is normalised individually. The colorbar indicates the relative

frequency of occurrence for a given SLF-CTT bin.. . . . . .. ... .. ... ... ... 134
A.23 SLF-CTT joint histograms for martime mixed-phase clouds in the NH for CAM6-Oslo.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . ... . ... ... ... ... ...... 135
A.24 SLF-CTT joint histograms for continental mixed-phase clouds in the SH for CAM6-

Oslo. Each histogram is normalised individually. The colorbar indicates the relative

frequency of occurrence for a given SLE-CTT bin. . . . . . .. ... ... ... .. ... 135
A.25 SLF-CTT joint histograms for marine mixed-phase clouds in the SH for CAM6-Oslo.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . . . . ... ... ... . ... .. 136
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A.26 CTP-SLF joint histograms for continental mixed-phase clouds in the NH for CAM6-
Oslo. Each histogram is normalised individually. The colorbar indicates the relative
frequency of occurrence for a given CTP-SLFbin. . . . . . . ... ... ... ... ...

A.27 CTP-SLF joint histograms for marine mixed-phase clouds in the NH for CAM6-Oslo.
Each histogram is normalised individually. The colorbar indicates the relative frequency
of occurrence for a given CTP-SLFbin. . . . . . . ... ... ... . ... . ....

A.28 CTP-SLF joint histograms for continental mixed-phase clouds in the SH for CAM6-Oslo.
Each histogram is normalised individually. The colorbar indicates the relative frequency
of occurrence for a given CTP-SLFbin. . . . . . . ... ... ... .. ... .....

A.29 CTP-SLF joint histograms for marine mixed-phase clouds in the SH for CAM6-Oslo.
Each histogram is normalised individually. The colorbar indicates the relative frequency
of occurrence for a given CTP-SLF bin. . . . . . .. ... ... ... ... .. .....

A.30 SLF-CTT joint histograms for continental mixed-phase clouds in the NH for SCREAM.
Each histogram is normalised individually. The colorbar indicates the relative frequency
of occurrence for a given SLF-CTT bin. . . . . . ... ... ... ... ... ......

A.31 SLF-CTT joint histograms for marine mixed-phase clouds in the NH for SCREAM. Each
histogram is normalised individually. The colorbar indicates the relative frequency of
occurrence for a given SLE-CTT bin. . . . . . . . . ... ... ... ... ... ..

A.32 SLF-CTT joint histograms for continental mixed-phase clouds in the SH for SCREAM.
Each histogram is normalised individually. The colorbar indicates the relative frequency
of occurrence for a given SLF-CTT bin. . . . . . .. ... ... ... . ....

A.33 SLF-CTT joint histograms for marine mixed-phase clouds in the SH for SCREAM. Each
histogram is normalised individually. The colorbar indicates the relative frequency of
occurrence fora given SLF-CTT bin. . . . . . . . . ... . ... ... . ... ......

A.34 SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and
SH for ICON. Each histogram is normalised individually. The colorbar indicates the
relative frequency of occurrence for a given SLF-CTT bin. . . . . . ... ... ... ..

A.35 SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and
SH for GEOS. Each histogram is normalised individually. The colorbar indicates the
relative frequency of occurrence for a given SLF-CTT bin. . . . . . ... ... ... ..

A.36 SLF-CTT joint histograms for continental mixed-phase clouds in the NH for SCREAM
0.5°. Each histogram is normalised individually. The colorbar indicates the relative
frequency of occurrence for a given SLE-CTTbin.. . . . . .. ... ... .. ... ...

A.37 SLF-CTT joint histograms for marine mixed-phase clouds in the NH for SCREAM 0.5°.
Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . . .. . .. ... ... ... ..
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A.38 SLF-CTT joint histograms for continental mixed-phase clouds in the SH for SCREAM

0.5°. Each histogram is normalised individually. The colorbar indicates the relative

frequency of occurrence for a given SLF-CTT bin.. . . . . . ... ... ... .. .... 142
A.39 SLF-CTT joint histograms for marine mixed-phase clouds in the SH for SCREAM 0.5°.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-CTT bin. . . . . . ... .. .. .. ... ... . .... 143
A.40 SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and

SH for ICON 0.5°. Each histogram is normalised individually. The colorbar indicates

the relative frequency of occurrence for a given SLE-CTT bin. . . . . . ... ... ... 143
A.41 SLF-CTT joint histograms for continental and marine mixed-phase clouds in the NH and

SH for GEOS 0.5°. Each histogram is normalised individually. The colorbar indicates

the relative frequency of occurrence for a given SLF-CTT bin. . . . .. ... ... ... 144
A.42 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for

Cloud_cci v3. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ... ... ... 144
A.43 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for Cloud_cci

v3. Each line of the histogram is normalised individually and has a dot where the maxim

of SLF is located. The colorbar indicates the relative frequency of occurrence for a given

SLF-CTT bin relative to a single isotherm. . . . . . .. .. ... ... ... ... .... 145
A.44 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for

Cloud_cci v3. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given SLF-CTT bin relative to a single isotherm. . . . . . . .. .. ... ... ... 145
A.45 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for Cloud_cci

v3. Each line of the histogram is normalised individually and has a dot where the maxim

of SLF is located. The colorbar indicates the relative frequency of occurrence for a given

SLFE-CTT bin relative to a single isotherm. . . . . . . . . ... ... ... ... ..... 146
A.46 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for

MCDO0O6COSP. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given CTP-SLF bin relative to asingleisobar. . . . . .. ... ... ... ..... 146
A.47 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for MCDO6COSP.

Each line of the histogram is normalised individually and has a dot where the maxim of

SLF is located. The colorbar indicates the relative frequency of occurrence for a given

CTP-SLF bin relative to a singleisobar. . . . . . . ... ... ... ........... 147

203



A.48 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for

MCDO6COSP. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given CTP-SLF bin relative to a singleisobar. . . . . . .. ... .. ... ..... 147
A.49 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for MCDO6COSP.

Each line of the histogram is normalised individually and has a dot where the maxim of

SLF is located. The colorbar indicates the relative frequency of occurrence for a given

CTP-SLF bin relative to a singleisobar. . . . . . . .. .. ... ... ... ..... 148
A.50 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for

CAMBG6-Oslo. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given SLF-CTT bin relative to a single isotherm. . . . . . . .. .. ... ... ... 148
A.51 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for CAM6-

Oslo. Each line of the histogram is normalised individually and has a dot where the

maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for

a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ... ... . .... 149
A.52 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for

CAMG6-Oslo. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given SLF-CTT bin relative to a single isotherm. . . . . . . .. .. ... ... ... 149
A.53 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for CAM6-

Oslo. Each line of the histogram is normalised individually and has a dot where the

maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for

a given SLF-CTT bin relative to a single isotherm. . . . . . . . .. ... ... ... ... 150
A.54 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for

CAMBG6-Oslo. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given CTP-SLF bin relative to a singleisobar. . . . . . . .. ... ... ... ... 150
A.55 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for CAM6-

Oslo. Each line of the histogram is normalised individually and has a dot where the

maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for

a given CTP-SLF bin relative to a singleisobar. . . . . . . ... ... ... ... .... 151
A.56 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for

CAMBG6-Oslo. Each line of the histogram is normalised individually and has a dot where

the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence

for a given CTP-SLF bin relative to a singleisobar. . . . . ... ... ... ... .... 151
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A.57 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for CAM6-
Oslo. Each line of the histogram is normalised individually and has a dot where the
maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for
a given SLF-CTT bin relative to a singleisobar. . . . . . ... ... ... ........

A.58 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for
SCREAM. Each line of the histogram is normalised individually and has a dot where the
maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for
a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ... ... .....

A.59 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for SCREAM.
Each line of the histogram is normalised individually and has a dot where the maxim of
SLF is located. The colorbar indicates the relative frequency of occurrence for a given
SLE-CTT bin relative to a single isotherm. . . . . . . ... ... ... ..........

A.60 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for
SCREAM. Each line of the histogram is normalised individually and has a dot where
the maxim of SLF is located. The colorbar indicates the relative frequency of occurrence
for a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ... ... ...

A.61 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for SCREAM.
Each line of the histogram is normalised individually and has a dot where the maxim of
SLF is located. The colorbar indicates the relative frequency of occurrence for a given
SLF-CTT bin relative to a single isotherm. . . . . . .. .. ... ... ... ... ....

A.62 CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the
NH and SH for ICON. Each line of the histogram is normalised individually and has a
dot where the maxim of SLF is located. The colorbar indicates the relative frequency of
occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . .. ... ...

A.63 CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the
NH and SH for GEOS. Each line of the histogram is normalised individually and has a
dot where the maxim of SLF is located. The colorbar indicates the relative frequency of
occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ...

A.64 CFAD-like histograms for the SLF of continental mixed-phase clouds in the NH for
SCREAM 0.5°. Each line of the histogram is normalised individually and has a dot
where the maxim of SLF is located. The colorbar indicates the relative frequency of
occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . . . . ... ..

A.65 CFAD-like histograms for the SLF of marine mixed-phase clouds in the NH for SCREAM
0.5°. Each line of the histogram is normalised individually and has a dot where the
maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for

a given SLF-CTT bin relative to a single isotherm. . . . . . . ... .. ... ... ....
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A.66 CFAD-like histograms for the SLF of continental mixed-phase clouds in the SH for
SCREAM 0.5°. Each line of the histogram is normalised individually and has a dot
where the maxim of SLF is located. The colorbar indicates the relative frequency of
occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . . . ... ... 156

A.67 CFAD-like histograms for the SLF of marine mixed-phase clouds in the SH for SCREAM
0.5°. Each line of the histogram is normalised individually and has a dot where the
maxim of SLF is located. The colorbar indicates the relative frequency of occurrence for
a given SLF-CTT bin relative to a single isotherm. . . . . . ... ... ... ... .... 157

A.68 CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the
NH and SH for ICON 0.5°. Each line of the histogram is normalised individually and has
a dot where the maxim of SLF is located. The colorbar indicates the relative frequency
of occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . . ... .. 157

A.69 CFAD-like histograms for the SLF of continental and marine mixed-phase clouds in the
NH and SH for GEOS 0.5°. Each line of the histogram is normalised individually and has
a dot where the maxim of SLF is located. The colorbar indicates the relative frequency
of occurrence for a given SLF-CTT bin relative to a single isotherm. . . . . . .. .. .. 158

A.70 SLF-7;, joint histograms for marine mixed-phase clouds in the NH for Cloud_cci v3.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . .. ... ... 00 000000 158
A.71 SLF-7y;, joint histograms for continental mixed-phase clouds in the SH for Cloud_cci v3.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . .. ... ... o0 0000 159
A.72 SLF-7;, joint histograms for marine mixed-phase clouds in the SH for Cloud_cci v3.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7j;; bin. . . . .. ... ... o 0000 159
A.73 SLF-7y;, joint histograms for continental mixed-phase clouds in the NH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . . ... ... 00000 160
A.74 SLF-r;, joint histograms for marine mixed-phase clouds in the NH for MCD0O6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . .. ... ... 000 0oL 160
A.75 SLF-7y;, joint histograms for continental mixed-phase clouds in the SH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . .. ... ... 0 00000 161
A.76 SLF-7;, joint histograms for marine mixed-phase clouds in the SH for MCDO6COSP.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7j;; bin. . . . .. ... ... 0 0000 161



A.TT SLF-7, joint histograms for continental mixed-phase clouds in the NH for CAM6-Oslo.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-r;, bin. . . . ... ... 0oL 162
A.78 SLF-r;, joint histograms for marine mixed-phase clouds in the NH for CAM6-Oslo.

Each histogram is normalised individually. The colorbar indicates the relative frequency

of occurrence for a given SLF-7;, bin. . . . . ... ... o 0 0oL 162
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