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Zusammenfassung

Wolken kdénnen aus ussigen Tropfchen, Eiskristallen oder einer Mischung aus beidem, ge-
nannt Mischphase, bestehen. Kenntnisse uber die thermodynamische Phase von Wolken
sind essentiell fir das Verstandnis des Strahlungshaushalts der Erde, der Prozesse in Wolken
und Atmosphéare und des Wasserkreislaufs. Die mikrophysikalischen Prozesse, die Wolken-
phasen und Phaseniibergange steuern, sind jedoch nur unzureichend verstanden, was zu
groyen Unsicherheiten bei Klimaprognosen fihrt. Insbesondere Mischphasenwolken stellen
nach wie vor eine Herausforderung dar. Die zuverlassigsten Methoden zur Bestimmung der
Wolkenphase mit Hilfe von Satelliten sind derzeit synergetische Lidar-Radar Methoden
wie das Produkt DARDAR (liDAR-raDAR). Die aktive Fernerkundung wird jedoch durch

ihr schmales Sichtfeld und ihre geringe zeitliche Au 6sung eingeschrénkt. Diese fehlenden
Informationen kénnen von geostationdren passiven Sensoren geliefert werden. Die passi-
ve Fernerkundung von Wolkenphasen ist jedoch schwierig, und insbesondere die komplexe
Mischphase wird nur selten untersucht. Diese Studie befasst sich mit diesen Herausfor-
derungen und liefert eine umfassende Analyse des Potenzials des SEVIRI-Instruments an
Bord des geostationaren Satelliten Meteosat Second Generation zur Phasenerkennung. Zu-
nachst zeigt die Analyse der geographischen und zeitlichen Verteilung der Wolkenphasen
auf der SEVIRI-Scheibe unter Verwendung der zuverlassigen DARDAR-Daten als "Ground
Truth", dass alle Wolkenphasen fur SEVIRI relevant sind, einschlieylich der Mischpha-
se. Zweitens wird der Informationsgehalt der Brightness Temperature Di erences (BTDs)
von SEVIRI-Kanalen im atmosphéarischen Fenster untersucht. Die Sensitivitat der BTDs
gegenulber allen strahlungsrelevanten Wolkenparametern wird mittels Strahlungstransfer-
rechnungen untersucht und zeigt eine komplexe Phasenabhéngigkeit der BTDs, wobei die
dominante Verbindung zwischen BTDs und Phase Uber die Wolkentemperatur besteht.
Diese Analyse tragt zum Verstandnis des Potenzials und der Limitierungen von BTDs flr
die Phasenbestimmung bei. Basierend auf diesen Ergebnissen wird eine neue Methode,
PRObabilistic cloud top Phase retrieval for SEVIRI (ProPS), entwickelt. Es verwendet
einen probabilistischen Bayes'schen Ansatz zur Erkennung von Wolken und deren Phase,
der auf kollokierten DARDAR-SEVIRI Daten basiert. ProPS unterscheidet zwischen wol-
kenfreiem Himmel, optisch dinnen Eis-, optisch dicken Eis-, Mischphasen-, unterkihlten
Wasser- und warmen Wasserwolken. Die Methode hat eine hohe Detektionswahrscheinlich-
keit (>80%) fur Wasser- und Eiswolken und klassi ziert mehr als die Halfte der schwierigen
Mischphasen- und unterkiihlten Wasserwolken korrekt. Die neue Methode ermdglicht die
Untersuchung der zeitlichen Entwicklung von Wolkenphasen, insbesondere auch von Misch-
phasenwolken und unterkihlten Wasserwolken, die bisher nur selten mit geostationaren
Satelliten untersucht wurden. Diese Studie leistet damit einen Beitrag zu den weltweiten
Bemihungen, die Wolkenphase zu beobachten und zu verstehen, um ihre Darstellung in
numerischen Modellen zu verbessern und die Unsicherheiten von Klimaprognosen zu redu-
zieren.
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Abstract

Clouds can consist entirely of liquid droplets, ice crystals or a mixture of both, called
mixed-phase. Knowledge of the thermodynamic cloud phase is crucial for understand-
ing the Earth's radiation budget, cloud and atmospheric processes, and the water cycle.
However, the microphysical processes governing cloud phase and phase transitions are not
well understood, leading to large uncertainties in climate predictions. Especially mixed-
phase clouds still pose a challenge. To date, the most reliable methods for cloud phase
determination from satellites are synergistic lidar-radar techniques, such as the DARDAR
(iDAR-raDAR) product. But active remote sensing is limited by its narrow eld of view

and low temporal resolution. These missing pieces can be provided by geostationary passive
sensors. However, passive remote sensing of cloud phase is challenging and remote sensing
of the more complex mixed-phase in particular is rarely done. This study addresses these
challenges and provides a comprehensive analysis of the phase detection capabilities of
the SEVIRI instrument aboard the geostationary Meteosat Second Generation satellite.
First, an analysis of the geographic and temporal distribution of cloud phases on the SE-
VIRI disc using the reliable DARDAR data as "ground truth" shows that all cloud phases
are relevant for SEVIRI, including the mixed-phase. Second, the information content
of infrared-window brightness temperature di erences (BTDs) of SEVIRI is investigated.
Sensitivities of the BTDs to all radiatively relevant cloud parameters are assessed using
radiative transfer calculations and reveal a complex phase dependence of the BTDs, where
the dominant link between BTDs and phase is through the cloud top temperature. This
analysis helps to understand the potential and limitations of BTDs in phase retrievals.
Using these ndings, the new PRObabilistic cloud top Phase retrieval for SEVIRI (ProPS)

is developed. It employs a probabilistic Bayesian approach for cloud and phase detection
based on collocated DARDAR-SEVIRI data. ProPS distinguishes between clear sky, opti-
cally thin ice, optically thick ice, mixed-phase, supercooled, and warm liquid clouds. The
retrieval has a high (>80%) probability of detection for liquid and ice pixels and classi es
more than half of the challenging mixed-phase and supercooled clouds correctly. The new
method enables the study of the temporal evolution of cloud phases, in particular also
mixed-phase and supercooled clouds, which have so far been rarely studied from geosta-
tionary satellites. This thesis contributes to the global e ort to observe and understand
cloud phases in order to improve their representation in numerical models and to constrain
the large uncertainties in climate projections.
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Chapter 1

Introduction

1.1 Why are geostationary observations of the cloud
phase important?

Clouds cover a large part of the Earth, with a mean global coverage of 60% to 70% (Mao
et al., 2019; Sullivan and Hoose, 2023). Their interaction with radiation has a major in u-
ence on the Earth's radiative balance by re ecting incoming solar radiation and absorbing
and re-emitting thermal radiation. However, clouds and cloud related physical processes
are dicult to characterise and model. Furthermore, it is unclear how cloud properties
will change in a changing climate. In fact, cloud feedbacks constitute the highest contribu-
tion to the overall uncertainty in future climate projections (Intergovernmental Panel on
Climate Change (IPCC), 2021).

One important cloud property is the cloud thermodynamic phase (Matus and'Ecuyer,
2017; Sullivan and Hoose, 2023). The cloud phase has a direct impact on the radiative e ect
of clouds. For a given water content, a liquid cloud typically contains more and smaller
particles than an ice cloud. As a result, the liquid cloud has a greater optical depth
and therefore re ects more shortwave radiation back to space than the ice cloud (Cesana
and Storelvmo, 2017; Matus and 1Ecuyer, 2017; Sullivan and Hoose, 2023). A phase
change from ice to liquid or vice versa near the cloud top can therefore have a large e ect
on the cloud albedo (Matus and LEcuyer, 2017). A liquid cloud is also more opaque to
infrared (IR) radiation than its glaciated counterpart with the same water content (Cesana
and Storelvmo, 2017; Matus and 1Ecuyer, 2017). In addition to this direct interaction
with radiation, the cloud phase also a ects the evolution and lifetime of cloud particles.
Phase transitions can lead to changes in cloud fraction, humidity, temperature pro les,
cloud and atmospheric dynamics and precipitation formation (Cheng et al., 2012; Cesana
et al., 2015; Mioche et al., 2015; Jakel et al., 2016; McCoy et al., 2016). These changes
in turn a ect the radiative e ects of the clouds. Hence, cloud thermodynamic phase is a
critical parameter in understanding the earth radiation budget, the hydrological cycle, and
atmospheric processes.

However, the processes governing cloud phase and phase transitions are not well under-
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stood. Phase transition processes are in uenced by multiple factors, including temperature,
humidity, aerosol abundance and type, vertical velocity and turbulence, and are therefore
complex to understand and represent in models - from large eddy simulations to global
climate models (Morrison et al., 2011; Mioche et al., 2015; Zhang et al., 2015; Korolev
et al., 2017; Coopman et al., 2021; Ricaud et al., 2024).

As a transition between pure ice and liquid clouds, mixed-phase (MP) clouds con-
tain both ice crystals and supercooled liquid droplets. The coexistence of liquid and ice
phases is metastable as it is not in thermodynamic equilibrium and leads to complex micro-
physical interactions, including the Wegener-Bergeron-Findeisen (WBF) process, particle
nucleation and secondary ice formation. Additionally, in-cloud dynamics are crucial for
the formation and maintenance of MP conditions, making MP clouds complex and highly
dynamic systems. MP clouds occur in various regions of the Earth but represent a chal-
lenge for both observations and models: Remote sensing techniques struggle to accurately
observe these clouds because the signals from the liquid and ice phases overlap, creating
ambiguity in the retrievals of cloud properties. For airborne in-situ observations the dis-
tinction between phases is dicult for particles smaller than about 10Qum in diameter
(Baumgardner et al., 2014). An additional di culty is that the concentrations of liquid
and ice particles can di er by several orders of magnitude (Korolev et al., 2017; Kirschler
et al., 2023; Moser et al., 2023). MP clouds are also challenging to represent in models, as
the di erent dynamic and microphysical cloud processes happen on sub-grid scales and are
di cult to parameterize (Korolev et al., 2017). Our knowledge and understanding of MP
cloud microphysical processes remain incomplete, despite many decades of observational
and theoretical work (Korolev et al., 2017; Matus and Ecuyer, 2017).

Numerous studies have shown that the cloud phase has a signi cant impact on climate
sensitivity in global climate models (Gregory and Morris, 1996; Doutriaux-Boucher and
Quaas, 2004; Cesana et al., 2012; Tan et al., 2016; Bock et al., 2020). An important cloud
feedback mechanism involves phase changes in high latitude MP clouds, especially over
the Southern Ocean (SO). The occurrence of ice is expected to decrease relative to liquid
as temperatures increase, leading to a stronger re ection of radiation (negative cloud feed-
back) (Komurcu et al., 2014; Ceppi et al., 2017). However the magnitude of these processes
is highly uncertain. Long-standing model biases have included too few supercooled cloud
droplets in the present-day climate model simulations, leading to strong phase changes in
future scenarios and a correspondingly strong negative cloud-phase feedback (Tan et al.,
2016). In the latest Coupled Model Intercomparison Project Phase 6 (CMIP6), the frac-
tion of supercooled cloud droplets in the current climate is larger than in previous models,
leading to a reduced negative cloud-phase feedback (Bock et al., 2020). As a consequence,
the overall positive cloud feedbacks are stronger. This could explain the increased mean
temperature (3.8 K) and equilibrium climate sensitivity (1.8 to 5.6 K) after a CQ doubling
observed in CMIP6 compared to previous model intercomparisons (Bock et al., 2020). Some
of these CMIP6 models with very high (> 5K) or very low (< 2K) equilibrium climate
sensitivity also simulate a warming that is above or below the IPCC very likely range
of temperature change respectively (Intergovernmental Panel on Climate Change (IPCC),
2021). This discussion shows that the representation of the cloud phase has a large e ect



1.1 Why are geostationary observations of the cloud phase important? 3

on the predicted warming and contributes to large discrepancies between di erent global
climate models.

In order to improve our physical understanding of processes involving the cloud phase
and the representation of cloud phases in climate models, accurate observations of cloud
occurrence and their thermodynamic phase are essential (Atkinson et al., 2013; Cesana
et al., 2015; Tan et al., 2016; Matus and '[Ecuyer, 2017; Bock et al., 2020; Cesana et al.,
2022; Hahn et al., 2023; Kirschler et al., 2023; Moser et al., 2023). Satellite remote sensing
is an important method to determine global cloud properties (Stubenrauch et al., 2013;
Miller et al., 2014; Stubenrauch et al., 2017; Li et al., 2022; Zhou et al., 2022). In recent
years, signi cant progress has been made using active remote sensing techniques for cloud
phase identi cation, and in particular synergistic lidar-radar techniques are considered to
be the most reliable techniques for satellite observations of the cloud phase (Zhang et al.,
2010; Korolev et al., 2017). However, active spaceborne instruments cannot provide a
large-scale view or observations of cloud evolution over time. This is problematic because
the temporal evolution of cloud phases and phase transitions are of particular interest for
understanding the dynamical processes and microphysical interactions that govern cloud
properties. For such observations, geostationary passive instruments such as the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) aboard the Meteosat Second Generation
(MSG) satellite are crucial. Their main advantages are that, rst, they provide information
over a wide eld of regard, which allows, in addition to microphysical quantities, the
retrieval of macrophysical quantities such as the spatial extent of clouds. Second, they
allow measurements at any time of day, so that the temporal evolution of clouds can be
studied with high temporal resolution (15 min for SEVIRI). While passive sensors can only
observe the upper layers of a cloud according to the penetration depth of their channels,
these upper layers are important because they are critical for evaluating the radiative e ect
of a cloud (Zaremba et al., 2020). In addition, MP and supercooled liquid (SC) cloud layers,
which are crucial for understanding cloud feedbacks as described above, are often found at
cloud top (Rauber and Tokay, 1991; Khain et al., 2022). However, accurately distinguishing
cloud phases, especially MP and SC, using passive imagers is challenging, and passive cloud
phase retrievals are typically less reliable than phase retrievals from active instruments. As
a result, the occurrence of cloud phases, in particular MP and SC, is rarely studied using
geostationary imagers. These much-needed observations for understanding the distribution
and temporal evolution of cloud phases are therefore still lacking.

For passive instruments, there is an additional motivation for accurately detecting the
cloud phase as it often is a necessary rst step in remote sensing retrievals of other cloud
properties, such as optical thickness, e ective particle radius, and water path. Incorrect
phase assignment can lead to signi cant errors in this downstream retrieval of cloud prop-
erties, as ice and liquid cloud particles di er in their absorption and scattering properties
(Marchant et al., 2016).

To summarize, reliable observations of geostationary imagers of cloud phase are im-
portant to 1) improve our physical understanding of cloud processes, 2) improve climate
models and 3) ensure accurate retrievals of other microphysical cloud properties. Espe-
cially the MP is of particular interest as our understanding of MP cloud processes remains
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incomplete and they play an important but highly uncertain role in future climate scenar-
i0S.

1.2 Aim of this work

As motivated in the last section, reliable cloud phase observations of geostationary imagers,
especially MP and SC, are of crucial interest, but challenging (Korolev et al., 2017). One of
the main di culties is identifying MP clouds, as passive observations often only distinguish
between ice and liquid clouds (or ice/liquid/unknown) (e.g., Key and Intrieri, 2000; Knap
et al., 2002; Bugliaro et al., 2011; Baum et al., 2012; Bessho et al., 2016; Marchant et al.,
2016; Benas et al., 2017; Platnick et al., 2017). However, there is a growing awareness
that a further distinction is needed to also identify MP and SC clouds (Wang et al., 2019;
Pavolonis and Calvert, 2020; Li et al., 2022). These clouds occur most frequently at high
latitudes, which are di cult to observe with geostationary satellites. Consequently, it is
not a priori clear if MP and SC clouds make up a relevant fraction of the SEVIRI cloud
occurrence on its eld of regard, and to the best of our knowledge there is no information
available on the occurrence of the MP and SC phases at the SEVIRI pixel level yet.

The most reliable retrievals for cloud phase from satellites are synergistic lidar-radar
methods, as mentioned above (Delanoé& and Hogan, 2008; Zhang et al., 2010; Wang, 2012;
Korolev et al., 2017; Ewald et al., 2021; Aubry et al., 2024). The combination of lidar and
radar on polar orbiting satellites is particularly well suited for cloud phase determination,
as both instruments complement each other due to their di erent penetration depths and
sensitivities to particle sizes (Donovan and Van Lammeren, 2000; Delanoé and Hogan,
2008; Wang, 2012; Korolev et al., 2017; Ewald et al., 2021). In recent years, spaceborne
synergistic active remote sensing has therefore been used in several studies to obtain vertical
pro les of the thermodynamic cloud phase and to study their geographical and temporal
distribution (Hu et al., 2009; Luke et al., 2010; Zhang et al., 2010; Mioche et al., 2015;
Cesana and Storelvmo, 2017; Matus and'Ecuyer, 2017; Listowski et al., 2019). One
powerful synergistic lidar-radar cloud product is the lIDAR/raDAR (DARDAR) product
(Delanoé and Hogan, 2010; Ceccaldi et al., 2013), which has been used for various cloud
studies (Huang et al., 2012; Delanoé et al., 2013; Huang et al., 2015; Mioche et al., 2015;
Listowski et al., 2019). It is based on the synergy of radar and lidar measurements from
the A-Train satellites CloudSat and CALIPSO.

However, the cloud phase distribution results from these studies are expected to di er
from the cloud phase distributions that a passive geostationary imager would observe.
Typically, studies using active remote sensing include the entire vertical pro le of cloud
phase at a given time and location. In contrast, a passive geostationary instrument can
mainly observe the upper layer of a cloud according to the penetration depth of its channels.
Passive geostationary instruments also tend to have a coarser spatial resolution in the
order of 2 5km, while cloud phase is expected to vary on smaller scales. Given these
considerations, this thesis addresses the scienti ¢ question:
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SQ-1: Do the perspective and the spatial characteristics of a geostationary imager such as
SEVIRI allow the study of mixed-phase and supercooled clouds?

The knowledge gained from the cloud phase spatial and temporal distribution at the sen-
sor's pixel level helps to design and validate cloud phase retrievals for SEVIRI. However,
in order to design optimal cloud phase retrievals, it is also necessary to understand the
capabilities and limitations of the instrument's channels.

One popular technique for cloud phase retrievals from passive instruments is to use the
brightness temperature di erence (BTD) of IR window channels (Ackerman et al., 1990;
Strabala et al., 1994; Key and Intrieri, 2000; Baum et al., 2000, 2012; Finkensieper et al.,
2016; Hunerbein et al., 2022; Benas et al., 2023; Mayer et al., 2024). The use of BTDs
is a widespread method in passive remote sensing: Besides cloud phase retrievals, they
are often used to detect clouds or to retrieve cloud properties such as optical thickness
( ) or e ective radius (R ), especially for ice clouds (e.g., Inoue, 1985; Krebs et al., 2007,
Heidinger et al., 2010; Garnier et al., 2012; Kox et al., 2014; Vazquez-Navarro et al., 2015;
Strandgren et al., 2017).

The physical reason why BTDs are helpful for retrieving cloud properties is that the
optical properties of clouds, i.e. how much radiation is absorbed, scattered and emitted,
depend on the wavelength of radiation observed by the imager channels according to their
spectral response. Since cloud optical properties also depend on the properties of the cloud
particles (e.g. phase, R, habit), spectral variations in transmitted and emitted radiation
can, in principle, be attributed to certain microphysical parameters. Note, however, that
this is generally an under-determined problem, since 1) the spectral variation is not nec-
essarily unique for each combination of cloud microphysical properties, and 2) many other
factors in uence the IR radiation on its path through the atmosphere: The vertical distri-
bution of cloud water content and cloud temperature are important for cloud transmission
and emission. In addition, the atmosphere absorbs IR radiation and di erent surface types
can have dierent emissivities. Hence, radiative transfer (RT) through clouds and the
atmosphere is complex, with many parameters that can a ect the BTDs.

To understand this complexity, one can use RT calculations to simulate atmospheric and
cloud properties and test their e ects on the BTDs. This has been done in previous studies
to analyse the sensitivities of BTDs to cloud properties and to improve corresponding
retrieval methods (e.g. Parol et al., 1991, Strabala et al., 1994; Baum et al., 2000; Dubuisson
et al., 2008; Nasiri and Kahn, 2008). Cloud parameters considered include thermodynamic
phase, , R , ice crystal habit, and cloud top height (CTH). However, these studies have
each focused on only a small number of these cloud parameters, and an investigation of the
relative importance of all cloud parameters is still lacking. In particular, the in uence of
CTH or the closely related cloud top temperature (CTT) on BTDs has not been studied
in detail in conjunction with the other relevant properties.

In addition, previous studies have focused on applications, such as how to use BTDs to
infer given cloud properties. Physical explanations for the observed phenomena are often
missing or incomplete. For cloud phase retrievals, variations in the refractive indices of ice
and water across the IR window are sometimes used to explain the sensitivity of BTDs to
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the cloud phase (Key and Intrieri, 2000; Baum et al., 2000, 2012; Finkensieper et al., 2016).
However, this explanation is incomplete, as the phase is also correlated with other cloud
parameters such as CTT and R, which in turn have large e ects on the BTDs. Which of
these cloud parameters are dominant in in uencing BTDs in di erent scenarios is still open.

In addition, traditional explanations of RT through clouds often neglect scattering e ects,
which can be signi cant. Thus, the physical reasons for the observed phase dependence of
BTDs are not well understood. However, to design optimal cloud (phase) retrievals and
to be aware of their limitations, a full understanding of the satellite channel dependencies
is critical. To address these gaps in the knowledge of the relationship between IR window
BTDs and cloud properties, this study investigates the following scienti ¢ question:

SQ-2: What is the information content of brightness temperature di erences (BTDs) from
spaceborne imagers with respect to the cloud phase? What are the implications for
phase retrievals?

Insights from SQ-1 and SQ-2 help to understand the capabilities of SEVIRI to retrieve
the cloud phase. To meet the needs expressed in Sect. 1.1 for reliable identi cation of
MP and SC clouds from geostationary platforms, new cloud phase retrieval approaches are
required. For SEVIRI such a phase distinction is not yet available, but as will be shown
in P1 (see Sect. 3.1 and Chapter 6), MP and SC cloud tops are common in the SEVIRI
disc and deserve dedicated retrieval algorithms. In recent years, retrieval algorithms have
been developed for imagers on geostationary satellites, such as the Advanced Baseline
Imager (ABI) aboard the U.S. GOES-R series and the Advanced Himawari Imager (AHI)
aboard the Japanese Himawari-8, that classify clouds into ice, liquid, and MP, and, for
ABI, further into SC cloud tops (Wang et al., 2019; Pavolonis and Calvert, 2020; Li et al.,
2022).

The mentioned retrieval algorithm for ABI is physically based and employs several
threshold tests for quantities derived from IR channels, mainly so-calledratios and e ec-
tive emissivities (Pavolonis and Calvert, 2020), which are closely linked to microphysical
properties and represent an alternative to BTDs to deal with IR channels (Pavolonis, 2010).
These quantities rely on numerical weather predictions to perform RT for the (coarsened)
ABI disc in four spectral IR channels centered at 7.4, 8.5, 11.0, 12u01. The theoretical
framework of the method has the advantage of being highly interpretable. At the same
time, it is based on some assumptions and, as a threshold algorithm, it requires manual
tuning, for which it is di cult to encompass all atmospheric scenarios and maintain opti-
mal performance for diverse atmospheric conditions. As the data used to validate the ABI
algorithm did not contain information on the cloud phase in the critical temperature range
between 238K and 268 K, the detection of MP and SC has not yet been validated (Pavolo-
nis and Calvert, 2020). However, example results shown in the Algorithm Theoretical Basis
Document (ATBD) for the ABI product (Pavolonis and Calvert, 2020) show very few MP
cloud tops compared to DARDAR observations (as shown in P1 in Sect. 3.1 and Chap-
ter 6). The phase retrieval algorithm for AHI (Li et al., 2022), on the other hand, uses a
deep neural network (DNN) trained on one year of the lidar-radar 2B-CLDCLASS-LIDAR
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product (Wang, 2012), and an additional year of data for validation. Neural networks
are e cient at detecting spatial and spectral features, but lack interpretability and trans-
parency. One year of data is a relatively small data set for training, and the authors
additionally discarded all pixels in horizontally inhomogeneous cloud regions (Li et al.,
2022), removing many of the more complicated cloud scenarios. In addition, the method
does not distinguish between SC layers at cloud top with underlying ice and pure MP
clouds (both cloud types are classi ed as MP), which limits its speci city. This algorithm
for AHI was developed in parallel and independently from the phase retrieval described in
P3 of this thesis. In general, only few initial approaches to extended cloud phase detection,
i.e. including MP detection, for geostationary satellites have been tested.

Exploring other possibilities for phase retrievals could o er further advances. The
synergistic lidar-radar DARDAR product has not yet been used as basis for cloud phase
algorithms for passive imagers. Since DARDAR provides state-of-the-art phase detection
and has been used in an increasing number of studies in recent years, we exploit these
capabilities for phase detection for the SEVIRI passive instrument. In contrast to theo-
retically based retrievals, learning from measured lidar-radar data such as DARDAR has
the advantage of encompassing most real-world atmospheric scenarios. In addition, an
underlying reliable data set such as DARDAR can be used for rigorous validation. The
third scienti ¢ question explores this idea:

SQ-3: Can the phase retrieval capabilities of synergistic lidar-radar methods be transferred
to passive imagers and how accurately can this be done?

Investigating this question builds on the ndings of SQ-1 and SQ-2, using results from the
distribution of cloud phases and knowledge of the phase information content of SEVIRI
channels. The three scienti c questions are explored in the three publications of this thesis
(Chapters 6, 7 and 8). Summaries of the main points that answer the scienti ¢ questions
are given in Chapter 3.



1. Introduction




Chapter 2

Fundamentals

2.1 Thermodynamic phases of clouds

2.1.1 Formation of liquid, ice and mixed-phase clouds

Clouds can be composed of liquid droplets, ice crystals or a mixture of both, called mixed-
phase (MP). Liquid and frozen water in clouds originates from ambient water vapor. For
nucleation of water vapor to occur, either the partial water vapor pressure can be in-
creased or the temperature can be lowered. For a at surface, th@lausius-Clapeyron
equationdescribes the partial vapor pressure as a function of temperature required for the
phase transition between water vapor and liquid water or water vapor and solid ice (called
the saturation vapor pressurewith respect to water, esy\w, Or iCe, esai) (Pruppacher and
Klett, 2010). The saturation vapor pressures with respect to water and ice are di erent,
with lower values for ice than water for all temperatures below°C (€sai < €satw). 10
describe the partial water vapor pressure in relation to the saturation vapor pressure one of-
ten uses therelative humidity with respect to water/ice, de ned as RH,; = ;—>—100% In

sat,w/i

the atmosphere, saturation with respect to water/ice € = e\ , meaning RHN/i = 100%)
is typically obtained as air rises and cools down due to adiabatic expansion.

However, the saturation of air with respect to water (i.e. RiJ= 100%) is not su cient
for the formation of liquid droplets in the atmosphere. E ects of the highly curved surface
of droplets (Kelvin e ect) make the formation of droplets from pure water vapor highly
improbable. Instead, liquid cloud droplets form on a subset of atmospheric aerosol called
cloud condensation nuclei (CCN)Pruppacher and Klett, 2010). Concentrations of CCN
in the atmosphere are typically high enough that liquid droplets form once an air parcel is
saturated with respect to water. Liquid droplets can form not only aboveC, but also exist
at temperatures well below @C, in which case they are calledupercooled liquiddroplets.
Supercooled liquid droplets can persist until a temperature of about 40°C (the exact
threshold depends on the size of the droplets), for lower temperatures only the ice phase is
possible (see below) (Wallace and Hobbs, 2006). Such supercooled liquid droplets are not
in thermodynamic equilibrium because the solid ice phase is energetically favorable below
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0°C (Wallace and Hobbs, 2006). However, a transition to the ice phase requires overcoming
an energy barrier of a critical ice nucleus size; otherwise supercooled liquid droplets remain
in their metastable liquid state.

This energy barrier can be overcome with the help of so-calléme nucleating particles
(INP) , which aid the formation of an ice structure (Karcher and Lohmann, 2003; Wallace
and Hobbs, 2006). This ice formation process is callé@dterogeneousucleation. Hetero-
geneous ice formation depends on the type of INPs available, their size, and the relative
humidity and ambient temperature (Koop et al., 2000; Hoose and Mdohler, 2012; Kaniji
et al., 2017). Several di erent processes of heterogeneous nucleation are possible, the most
important of which involve INPs already contained in supercooled liquid droplets or INPs in
the air coming into contact with supercooled liquid droplets and initiating freezing (Hoose
and Mohler, 2012). However, INPs are much more scarce in the atmosphere than CCN.
Some types of INPs become e ective only at water vapor pressures much higher than the
saturation vapor pressure over ice. INPs are necessary for the formation of ice crystals at
temperatures between fC and about 40°C, meaning that in this temperature regime, in
the absence of e ective INPs, supercooled liquid droplets remain in their metastable liquid
state. At lower temperatures (below about 40°C), ice crystals can form without the aid
of INPs, which is calledhomogeneousiucleation. The water vapor pressure needed for
homogeneous ice nucleation is smaller than the saturation vapor pressure with respect to
liquid esyw at these low temperatures, which means that no supercooled liquid droplets
persist in this temperature regime (Hoose and Moéhler, 2012). Whether heterogeneous or
homogeneous nucleation dominates at these low temperatures depends on the relative hu-
midity and the concentration and nucleation ability of the available INPs (Karcher and
Lohmann, 2003).

From the above it follows that between 0 and 40°C both supercooled liquid droplets
and ice crystals can exist simultaneously, i.e. a MP cloud. The coexistence of liquid and ice
phases leads to complex microphysical interactions. Since ice has a lower saturation vapor
pressure than water €1 < €satw), €Xisting ice crystals will grow at the expense of water
molecules from liquid droplets. This process is called the Wegener-Bergeron-Findeisen
(WBF) process (Bergeron, 1935; Findeisen, 1938) and is a fundamental process in MP
clouds. If no new supercooled liquid droplets are formed, the MP cloud glaciates in a short
amount of time through the WBF process, in the order of minutes (Korolev et al., 2003).

MP clouds are found globally, from the tropics to the poles, and in numerous mete-
orological conditions (Shupe et al., 2008; Tan et al., 2014; Coopman et al., 2021). They
are associated with di erent cloud types, for instance lee-wave clouds, frontal clouds or
convective clouds (Korolev et al., 2017). One of the most important types of MP clouds
are stratiform MP clouds, which are often found in the atmospheric boundary layer at
high latitudes. Typically, these clouds consist of thin MP layers (a few hundred meters
deep) at cloud top with ice or ice virga below (Shupe et al., 2008; McFarquhar et al., 2011,
Forbes and Ahlgrimm, 2014; Khain et al., 2022; Moser et al., 2023). Despite the WBF
process, these MP clouds are observed to be very frequent and persistent, lasting for hours
or even days (Shupe et al., 2006; Morrison et al., 2011; McFarquhar et al., 2011; Korolev
et al.,, 2017; Coopman et al., 2021; Moser et al., 2023). The processes leading to such
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Figure 2.1: Schematic of the radiative e ect of cloud phase for shortwave (yellow arrows) and
longwave (red arrows) radiation for a given water content and temperature. Credit: Adapted
from Cesana and Storelvmo (2017).

guasi-stable MP states are not fully understood. However, several studies have suggested
the importance of cloud dynamics (Korolev and Field, 2008; Morrison et al., 2011): Super-
cooled liquid droplets at the cloud top lead to strong radiative cooling, which in turn leads
to turbulence and the permanent generation of new liquid droplets in updrafts (Morrison
et al.,, 2011; Khain et al., 2022). At the same time, ice crystals grow through the WBF
process at the expense of liquid water until they are large enough to precipitate. This
balance between the formation of supercooled liquid droplets by upward motion in the
cloud and their depletion by the WBF process has been shown to be capable of maintain-
ing MP states (Morrison et al., 2011). However, the description of these highly dynamic,
non-equilibrium processes governing the maintenance of MP clouds and phase transitions
still presents complicated challenges (Korolev et al., 2017).

Hence, whether liquid or ice particles form and persist in the temperature range be-
tween 0 and 40°C is complex. It depends on the local water vapor pressure and the
in-cloud dynamics such as updraft velocities and ice formation and multiplication pro-
cesses (Morrison et al., 2011; Korolev et al., 2017). For phase transitions from liquid to
ice, the size of the cloud droplets is also important (Coopman et al., 2020b). In addition,
atmospheric aerosol composition is thought to play an important role for the cloud phase,
as several studies have found that aerosol can strongly in uence the fraction of liquid and
ice particles in a cloud (Tan et al., 2014; Bruno et al., 2021).

2.1.2 E ects of the cloud phase

As mentioned in the Introduction, the cloud phase a ects the interactions of clouds with
radiation, which is schematically shown in Fig. 2.1. A liquid cloud typically consists of more
and smaller cloud patrticles than an ice cloud with the same water content. This means
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that the liquid cloud has a greater optical depth and re ects more solar radiation back to
space than the ice cloud, i.e. the liquid cloud has a greater albedo (Hogan et al., 2003,
Matus and L'Ecuyer, 2017; Sullivan and Hoose, 2023). Particularly in the top layers of
clouds, phase transitions therefore have a large e ect on the albedo and hence the radiative
e ect of clouds (Matus and L Ecuyer, 2017).

The cloud phase also a ects the amount of absorbed shortwave and longwave radiation
(Matus and L'Ecuyer, 2017). For the same water content, liquid clouds, consisting of
more and smaller cloud particles, are typically more opaque to radiation than ice clouds at
the same temperature (Cesana and Storelvmo, 2017). The amount of absorbed radiation
in uences the local heating rates in the cloud, i.e. the temperature and humidity pro le
of the atmosphere. This can in turn in uence cloud fraction, cloud optical depth and the
cloud top temperature (Harrop and Hartmann, 2016) as well as atmospheric dynamics
(Matus and L'Ecuyer, 2017).

In addition to the in uence of the cloud phase on cloud-radiation interactions, the
cloud phase also in uences the development of precipitation and the lifetime of clouds
(Mulmenstéadt et al., 2015). The smaller liquid droplets tend to stay suspended in the air
longer than the typically larger ice crystals which may sediment. As ice crystals grow to
larger sizes, clouds containing ice crystals are more e ective at precipitation, which in turn
a ects cloud lifetime (Tao et al., 2014).

2.2 Radiative transfer theory

In atmospheric physics, radiative transfer (RT) describes the path of electromagnetic radi-
ation through the Earth's atmosphere. The theory is crucial for interpreting and accurately
modeling observations from satellite remote sensing instruments. In this section, the fun-
damentals of atmospheric RT for this thesis are summarized, based mainly on Liou (2002),
Wallace and Hobbs (2006), Stull (2015) and Mayer and Kylling (2005).

2.2.1 Radiation in the atmosphere

The two main sources of electromagnetic radiation in the atmosphere are 1) the Sun and
2) the Earth and its atmosphere, which emit thermal radiation. The wavelengths of the
main part of this radiation range from ultraviolet (UV) through visible wavelengths to IR
wavelengths (in the order of about 0.1 to 10@m, as shown in Fig. 2.2). In remote sensing,
radiation of solar origin is also callecshortwave radiationand dominates at wavelengths
shorter than about 4um (see Fig. 2.2), while radiation of terrestrial origin (i.e. from the
Earth-atmosphere system) is calletbongwave radiation

To describe the path of radiation through the atmosphere one often uses traiance,
L (r; ;t), de ned as energy per time per area per solid angle for a given wavelengtkin
units of Wm 2 sr  um 2); r is the positional vector, is the solid angle and is the time.
Integration over the solid angle gives the so-called spectriatadiance E (r;t) in units of
Wm 2pum 1.
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Figure 2.2: Yellow line: Spectral irradiance E from the Sun reaching top of Earth's atmo-
sphere, approximating the Sun as a black body. Red line: Spectral irradiance Efrom a black
body with a typical temperature of the Earth-atmosphere system (255K). Credit: Adapted
from Stull (2015) p. 39, Fig. 2.10 (CC BY-NC-SA 4.0 https://creativecommons.org/lice
nses/by-nc-sa/4.0/ )

2.2.2 Interactions of radiation with the atmosphere

On its way through the atmosphere, radiation interacts with atmospheric constituents such
as gases, aerosols and clouds. When radiation encounters matter, one of three things can
happen: The radiation can be transmitted, absorbed or scattered. In addition, radiation
can be emitted by matter as a source term. The most important interactions of radiation
with atmospheric constituents are brie y explained below, focusing on visible and infrared
wavelengths, as these are the wavelengths typically used by passive imagers.

Absorption

Absorption occurs when the energy of a photon matches the di erence between two energy
levels of a molecule, raising its energy level. This process depends on the molecular struc-
ture and the energy (i.e. wavelength) of the incident radiation. The energy of the absorbed
photon is then usually converted into thermal energy by the collision of molecules, i.e. the
temperature of the absorbing matter is raised. The amount of absorption varies greatly
from molecule to molecule and from wavelength to wavelength (see Fig. 2.3). Liquid water
and ice (i.e. clouds) absorb very little in the visible wavelengths, but very much in the
infrared wavelengths (Liou, 2002).

When radianceL passes through a layer of matter with path length sland is (partly)
absorbed, the change of radiance can be expressed as
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Figure 2.3: Atmospheric transmittance of radiation for the wavelengths (a) 0 to 6 um and (b)

5 to 30 um. For regions of strong absorption (i.e. low transmittance) the dominant absorbing
chemical is given. For short wavelengths € 0.4 um) the e ects of molecular scattering are
indicated by the blue dashed line. Credit: Adapted from Stull (2015) p. 222-223, Fig. 8.4 (CC
BY-NC-SA 4.0 https://creativecommons.org/licenses/by-nc-sa/4.0/ ). Panel (@) is a
combination of Fig. 8.4a and b, and panel (b) is adapted from Fig. 8.4c

dL ; abs —
ds

abs( ) L (2.1)

where .5 is the absorption coe cient with units of m !, that depends on the properties
of the absorbing matter.

Emission

Emission can be regarded as an "inverse" process to absorption, where energy is released
in the form of photons. The emission strongly depends on the temperature of the matter.
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For an idealizedblack bodythermal emission of radiation followsPlanck's radiation law

g(m=22__1 (2.2)
(5T 1)

whereB is the emitted spectral radiance is the temperature of the black bodyh is the
Planck constant, c is the speed of light in vacuum andg is the Boltzmann constant.

The emission spectra of the Sun and the Earth roughly follow Planck spectra (see
Fig. 2.2). Since the Sun and the Earth have very di erent temperatures, the correspond-
ing Planck spectra peak at di erent wavelengths (at about 0.Am and at about 11um
respectively). Even though Planck curves as described in Eq. 2.2 do not overlap, there is
an overlap region in Fig. 2.2. The reason is that the solar radiation in the gure is not
as emitted by the Sun, but the radiation that reaches the top of the Earth's atmosphere.
Since the emitted radiation spreads out radially, the amount of energy per unit area scales
with the inverse of the square of the distance, and only a fraction of the radiation emitted
by the Sun reaches the Earth. As a result, terrestrial radiation dominates at longer wave-
lengths. This simpli es remote sensing applications, because the radiation source (solar or
terrestrial) is unambiguous for most wavelengths (see also Sect. 2.3.1).

To describe the emitted radiation of real objects (which are in general not black bodies)
one uses the so-calledmissivity , de ned as

L. emi
= ; 2.
ok (2.3)
whereL . .mi IS the by the object emitted radiance. For a real object (callegray body,
< L
In thermal equilibrium, Kirchho 's law states that the emissivity is equal to the ab-
sorptivity of a body (Kirchho, 1978). Although the Earth's atmosphere as a whole is
evidently not in thermodynamic equilibrium, in localised volumes below about 60 70 km
the atmosphere can be considered to be in local thermodynamic equilibrium to a good
approximation (Liou, 2002). This means that the change of radiance due to a layer of
emitting matter can be written as

dL ; emi
ds

= as( )B (T); (2.4)

applying Kirchho 's law.

Scattering

Scattering is the de ection of radiance by particles or molecules in the atmosphere. Photons
can be scattered away from the direction of interest, reducing the radiance, or in the
direction of interest, acting as a source term for the radiance. The mathematical description

of the scattering process is complex and depends on the wavelength and the size and shape
of the scattering object. In di erent size regimes, relative to the wavelength of the radiation,
scattering can be treated di erently:
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Rayleigh scattering:  Is an approximation for particles much smaller than the
wavelength. The amount of scattering in this regime is approximately proportional
to  “4, meaning that shorter wavelengths are scattered more e ciently than longer
wavelengths. The scattering is divided evenly between the forward and backward
direction, as indicated in Fig. 2.4(a).

Geometric optics: Is an approximation for particles much larger than the wave-
length. For visible radiation, this applies to raindrops, for example. Here, radiance
is treated as straight rays that are refracted according t&nell's law and re ected
according toFresnel's equations

Lorenz Mie scattering: Can, for spherical particles, be derived directly from
Maxwell's equationsand is an exact solution. It is used for particles comparable
in size to the wavelength, such as cloud particles in the case of visible and IR ra-
diation. The amount of scattering as a function of wavelength exhibits a damped
oscillatory behaviour (Wallace and Hobbs, 2006). This means that a whole range of
wavelengths are scattered, resulting for example in the white appearance of clouds.
Lorenz Mie scattering is strongly anisotropic, depending on the size of the scattering
particle, with a preference in the forward direction (see Fig. 2.4(c)).

For atmospheric molecules, scattering is relevant at visible wavelengths where the Rayleigh
approximation applies (shown in the top panel of Fig. 2.3). Molecular scattering can be
neglected at IR wavelengths. For cloud particles on the other hand, scattering (Lorenz
Mie scattering in this case) is relevant for both visible and IR radiation. For IR radiation,
however, absorption is the dominant process.

To describe the amount of scattering, the so-calleslcattering coe cient ¢, is used,
analogous to the absorption coe cient, with units of m 1. The scattering phase function
p( ; 9 gives the probability of scattering the incident radiation with angular direction ©°
to the new direction . The change of radiance by a layer of scattering matter can then

be written as dL ()2

d;ssca = sa( )L+ SC: 4 p( (M— ( ()d ° (2.5)
The rst term on the right hand side describes the radiance which is scattered out of the
direction of interest. The second term is a source term, describing the radiance which is
scattered from all other directions °into the direction of interest

2.2.3 Radiative transfer equation

Taking all processes of RT together (absorption, emission and scattering), one gets the
radiative transfer equation

dL dl—;abs+ dl—;sca+ CII—;emi

ds ds ds dE

(abs+ sca)L + % 4 p( ; %L ( %d O+ absB (T);
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Figure 2.4: Schematic of the angular patterns of the intensity of visible radiation (with a
wavelength of 0.5um) scattered by spherical particles with radii of (&) 10 4pum, (b) 0.1 pm,
and (¢) 1um. The forward scattering for the 1 um patrticle is extremely large and is scaled for
presentation purposes. Credit: Adapted from Liou (2002), p.7.

which describes the propagation of radiation through a medium (in this case the atmo-
sphere) with various sinks ( rst term on the right hand side) and sources (second and third
term on the right hand side), that depend on the atmospheric constituents. Note that the
dependencies on position, angle and wavelength have been largely omitted to keep the
equation more easily readable. The radiative transfer equation is an integro-di erential
equation where the radiance in one direction depends on the radiance from all other direc-
tions. It can usually not be solved analytically (or only for very simpli ed special cases).
However, there are sophisticated numerical solvers that can compute solutions, like the RT
package libRadtran (Mayer and Kylling, 2005; Emde et al., 2016), which is used in the
second publication (P2) of this thesis.

2.2.4 Optical properties of clouds

Section 2.2.2 introduced the optical properties s, sca @and p( ; 9. For RT through a
cloud, the interplay of these optical properties determines how much radiation is transmit-
ted through a cloud and, in combination with the cloud temperature, how much radiation
is emitted from it.

The combined loss of radiance due to scattering and absorption is callegtinction,
with the extinction coe cient oy, de ned as

ext — abst scal (2.6)

Integrating ey Over a cloud with geometric thickness s gives the so-calledptical thick-
ness of the cloud, which is an important quantity in remote sensing to describe cloud
properties, 7

= ext(S) ds:
S

Another important parameter to describe cloud properties in remote sensing is the e ective
radius (Re ) (Hansen and Travis, 1974), de ned for spherical particles as

r 3n(r)dr

Re = R 2n(r)dr’

2.7)
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wherer is the particle radius andn(r) is the number of particles with a radius in the size

ranger + dr. The Re is an e ective mean radius of an ensemble of particles that takes
into account that spherical particles scatter radiation proportionally to their cross section

(Liou, 2002). It has been shown that the RT through a cloud depends primarily on this
guantity, independently of the details of the particle size distribution (Liou, 2002).

For cloud particles aps, sca @nd p( ; 9 depend not only on the wavelength of the
radiation but also on the cloud phase, R, and on the shape of the cloud particles (espe-
cially relevant for ice crystals). Hence, di erent cloud (microphysical) properties lead to
di erent amounts of transmitted and emitted radiance. Since the optical properties also
depend on wavelength, measurements of radiances at di erent wavelengths can be used to
infer cloud properties - the basic principle of the passive remote sensing of clouds.

2.3 Satellite remote sensing of clouds

Satellite remote sensing plays a crucial role in global observations of clouds and their
properties. There are di erent remote sensing methods, which can be divided into passive
and active remote sensing methods. This thesis focuses mainly on passive remote sensing,
but some cloud products from active remote sensing are also used. A brief overview of the
di erent methods and instruments is given below.

2.3.1 Passive satellite remote sensing of clouds

Passive satellite sensors measure re ected solar radiation and emitted terrestrial radiation
at top of atmosphere (TOA). Examples for important passive satellite sensors are SE-
VIRI (Schmetz et al., 2002), ABI (Schmit et al., 2017), AHI (Bessho et al., 2016) and the
Moderate Resolution Imaging Spectroradiometer (MODIS) (King et al., 1992). The instru-
ments measure radiation at several di erent wavelength ranges, calletiannelsor spectral
bands according to the instrument-speci ¢ spectral response functions. Depending on the
wavelength, the radiation reaching TOA is a ected by di erent atmospheric constituents.

In the visible wavelengths, radiation at TOA is re ected solar radiation. Satellite
channels at visible wavelengths are therefore only available during the day. Atmospheric
gases are nearly transparent in the visible, and for cloud-free conditions the visible channels
are therefore closely related to the Earth's albedo. Liquid droplets and ice crystals scatter
e ectively at visible wavelengths, resulting in a high amount of re ected solar radiation
(that depends on the cloud properties) (see Sect. 2.2.2). This makes the visible channels
suitable for cloud remote sensing. The measured radiance of a visible channel is often
converted into are ectance R, i.e. the amount of re ected radianceL , compared to the
incoming solar irradianceE . , both integrated over the spectral response function of the
satellite channel,'

R = R (2.8)
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Scaling by the cosine of the solar zenith angle accounts for the fact that the amount of
incident solar radiation reaching the Earth per unit area depends on the solar zenith angle.

Radiation at TOA in the IR wavelength range comes from emission by the Earth and
the atmospheric constituents. In large parts of the IR spectrum water vapor is highly
absorbing (see Fig. 2.3). At these wavelengths, radiation emitted by the Earth's surface
or low clouds is largely absorbed by overlying layers of the atmosphere containing water
vapor, which in turn emit radiation according to their temperature. Satellite channels at
these wavelengths are therefore sensitive to the amount and distribution of water vapor
in the atmosphere, which obscures signals from clouds in the lower troposphere. There is
however a so-calleatmospheric windowin the IR spectrum from about 8.3 12.5um, where
radiation can travel through the atmosphere with only little absorption, except for an ozone
absorption band (see Fig. 2.3) (Liou, 2002). In contrast, liquid water and ice absorb and
emit strongly in the atmospheric window, making this wavelength range suitable for cloud
remote sensing. Since the emitted radiation depends on the temperature of the emitting
objects, channels in the atmospheric window are very sensitive to the temperature of clouds
or, in cloudless conditions, the surface. To re ect this fact and to make IR channels more
comparable, the radiance measured in an IR channel is often converted to the (equivalent
black body) brightness temperature (BT) using Planck’s radiation law (see Eq. 2.2). The
BT is the temperature of a ctitious black body that emits the same amount of radiance
at a given wavelength as the measured amount of radiance of the observed grey body.

Advantages of passive remote sensing are their wide eld of regard and, in the case of
geostationary satellites, high temporal resolution. They can provide large scale observa-
tions of clouds and their temporal development. However, as the extinction (scattering
and absorption) of clouds is very high, passive instrument observations are con ned to
cloud-tops.

The geostationary imager MSG/SEVIRI

The main instrument used in this work is SEVIRI aboard the MSG satellites operated by
the European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT).
The MSG satellites are positioned in a geostationary orbit at an altitude of approximately
36,000 km above the equator. The primary operational position for MSG satellites is at
O°E, directly over the Greenwich Meridian. SEVIRI's eld of view covers nearly one third
of the globe, including Africa, Europe and parts of the Middle East, South America and
the Atlantic. The temporal resolution for covering the full disc is 15 minutes.

SEVIRI operates on 11 spectral channels with a spatial resolution of 3km at the sub-
satellite point. These channels include three channels in the visible and near-infrared and
eight channels in the IR. An additional 12th channel, called high resolution visible (HRV)
channel, covers half of the SEVIRI disc in a higher resolution (1 km) in a broad range of
visible wavelengths. An example scene for all SEVIRI channels is shown in Fig. 2.5. Some
SEVIRI channels cover speci ¢ atmospheric components, for instance water vapor with
two channels centered at 6.@m and 7.3um, ozone with a channel centered at 9um or
carbon dioxide with a channel centered at 13i4m. For cloud remote sensing, mainly the






