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SUMMARY

Cirrus clouds play a crucial role in the Earth’s energy budget. They reflect incoming sun-
light and absorb and re-emit terrestrial infrarred radiation. The magnitude of these com-
ponents depends on the cirrus microphysical properties (e.g., ice crystal number and ef-
fective diameter), which can result in either net warming or cooling effects. This thesis
investigates the differences in those properties of high- and mid-latitude cirrus, as well
as their interactions with atmospheric aerosol and aviation-induced contrail cirrus.

To explore these differences, cirrus clouds were measured with the German research
aircraft HALO (High Altitude and LOng Range) during the CIRRUS-HL (CIRRUS at High
Latitudes) campaign in June and July 2021. A total of 24 flights and 35 hours of in situ
measurements of cirrus particle data were collected with the Cloud Droplet Probe (CDP),
the Cloud Imaging Probe Grayscale (CIPG) and the Precipitation Imaging Probe (PIP). A
comprehensive intercomparison among the instruments, along with a detailed uncer-
tainty analysis, was performed, resulting in an accurate and quality-controlled data set.

The results of these measurements show that high-latitude cirrus, compared to mid-
latitude cirrus, have lower median ice number concentration (0.001 and 0.0086 cm−3),
higher median effective diameter (210 and 165 µm), and lower median extinction coef-
ficient (0.042 and 0.072 m−1, respectively). In addition, high relative humidity over ice is
observed, particularly at high latitudes, with median values around 125%. The influence
of the formation region on cirrus properties was assessed by combining measurements
with weather model data and backward trajectories starting at the flight tracks. The
results show that a large part of the high-latitude cirrus were formed at mid-latitudes,
leading to different properties compared to cirrus formed directly at high latitudes. Sim-
ulations from an aerosol-chemistry-climate model were combined with the backward
trajectories and a strong contribution of heterogeneous nucleation was identified in the
measured cirrus. Thus, the low concentrations of ice nucleating particles at high lati-
tudes (from the model) combined with high ice supersaturation levels might explain the
lower ice number concentration and larger effective diameter of cirrus measurements at
high latitudes compared to mid-latitudes.

Aviation emissions have a large local impact on the cirrus microphysical properties
through contrail formation and their evolution to contrail cirrus. The CIRRUS-HL data
set shows a higher occurrence of contrail cirrus at mid-latitudes, and a potential impact
on natural cloudiness by reducing supersaturation levels at cirrus altitudes. The effect of
contrails from future propulsion technologies may depend on background aerosol con-
centrations. Comparisons of measurements and model data for total aerosol number
concentrations show good agreement for the larger particle size mode (> 250 nm), but
likely an underestimation above 300 hPa in the Aitken mode (> 12 nm).

By combining observations with model data, this study contributes to enhancing the
understanding of the variability in cirrus properties due to different formation mecha-
nisms and aerosol influences, as well as the interaction of natural and contrail cirrus.
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SAMENVATTING

Cirruswolken spelen een cruciale rol in de energiebalans van de aarde. Ze reflecteren
inkomend zonlicht en absorberen en heruitzenden terrestrische infrarode straling. De
omvang van deze componenten hangt af van de microfysische eigenschappen van cirrus
(bijv. het aantal ijskristallen en de effectieve diameter), wat kan resulteren in netto op-
warmende of afkoelende effecten. Deze scriptie onderzoekt de verschillen in deze eigen-
schappen van cirruswolken op hoge en middelhoge breedtegraden, evenals hun inter-
acties met atmosferische aerosolen en door de luchtvaart veroorzaakte contrail-cirrus.

Om deze verschillen te onderzoeken, werden cirruswolken gemeten met het Duitse
onderzoeks vliegtuig HALO (High Altitude and LOng Range) tijdens de CIRRUS-HL (CIR-
RUS at High Latitudes) campagne in juni en juli 2021. In totaal werden 24 vluchten uit-
gevoerd en 35 uur aan in situ metingen van cirrusdeeltjes verzameld met de Cloud Drop-
let Probe (CDP), de Cloud Imaging Probe Grayscale (CIPG) en de Precipitation Imaging
Probe (PIP). Een uitgebreide vergelijking tussen de instrumenten, samen met een gede-
tailleerde onzekerheidsanalyse, werd uitgevoerd, wat resulteerde in een nauwkeurige en
gecontroleerde dataset.

De resultaten van deze metingen tonen aan dat cirrus op hoge breedtegraden, ver-
geleken met cirrus op middelhoge breedtegraden, een lagere mediane ijskristalconcen-
tratie hebben (0.001 en 0.0086 cm−3), een grotere mediane effectieve diameter (210 en
165 µm), en een lagere mediane extinctiecoëfficiënt (0.042 en 0.072 m−1). Bovendien
wordt een hoge relatieve luchtvochtigheid over ijs waargenomen, vooral op hoge breed-
tegraden, met mediane waarden rond 125%. De invloed van het vormingsgebied op de
eigenschappen van cirrus werd beoordeeld door metingen te combineren met weermo-
delgegevens en terugtrajecten beginnend bij de vluchttrajecten. De resultaten tonen
aan dat een groot deel van de cirrus op hoge breedtegraden werd gevormd op middel-
hoge breedtegraden, wat leidt tot andere eigenschappen vergeleken met cirrus die direct
op hoge breedtegraden zijn gevormd. Simulaties van een aerosol-chemie-klimaatmodel
werden gecombineerd met de terugtrajecten en een sterke bijdrage van heterogene nu-
cleatie werd geïdentificeerd in de gemeten cirrus. Zo kunnen de lage concentraties ijsnu-
cleërende deeltjes op hoge breedtegraden (volgens het model) in combinatie met hoge
ijssupersaturatieniveaus de lagere ijskristalconcentratie en grotere effectieve diameter
van cirrusmetingen op hoge breedtegraden vergeleken met middelhoge breedtegraden
verklaren.

Luchtvaartemissies hebben een grote lokale impact op de microfysische eigenschap-
pen van cirrus door contrailvorming en hun evolutie tot contrail-cirrus. De CIRRUS-HL
dataset toont een hogere frequentie van contrail-cirrus op middelhoge breedtegraden,
en een potentiële impact op natuurlijke bewolking door de reductie van supersaturatie-
niveaus op cirrushoogten. Het effect van contrails van toekomstige voortstuwingstech-
nologieën kan afhankelijk zijn van de achtergrondconcentraties van aerosolen. Verge-
lijkingen van metingen en modelgegevens voor totale aerosolconcentraties tonen een
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goede overeenkomst voor de grotere deeltjesgrootte modus (> 250 nm), maar waar-
schijnlijk een onderschatting boven 300 hPa in de Aitken modus (> 12 nm).

Door observaties te combineren met modelgegevens draagt deze studie bij aan een
beter begrip van de variabiliteit in cirrus-eigenschappen als gevolg van verschillende
vormingsmechanismen en aerosolinvloeden, evenals de interactie tussen natuurlijke en
contrail-cirrus.



1
INTRODUCTION

1.1. MOTIVATION
Climate refers to long-term patterns of atmospheric conditions observed in a specific
region, while weather fluctuates on shorter timescales. Cloudiness plays a significant
role in regulating the Earth’s climate (Liou, 1986). Large-scale circulation patterns de-
termine cloud occurrence, while clouds, in turn, influence these processes through their
radiative effects (Stephens, 2005). Additionally, clouds play a crucial role in regulating
the Earth’s water cycle and in processing and transporting chemical tracers and aerosol
particles within the atmosphere (Stephens, 2005). Understanding cloud processes and
feedbacks is essential for improving climate predictions in a changing environment.

Clouds impact the energy budget of the atmosphere based on their macro- and mi-
crophysical properties. Compared to clear skies, clouds absorb and re-emit thermal-
infrared (longwave) radiation from the Earth’s surface. This contribution typically being
positive and more significant for clouds with colder cloud top temperatures (Hartmann
et al., 1992; Liou, 1986; Stephens, 2005; Cotton et al., 2011; Gasparini & Lohmann, 2016).
Clouds also reflect incoming solar (shortwave) radiation, contributing to the planetary
albedo, which is the fraction of sunlight reflected back into space by the earth (Twomey,
1974). Clouds generally have a higher albedo than the surface, except for ice or sand
surfaces, which are brighter. As a result, they reduce the portion of solar radiation reach-
ing the ground, with the extent of this effect mainly dependent on cloud optical thick-
ness (Hartmann et al., 1992; Liou, 1986; Stephens, 2005; Cotton et al., 2011; Gasparini
& Lohmann, 2016). Cloud optical thickness, a crucial cloud property, depends on cloud
microphysical properties (e.g., cloud phase, size, shape, and concentration of cloud par-
ticles) and vertical extent (Cotton et al., 2011).

Whether a cloud exerts a net positive or negative radiative effect depends on the dif-
ference between shortwave and longwave radiative effect, which varies based on cloud
type, the horizontal and vertical cloud location, season, solar angle, and ground surface
conditions (Stephens, 2005). Low clouds typically have a strong net cooling effect during
the day due to their high concentrations of small droplets, leading to a high albedo and

1
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a significant negative shortwave radiative effect. Additionally, their temperature does
not differ much from the surface temperature, resulting in a minimal positive longwave
radiative effect (Cotton et al., 2011). Conversely, high clouds, known as cirrus clouds,
can have either have a net positive or negative radiative effect. Located at higher al-
titudes where cloud top temperature is lower, they exhibit stronger longwave radiative
effect. Whether the shortwave cooling compensates for the positive longwave radiative
effect depends largely on the cirrus microphysical properties, such as size or crystal habit
(Zhang et al., 1999; Wendisch et al., 2005; Wendisch et al., 2007). Optically thin cirrus can
significantly contribute to a warming effect due to their low reflectivity and small short-
wave cooling effect. Additionally, the radiative effect of cirrus clouds exhibits strong day-
night and seasonal variability due to the changing solar radiation (Gasparini & Lohmann,
2016; Gasparini et al., 2017). On average, as illustrated in Fig. 1.1 from Gasparini et al.
(2017), cirrus clouds exert a net positive radiative effect. However, uncertainties persist
regarding the radiative effects of cirrus clouds, particularly concerning the size, mass,
and shape of ice crystals and the representation of thin cirrus, which are often not de-
tectable by satellites (Boucher et al., 2013; Spang et al., 2023). This emphasizes the im-
portance of observing cirrus microphysical properties to enhance their representation
in global climate models.

Figure 1.1: Anomalies of the annual average over five years cirrus cloud radiative effects (CRE) at the top of the
atmosphere (TOA). Overall averages of the longwave (LW) and shortwave (SW) radiative effects are indicated
in the bottom left, while the net radiative effect is indicated in the bottom right. (Adapted from Gasparini et al.
(2017), used under CC BY 3.0).

The properties of cirrus display considerable variability and are influenced by multi-
ple factors, including thermodynamic conditions (such as temperature and relative hu-
midity), dynamic conditions (like updraft velocity), aerosol loading and chemical com-
position (Hendricks et al., 2011; Patnaude & Diao, 2020; Maciel et al., 2022). The in-
terplay of these factors governs the cloud particle nucleation process and determines
the number, size, and shapes of ice crystals within the cirrus cloud. Consequently, cir-
rus properties can vary substantially among different synoptic regimes (Muhlbauer et
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al., 2014). For instance, gravity waves can induce the nucleation of a large amount of
small ice crystals (Kärcher & Lohmann, 2002b; Hendricks et al., 2011; Jensen et al., 2013).
However, cirrus forming in high-pressure systems typically do not reach high supersat-
urations, resulting in lower ice particle concentrations (Krämer et al., 2016). Essentially,
the formation of ice particles in cirrus is characterized by a very dynamic interplay of ice
supersaturation and aerosol concentration and composition, leading to either heteroge-
neous or homogeneous ice particle nucleation. Heterogeneous freezing on solid aerosol
particles with the ability to nucleate ice, known as ice nucleating particle (INP), requires
lower supersaturations than homogeneous nucleation. Therefore, heterogeneous nucle-
ation can initiate earlier and prevent the occurrence of homogeneous nucleation. How-
ever, the number of ice crystals produced is lower compared to homogeneous nucleation
on abundant solution aerosol particles (e.g., sulfuric acids) (Möhler et al., 2003; Kärcher
et al., 2006; Kärcher et al., 2022).

Heterogeneous nucleation processes are not yet well understood, with INP concen-
trations varying across different regions of the globe (DeMott et al., 2010). Additionally,
the freezing properties of different INP types are still not well characterized (Hoose &
Möhler, 2012), primarily due to the challenges posed by direct atmospheric measure-
ment at colder temperatures (Hoose & Möhler, 2012; Kanji et al., 2017). Among the natu-
ral sources of INPs emitted into the atmosphere, mineral dust particles play a dominant
role (Möhler et al., 2006; Froyd et al., 2022). However, other natural sources such as
volcanic eruptions or oceans, as well as anthropogenic sources like agriculture, indus-
tries, biomass burning, or transport contribute to the presence of INPs but their activa-
tion properties are not fully understood (Kanji et al., 2017; Froyd et al., 2022). According
to Forster et al. (2021), anthropogenic INPs influence ice crystal numbers in cirrus and
thereby their radiative properties. Particularly, soot particles from aviation are directly
emitted at cirrus altitudes, reaching the highest concentrations in the mid-latitudes in
the Northern Hemisphere, and can act as INPs, potentially affecting the cirrus micro-
physical properties indirectly (Kanji et al., 2017; Urbanek et al., 2018; Groß et al., 2022).
However, the nucleation efficiency of this type of INPs is not well known, leading to sig-
nificant uncertainty regarding their impact (Righi et al., 2021).

While many unknowns remain regarding the effects of INPs in cirrus, the micro-
physical properties of cirrus have been extensively studied over the last decades us-
ing various approaches, including global modelling (Mitchell et al., 2008; Spichtinger
& Gierens, 2009b, 2009a; Gasparini et al., 2018), active and passive remote sensing tech-
niques (Sassen & Campbell, 2001; Gryspeerdt et al., 2018; Sourdeval et al., 2018), and in
situ measurements, primarily conducted in mid-latitudes and tropical regions (Heyms-
field et al., 2013; Jensen et al., 2013; Muhlbauer et al., 2014; Krämer et al., 2016; Luebke et
al., 2016; Voigt et al., 2017; Krämer et al., 2020). Although there is considerable research
on cirrus properties in these regions, few studies have focused on high-latitude cirrus (V.
Wolf et al., 2018; Marsing et al., 2023). Despite the urgency to understand the drivers and
feedbacks of accelerated warming of the Arctic (Serreze & Barry, 2011), understanding
the processes contributing and modulating the so-called Arctic Amplification, including
the role of clouds and their modifications through these mechanisms, is critical for ad-
dressing questions regarding current and future climate (Wendisch et al., 2017; Schmale
et al., 2021; Shupe et al., 2022; Wendisch et al., 2023).
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The natural cloudiness in the upper troposphere can be altered by anthropogenic
activities, particularly aviation. Aviation accounts for approximately 4% of the total ef-
fective radiative forcing from human activities (Kärcher, 2018; Lee et al., 2021). Beyond
the impact of CO2 emissions, non-CO2 effects such as NOx emissions, contrails and con-
trail cirrus can contribute to nearly two-thirds of aviation’s effective radiative forcing,
though these effects are associated with large uncertainties (Kärcher, 2018; Lee et al.,
2021). Understanding their direct influence on the climate is crucial, but it is also essen-
tial to examine how they interact with atmospheric water vapor and natural cloud cover,
particularly, cirrus clouds. The atmospheric conditions conducive to contrail formation
and persistence are often similar to those required for cirrus clouds, leading to their co-
existence in the same regions and potential impacts on the formation and life-cycle of
natural cloudiness (Schumann, 1996; K. Gierens, 2012; Schumann et al., 2015).

While newly formed contrails, within the initial minutes of emission, typically exhibit
ice particles concentrations exceeding 100 cm−3 and sizes of a few micrometers (Pet-
zold et al., 1997; Voigt et al., 2010; Voigt et al., 2011; Jeßberger et al., 2013; Schumann et
al., 2017; Kleine et al., 2018), their properties undergo significant transformations upon
mixing with the surrounding ambient air. Processes such as sublimation, growth, and
sedimentation, controlled by ambient conditions, drive these changes (Schumann et al.,
1998; Kärcher et al., 2015; Kärcher, 2018; Kärcher et al., 2018). Depending on the at-
mospheric conditions, contrails may disperse and lose their linear shape, evolving into
contrail cirrus, which can extend over vast areas, particularly in regions with heavy air
traffic areas where they merge with one another. In addition, contrails can interact with
and alter natural cirrus by increasing their number concentration and optical thickness
(Tesche et al., 2016; Marjani et al., 2022; Verma & Burkhardt, 2022), and by reducing their
effective diameter (Kristensson et al., 2000; Li et al., 2022; Wang et al., 2023). Although
the microstructure of contrail cirrus closely resembles that of natural cirrus, it still differs
by the higher concentrations of smaller ice crystals (Voigt et al., 2017). However, when
contrails form within existing cirrus, their microphysics can be influenced depending
on the ambient conditions, making it challenging to distinguish between them (Unter-
strasser et al., 2017a; Unterstrasser et al., 2017b).

In short, advancing the understanding of the microphysical properties of cirrus
clouds is crucial for comprehending their role in the Earth’s climate system. These
properties exhibit significant variability and are influenced by numerous factors, in-
cluding atmospheric dynamics and radiation, aerosol concentrations, and temperature.
Therefore, a closer look at the mechanisms driving the life cycle of cirrus clouds will
not only enhance our understanding of local and regional variations but also shed light
on broader climate processes. In situ observations play a pivotal role in gaining insight
into cloud dynamics, particularly when accompanying cloud microphysical properties
by measurements of aerosols, relative humidity, and updraft speeds. High-latitude re-
gions, such as the Arctic, are of particular interest due to the phenomenon of Arctic
Amplification and their relatively pristine atmospheric conditions. A comparative anal-
ysis of observations from high-latitude regions with those from more anthropogenically
influenced mid-latitudes, where aviation plays a significant role, can provide valuable
insights into how human activities impact cirrus properties. In addition, observations
of high-latitude cirrus are scarce, but necessary to validate and improve climate models
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and satellite retrievals.

1.2. RESEARCH QUESTIONS
The primary hypothesis addressed in this study concerns potential differences in the mi-
crophysical properties of cirrus clouds between high-latitude and mid-latitude regions.
Building upon this central premise, additional questions are formulated to deepen the
comprehension of cirrus microphysical characteristics, including an examination of the
factors influencing their formation and evolution. The research questions (RQs) guiding
this work are as follows:

• Do measurable differences exist in the microphysical properties of cirrus clouds
between high latitudes and mid-latitudes? If so, what are they?

• How do air masses from mid-latitudes influence cirrus at high latitudes? How do
their properties change compared to cirrus purely developed at high latitudes?

• What role do aerosols and atmospheric dynamics play in influencing the prop-
erties of high-latitude cirrus in comparison to those at mid-latitudes? How does
simulated aerosol concentrations compare to measurement data in air traffic rel-
evant regions?

• How does aviation influence the microphysical properties of natural cirrus?

To address these research questions, I performed in situ measurements and evalu-
ated the data during the airborne experiment CIRRUS in High Latitudes (CIRRUS-HL),
conducted in June and July 2021. The primary data set that I have analysed comprises
cirrus cloud particle samples from two state-of-the-art cloud probes that I operated dur-
ing the campaign: the Cloud Combination Probe (CCP) and the Precipitation Imaging
Probe (PIP). These instruments measure the number, size, and form of the ice crystals
within the cirrus clouds. An essential aspect of my work involved processing and in-
tegrating the instruments data to provide a unified data set, serving as the foundation
for the analyses. This data set contains key microphysical properties of the observed cir-
rus, including number concentration (N ), effective diameter (ED), and ice water content
(IW C ).

The diagram presented in Fig. 1.2 provides an overview of the research questions and
objectives addressed in this study. Particularly, it shows the atmospheric processes that
impact cirrus formation and life-cycle, which will be thoroughly explained and investi-
gated along this thesis.

To answer RQ1, I examined the microphysical properties in relation to the latitude of
the measurements, requiring aircraft positional data for precise analysis. Additionally, to
gain deeper insights into the diverse influences acting over the lifespan of cirrus clouds,
I identified their formation points using backward trajectories starting at the measure-
ment positions. This approach enabled me to analyse cirrus properties not only based
on measurement locations but also on their formation, leading to answers for RQ2 and
RQ3. To further address the third question, I integrated modelling data on ice nucleat-
ing particles (INPs) with the backwards trajectories to discern the aerosol loadings in-
fluencing the cirrus formation and evolution. Furthermore, I evaluated the model data
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Figure 1.2: Schematic overview of the research topics investigated in this thesis.

against in situ observations of total aerosol concentrations. Finally, I included informa-
tion on relative humidity and nitrogen oxides to assess the aviation influence during the
CIRRUS-HL campaign and address the fourth question, RQ4.

This research is part of the project "Microphysics and climate impact of ice clouds
in high latitudes" (MICRO-ICE), contributing to the High Altitude and Long Range Re-
search Aircraft (HALO) mission CIRRUS-HL, funded by the Deutsche Forschungsge-
meinschaft under the Priority Program SPP 1294.

1.3. OUTLINE
Outlined below is a structured overview of the chapters and contents comprising this
thesis, offering a comprehensive journey through the experimental investigation and
analysis of natural ice clouds and their modification by the effect of aviation.

In Chapter 2, insights into the fundamental processes governing ice formation are
provided, along with an exploration of the diverse types of cirrus clouds, focusing on the
main factors influencing their microphysical properties. Additionally, the role of aerosol
particles in cirrus formation and evolution processes is briefly discussed, and an intro-
duction to contrails, the human-made ice cloud type, is provided.

Subsequently, Chapter 3 delves into the theoretical concepts of the measurement
techniques employed in this study. The working principles and limitations of the Cloud
Droplet Probe (CDP) and Cloud Imaging Probe Grayscale (CIPG), components of the
Cloud Combination Probe (CCP), as well as, the Precipitation Imaging Probe (PIP), used
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for the measurements of cloud particles within this work, are described. These instru-
ments are further characterized in Chapter 4, which elaborates on the methods and de-
velopments conducted for data analysis. In particular, the software I implemented to
decompress and interpret binary data from the the CIPG and PIP instruments, generat-
ing two-dimensional images for further post-processing, is explained in detail. Finally,
this chapter addresses the combination of the cloud probe measurements to obtain a
unified data set.

In Chapter 5 I introduce the CIRRUS-HL campaign, which sets the frame and lo-
cation of the experimental setup and provides the primary data source of this thesis.
I present the scientific findings regarding properties and formation processes of cirrus
measured during the campaign, including a differentiation of cirrus according to the
latitude of the measurement. Furthermore, I conduct additional analyses considering
cloud history and formation point. Additionally, I propose a novel classification based
on latitude at formation and measurement to enhance our understanding of the mea-
sured cirrus properties. Finally, in this chapter, I investigate aerosol-cloud interactions
with support from modelling data. Chapter 6 examines the effects of aviation on the
CIRRUS-HL data set, while Chapter 7 investigates background aerosol concentrations
from both observations and model simulations for the CIRRUS-HL flights. This chapter
also provides an outlook on the relevance of background aerosol for contrail formation
from future propulsion technologies, such as hydrogen-powered aircraft. Lastly, Chap-
ter 8 provides a summary of the main findings and discusses their implications for so-
ciety, and Chapter 9 offers an outlook on future research directions and suggestions for
further improving and continuing this work.





2
ICE CLOUDS: NATURE AND HUMAN

INFLUENCE

2.1. INTRODUCTION
Cirrus clouds, together with contrails and contrail cirrus are clouds composed purely of
ice crystals and occur at a wide range of temperatures. Cirrus are located at high alti-
tudes, above 8 km in the mid-latitudes and 12 km in the tropics, and have a translucent
threadlike appearance (Heymsfield et al., 2017a). Contrary to natural cirrus clouds, con-
trails and contrail cirrus are not natural clouds, as the ice crystals form from the cool-
ing and mixing with the ambient air of hot and humid aircraft exhaust plumes. There-
fore, they are also found at high altitudes, where air traffic is present (at cruise levels
between 32000-43000 ft, corresponding to 9.8-13 km) and the ambient temperature is
below −38 ◦C, the temperature at which droplets freeze at those altitudes. Contrails
are line-shaped in the early stage, and can be visually easily distinguished from cirrus
clouds. However, as they evolve over time, their coverage expands and they lose their lin-
ear shape, transitioning to contrail cirrus. They may also cluster together covering large
areas, becoming similar to natural cirrus clouds. The picture in Fig. 2.1 shows probably
cirrus clouds with some crossings from contrails of different extension and age.

This chapter provides the reader with the basic knowledge from the literature to place
the scientific questions of this work within the atmospheric physics frame and to intro-
duce some concepts necessary to better understand subsequent discussions. Since this
work deals with ice clouds properties and their interaction with the atmosphere, we start
with the formation of ice crystals from the non-equilibrium states of water in Section 2.2,
the formation of liquid droplets (Section 2.2.1) and the ice nucleation mechanisms (Sec-
tion 2.2.2). Later, the origin and life-cycle of cirrus clouds, as well as their microphysical
properties are introduced in Sections 2.3.1 and 2.3.2. The relevant role of aerosols in cir-
rus formation is also exposed in Section 2.3.3. Finally, Section 2.4 will provide a concise
overview of aviation-induced cloudiness, including contrail formation in Section 2.4.1,
their transition into contrail cirrus in Section 2.4.2, and relevant information regarding

9
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their microphysical properties in Section 2.4.3.

Figure 2.1: Picture of likely cirrus clouds and contrails over the german Alps but with no clear distinction
between them.

2.2. ICE CRYSTAL FORMATION
The presence of water vapor in the atmosphere is fundamental for the formation of
clouds and precipitation. Clouds consist of a group of liquid (droplets) or solid water
(ice crystals) particles which can be held in suspension due to the vertical movement of
air masses. They are seen with a white color from the sun light scattering on the cloud
particles. These particles result from nucleation processes in air parcels containing wa-
ter vapor. The amount of water vapor contained in the air can be quantified by the water
vapor partial pressure, e, and can be written in the following form, assuming water vapor
behaves as an ideal gas (Pruppacher & Klett, 2010).

e = ρvRvT, (2.1)

where ρv represents the specific density of water vapor, Rv is the specific gas constant
for water vapor and T is the ambient temperature. Saturation with respect to a surface
(liquid or ice) is defined when the flux of water molecules across the surface is equal in
both directions. The air becomes supersaturated when the available water vapor at a
given temperature and pressure exceeds the equilibrium saturation state, resulting in an
enhanced flux of water molecules from the surrounding environment across the surface.
The relative humidity (RH) is a useful definition in order to quantify the onset to satura-
tion conditions and it is calculated as the ratio of ambient partial vapor pressure (eamb)
to the water vapor saturation pressure over ice or liquid water (esatice,w ) (Pruppacher &
Klett, 2010):

RHice,w = eamb

esatice,w

(2.2)
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The pressure and temperature conditions for the existence of the liquid, solid or
vapor phase and the phase transitions are described theoretically by the Clausius-
Clapeyron relationship, whose detailed derivation can be found in Pruppacher and
Klett (2010), and takes the following expression:

d lnesatice,w

dT
= Ls,e

RT2 , (2.3)

where R is the universal gas constant and Ls,e is the latent heat of sublimation
or evaporation, depending if the supersaturation is with respect to ice or liquid water
(esatice,w ). The phase diagram in Fig. 2.2(a) shows the partial pressure of equilibrium be-
tween phases as a function of temperature. The three phases can only coexist in equi-
librium at the triple point. Saturation is achieved when the ambient vapor partial pres-
sure equals the equilibrium partial pressure, which is provided by the solutions of the
Clausius-Clapeyron equation (along the lines). Saturation of air parcels in the atmo-
sphere is typically attained as warm, lighter air ascends and cools during its ascent.
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Figure 2.2: (a) Water phase diagram. (b) Zoom-in of water phase diagram for temperatures below 0 ◦C. The
saturation pressure over ice and liquid water curves are given by Murphy and Koop (2005).

Since supersaturation is not an equilibrium state, the system will move back to equi-
librium (saturation) nucleating particles by condensation (phase change from water va-
por to liquid) or by deposition (water vapor to ice). Similarly, subsaturation is also not
stable and the way back to saturation is by evaporation (liquid to water vapor) or subli-
mation (ice to water vapor). Therefore, nucleation involves a phase change that sponta-
neously occurs from a non-equilibrium state, typically characterized by supersaturation.
In this state, the prevailing conditions, including temperature, relative humidity, and the
presence of a suitable surface for nucleation, are energetically favorable for the nucle-
ation process.

It is important to notice that the saturation vapor pressure over liquid water is higher
than over ice, as represented in Fig. 2.2(b). However, it is misleading to suggest from this
that ice formation might precede the formation of water droplets. The formation of the
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crystalline structure of the ice crystals requires additional conditions to be met, as we
will see in the following sections.

2.2.1. CLOUD DROPLET FORMATION

In the atmosphere, the condition of supersaturation is not sufficient to nucleate a wa-
ter droplet. The Clausius-Clapeyron equation (Eq. (2.3)) and thus, the phase diagrams
of Fig. 2.2 do not describe the equilibrium conditions of curved water surfaces. In ad-
dition, a surface is necessary for water vapor to condense and form a cloud droplet.
The surface for nucleation is provided by an aerosol particle with the ability to nucle-
ate droplets, known as cloud condensation nuclei (CCN). The need for aerosol particles
to be present in order to form cloud droplets is understood by the non-equilibrium of
pure water droplets. The derivation of the equilibrium states of pure water droplets and
solution droplets is explained in detail in Seinfeld and Pandis (1998) and Pruppacher and
Klett (2010), but the main theses are exposed briefly in the following.

The ratio between the vapor pressure of a pure water droplet, e(Dp), with diameter
Dp and that of flat surface, e◦, is given by the Kelvin equation:

e(Dp)

e◦
= exp

(
4Mwσw

RTρwDp

)
, (2.4)

where Mw is the molar mass of water,σw is the surface tension in the water interface,
ρw is the water density and Dp is the droplet diameter.

The Kelvin equation is graphically represented in Fig. 2.3 by a navy dashed line, and it
illustrates several noteworthy implications. Firstly, it indicates that the vapor pressure of
equilibrium over a curved surface is always higher than over a flat one, and that the par-
tial pressure increases drastically for small diameters. This means that water molecules
find it easier to escape from a small droplet (larger curvature) than from a bigger one.
And secondly, it describes the non-equilibrium of the pure water droplet. This is exem-
plified when considering the effects of a small perturbation in size in a water droplet of
a certain size, which is assumed to be in equilibrium with its surroundings. The pertur-
bation causes the increase of its critical diameter with no variation of the ambient con-
ditions, leading to a decrease of the vapor pressure of equilibrium in the interface. Since
the ambient pressure did not vary and now it is higher than that at the water droplet in-
terface, a further increase in the droplet size is produced. In turn, a perturbation on the
other direction would originate the evaporation of the droplet.

As we see here, water droplets can not exist in equilibrium and therefore, in reality,
they contain dissolved solutes. They help to lower the high partial pressure of the small
droplets, which prevents these small droplets from quickly evaporating. To account for
this effect, the Kelvin equation needs to be extended.

The water vapor partial pressure of a solution of a flat surface is described by Eq. (2.5)
with the help of the mole fraction of water in the solution, xw, and an activity coefficient,
γw, that accounts for non-ideal solutions (goes towards to 1 for the ideal case) (Seinfeld
& Pandis, 1998).

e◦s = γwxwe◦ (2.5)
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Exchanging e◦ in Eq. (2.4) by e◦s of Eq. (2.5) to take into account the general case of
a solution droplet, and simplifying for dilute solutions, one obtains an expression of the
Köhler equations:

ln
e(Dp)

e◦
= 4Mwσw

RTρwDp
− 6nsMw

πρwDp
3 , (2.6)

where ns is the number of solute moles.
The partial pressure is then determined by two contributions: the Kelvin effect (cur-

vature) and the Raoult effect (solute), illustrated in Fig. 2.3. The Kelvin effect describes
the increase of vapor partial pressure over curved surfaces compared to flat surfaces. The
solute effect, in turn, contributes to a reduction of the partial pressure compared to pure
water. Similarly, the derivation can be extended to a solution containing insoluble parti-
cles. The inclusion of these particles reduces the volume fraction of the solution, leading
to a consequent further decrease in partial pressure, thereby promoting the nucleation
of water droplets.
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Figure 2.3: Equilibrium vapor pressure over an aqueous solution droplet with NaCl particles of two different
masses (blue lines) as function of droplet diameter for T = 293K . Navy lines indicate the Kelvin effect (vapor
pressure over a pure water droplet) and the Raoult or solute effect. Adapted from Seinfeld and Pandis (1998).

Fig. 2.3 also shows the equilibrium partial pressure for two solution droplets of dis-
tinct size. Now, the curves have also an unstable branch (the descending branch) as
for the pure water droplet, but the ascending branch is stable. In this context, when a
droplet experiences a slight increase in size, it tends to lose some of its mass through
evaporation. This occurs because the ambient pressure is not conducive to maintaining
the larger size of the droplet.

The critical supersaturation and critical radius are given by the maximum of the Köh-
ler curve. When the critical supersaturation is overcome, the particle is considered to be
activated, entering the unstable region of the Köhler curve, and subsequently growing
into a large cloud droplet. Below this threshold, the aerosol particles are thermodynam-
ically stable and no cloud particles are formed. In this way, the ability of an aerosol par-
ticle to serve as nuclei for the formation of a cloud droplet depends on its size and type,
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and the amount of water vapor in the ambient. All existing particles of the same sort and
size become activated simultaneously when the required supersaturation is achieved.

2.2.2. ICE NUCLEATION MECHANISMS

Once we have understood the essential role that aerosols play in forming cloud droplets,
we can easily extrapolate their significant contribution to the formation of ice crystals,
enabling us to finally explore the matter of ice nucleation mechanisms. The energy bar-
rier to form a new phase (ice) from a water droplet at atmospheric conditions is quite
high, making it rare under typical atmospheric conditions. To lower the energy barrier
and favour the formation of the ice phase, the surface of an aerosol with the ability to
nucleate ice can help the process (a solid ice nucleating particle, INP) (Kanji et al., 2017).
Therefore, two distinct types of ice crystal nucleation are recognized: homogeneous or
heterogeneous (Heymsfield et al., 2017a; Kanji et al., 2017).

Homogeneous nucleation refers to the direct ice nucleation of small liquid solution
particles or supercooled water droplets without the intervention of an INP (Kärcher &
Lohmann, 2002b, 2002a). It occurs below −38 ◦C and requires high RHi values above
140−150% (Kärcher & Lohmann, 2002b, 2002a).

Heterogeneous nucleation, involving various physical processes, implies the partic-
ipation of an INP in initiating the freezing process (Kärcher & Lohmann, 2003). These
processes include deposition nucleation, immersion freezing, contact freezing, and con-
densation freezing. The schema in Fig. 2.4 shows an overview of all the different nu-
cleation mechanisms taking place in the atmosphere, depending on the temperature
regime.

Starting from the liquid phase, cloud droplets form after the activation of CCN, as
briefly explained in the previous section. Cloud droplets at temperatures below 0 ◦C
are considered supercooled droplets. Immersion freezing happens when an INP gets
immersed in the supercooled cloud droplet and the temperature gets sufficiently low to
activate it and trigger the freezing process. The condensation freezing mode refers to the
formation of a droplet from a CCN below 0 ◦C and the subsequent freezing, however, it
is has not been fully observed in the laboratory at microscopic scale (Vali et al., 2015).
Contact freezing is also initiated from a supercooled droplet and the freezing takes place
when it collides with an INP. The last mode, deposition nucleation, is different from the
others because it is believed to occur directly from supersaturated water vapor on the
surface of an INP without prior formation of a liquid phase. However, the non-existence
of liquid has not been proven and it could involve a transitory stage in which liquid is
present. In addition, freezing of condensed water on surface cavities, for example, might
be wrongly observed as deposition nucleation (Vali et al., 2015).

The ambient conditions where homogeneous or heterogeneous nucleation take
place are illustrated in the diagram of Fig. 2.5. Starting from the warmer temperatures
above −38 ◦C, the presence of INPs is a prerequisite to form ice. Liquid droplets can
survive in cold temperatures down to −38 ◦C in the form of supercooled water droplets.
They do not freeze unless they get in contact with an insoluble aerosol particle (an INP)
with certain characteristics, since a solid surface is necessary to trigger the crystalliza-
tion. Therefore, between −38 and 0 ◦C ice crystals and droplets can coexist in the clouds,
leading to so-called mixed-phase clouds.
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Figure 2.4: Schema of ice crystals nucleation mechanisms based on Kanji et al. (2017). Heterogeneous nucle-
ation includes deposition nucleation, immersion freezing, contact freezing, and condensation freezing.

When the temperature falls below −38 ◦C, the ice crystals can nucleate either by het-
erogeneous or homogeneous nucleation, depending on the relative humidity (or cool-
ing rate), the concentration and the nucleation ability of the available INPs. Since the
homogeneous freezing threshold is achieved at a lower RHi than the necessary to reach
saturation over liquid water, the liquid phase can no longer exist, as shown in Fig. 2.5.
This means that, if any liquid droplets remain, which have not frozen upon contact with
INPs, they will freeze homogeneously below −38 ◦C. However, if there are INPs avail-
able in the air, ice is preferably formed with the aid of INPs instead of by homogeneous
nucleation. This occurs because INPs lower the supersaturation necessary to start the
process. Already at slight supersaturations with respect to ice, the excess of water vapor
can be depleted directly by deposition nucleation on the aerosol surface forming an ice
crystal.

In the upper troposphere we find a competition of homogeneous and heterogeneous
nucleation, characterized by non-equilibrium processes, which lead to constant dynam-
ics and changes. The key aspect here is to understand under what circumstances one or
the other mechanism dominates and in which regions of the planet each one usually
occurs. Numerous modeling studies have focused on these aspects, simulating various
scenarios involving different combinations of updrafts, INP concentrations, and nucle-
ation efficiencies (Kärcher & Lohmann, 2002b, 2002a, 2003; Kärcher et al., 2006; Hoose
& Möhler, 2012; Jensen et al., 2013; Gasparini & Lohmann, 2016; Kärcher et al., 2022).

Assuming the simple example of an ascending air parcel, the updraft generates cool-
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Figure 2.5: Boundaries for ice crystal nucleation processes in terms of relative humidity over ice (RHi) as a
function of temperature. The saturation pressure over ice and liquid water curves are given by Murphy and
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conditions allow the forming of ice crystals through heterogeneous (homogeneous) nucleation.

ing of the air mass and without the presence of INPs, the supersaturation increases
steadily. At a certain relative humidity (RHi ≈ 150%), the solution droplets, which are
abundant in the upper troposphere, become activated and produce a large amount
of homogeneously nucleated ice crystals. The strength of a homogeneous nucleation
event is mainly determined by the evolution of the relative humidity. The higher the
achieved maximum relative humidity, the greater the amount of ice crystals that can
form (Spichtinger & Cziczo, 2010). The addition of INPs causes ice crystals to be nu-
cleated heterogeneously at an earlier stage. Depending on the amount of ice crystals
produced and the cooling rate, the supersaturation can either continue increasing again
until overcoming the threshold for homogeneous freezing or it can be lowered through
water vapor diffusion growth of the ice crystals. How it actually occurs in the atmosphere
can become more complex, taking into account other processes such as sedimentation
or sublimation, leading to a number of stages in the cirrus evolution.

Two decades ago, the community suggested a major role of homogeneous nucleation
as the mechanism of cirrus formation (e.g. Lin et al. (1998) and Jensen et al. (1998)).
This was partially due to a lack of understanding of heterogeneous nucleation (Kärcher
& Lohmann, 2003). However, nowadays the more we know about heterogeneous nucle-
ation, the more we understand that it plays an important role in cirrus formation (Cziczo
et al., 2013). While heterogeneous nucleation dominates in many regions of the globe
and across different altitudes in the upper troposphere, homogeneous nucleation is be-
lieved to occur mainly in the uppermost part of the troposphere and lower stratosphere,
preferentially in high updraft regions over mountains, associated with jet streams, or in
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winter at high latitudes with less availability of INPs (Gasparini & Lohmann, 2016).

The dominance of one or the other mechanism becomes particularly relevant when
considering climate geoengineering approaches such as cloud seeding. However recent
studies discourage this method for reducing the cirrus feedback on climate (Storelvmo
et al., 2014; Muri et al., 2014; Gasparini & Lohmann, 2016). Given the numerous open
questions and uncertainties, there is the potential for unintended consequences to arise.

2.3. CIRRUS
The clustering of ice crystals at high altitudes form cirrus clouds. Clouds are usually
classified as cirrus at ambient temperatures below −38 ◦C, so that the cloud is only com-
posed of ice crystals. The various pathways of ice formation are linked to the origin of cir-
rus clouds and play a significant role in defining their properties, which can also change
over time in response to varying atmospheric conditions. Accurate understanding and
representation of the microphysical properties of cirrus are fundamental for modeling
their radiative impact and assessing their influence on both local and global climate sys-
tems.

Cirrus clouds have a dual effect on the Earth’s radiation balance: they scatter incom-
ing shortwave solar radiation (resulting in a cooling effect) and absorb and re-emit out-
going infrarred (longwave) radiation from the Earth surface (resulting in a warming ef-
fect). The net effect, whether cooling or warming, depends on the interplay between
these two contributions (Liou, 1986; Stephens, 2005; Cotton et al., 2011). This interplay
is determined by the optical properties of the cirrus, which are directly related to their
microphysical properties, mainly the total area cross-section and mass of the ice crys-
tals within the cloud (Wendisch et al., 2005; Wendisch et al., 2007). The scattering and
absorption properties of a cirrus cloud are determined by the combined contribution of
all ice crystals within the cloud, which, in turn, depend on factors such as ice crystal size
and shape, refractive index, and scattering phase function (Yang et al., 2005).

The following sections provide an overview on cirrus clouds from a macroscopic and
microscopic perspective.

2.3.1. CIRRUS ORIGIN AND LIFE-CYCLE

Various attempts have been made to classify cirrus clouds over the years. Cirrus occur
under a wide diversity of weather systems (Sassen & Campbell, 2001). A very careful
and extended analysis was performed by Muhlbauer et al. (2014) based on the synoptic
conditions of atmospheric states that lead to different cirrus types: ridge-crest cirrus
(from upper level ridges or high pressure systems), frontal cirrus (from cyclones with an
embedded cold front), subtropical jet stream cirrus (moist subtropical flows) and anvil
cirrus (from convection). Each atmospheric state is characterized by a combination of
different temperature gradients, updrafts, available moist and pressure conditions and
determine the microphysical processes involved in the formation of cirrus.

Recently, another cirrus classification regarding the formation pathway has been in-
troduced by Krämer et al. (2016), Luebke et al. (2016), and Wernli et al. (2016) and ap-
pears to be more convenient for relating cirrus properties with the dynamic and ther-
modynamic states, which are directly connected to the cloud particle nucleation and
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growth. This classification is based on the origin of the ice crystals that constitute the
cirrus clouds: in situ and liquid origin cirrus. A simple sketch of the main characteristics
of these two types is depicted in Fig. 2.6.

Figure 2.6: Sketch of the in situ (green) and liquid (blue) origin of cirrus clouds in the atmosphere and the
formation mechanisms involved. The schema represents the dynamics of the air parcels ascending from their
origins to form one or the other cirrus type. The freezing threshold line at −38 ◦C divides the cirrus from
the mixed-phase regime and indicates the limit where liquid droplets can no longer exist. The black arrow
indicates the higher IW C contained in liquid origin cirrus with decreasing altitude (increasing temperature)
compared to lower IW C in the in situ origin cirrus. Inspired by Fig. 13 of Krämer et al. (2016) and Fig. 1 of
Luebke et al. (2016).

A cirrus is considered of in situ origin if the ice crystals are directly formed in the cir-
rus regime below the freezing threshold of −38 ◦C. Among the nucleation mechanisms
described in Section 2.2.2, the in situ cirrus particles can be formed either by homoge-
neous nucleation of solution aerosol particles or by heterogeneous nucleation (depo-
sition nucleation) from the water vapour phase, since supersaturation with respect to
liquid water can no longer be reached (region below −38 ◦C in Fig. 2.5).

Liquid origin cirrus originate at lower altitudes where temperatures are above −38 ◦C
from liquid or mixed-phase clouds. These clouds are then lifted to cirrus altitudes, typi-
cally above 8 km), where the liquid droplets freeze at some point during their ascent. If
the updraft speeds are sufficient, liquid droplets can survive until reaching −38 ◦C where
they freeze homogeneously. Otherwise, the liquid droplets freeze heterogeneously at
warmer temperatures via immersion or contact freezing (see Section 2.2.2). These pos-
sibilities are a result of the intricate processes occurring within mixed-phase clouds.

The evolution of a mixed-phase cloud is closely related to the thermodynamic char-
acteristics of the cloud. It depends on the in-cloud vapor pressure (e) relative to the
saturation pressure over liquid (esat,w) and ice (esat,ice) (Korolev & Mazin, 2003; Korolev,
2007a, 2008). This results in three possible scenarios:

a) esat,ice < esat,w < e → ice and liquid particles grow
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b) esat,ice < e < esat,w → ice particles grow and liquid droplets evaporate

c) e < esat,ice < esat,w → ice and liquid particles evaporate

For case (a), the ambient air is supersaturated with respect to ice and liquid water
which allows both ice and liquid droplets to grow competing for the available water va-
por. The situation is sustained as long as the condition is satisfied through strong up-
drafts or isobaric mixing (Korolev, 2007a). As for case (b), the ambient air is subsaturated
with respect to liquid water but supersaturated with respect to ice. This process implies
that the liquid droplets evaporate while the ice crystals grow and is called the Wegener-
Bergeron-Findeisen (WBF) process. It is important to recognize that the evaporation of
the liquid droplets increases the ambient water vapor and, therefore, feeds the growth
process of the ice crystals. Lastly, scenario (c) describes the situation when the ambient
air is subsaturated with respect to ice and liquid water and causes the evaporation of the
ice and liquid particles. This situation may occur in downdrafts or mixing with dryer air
outside the cloud and could result in the complete evaporation of the cloud. If both pro-
cesses (a) and (b) are maintained long enough and reach cirrus altitudes, they originate
cirrus of liquid origin, as shown in the schema of Fig. 2.6.

2.3.2. MICROPHYSICAL PROPERTIES
The last section described the different pathways for the cirrus formation. Among oth-
ers, the availability of INPs or CCNs and their ability to become activated, the updraft
speed, or the relative humidity are factors influencing the formation of ice crystals. Each
different combination of factors determine the amount of ice crystals that nucleate, as
well as their size and shape. The definition of standard cloud microphysical properties,
that comprise measurable quantities, is essential to allow a comparison between cirrus.
The most important ones are the ice crystal number concentration (N in cm−3), the ice
water content (IW C in g m−3), the effective diameter (ED in µm), mean mass or vol-
ume diameter (M MD or MV D in µm), the particle size distribution (PSD in cm−3 or
cm−3 µm−1) and ice crystal shapes.

Insights on the cirrus microphysical properties can be derived from in situ observa-
tions or remote sensing retrievals, which require at the same time validation from the
in situ measurements (Heymsfield et al., 2017a). Although some of the most relevant
knowledge is briefly summarized below, compilations of extensive cirrus clouds data
sets can be found in the literature studies of (Schiller et al., 2008; Heymsfield et al., 2013;
Luebke et al., 2013; Muhlbauer et al., 2014; Krämer et al., 2016; Heymsfield et al., 2017b;
Voigt et al., 2017; Krämer et al., 2020). In particular, the work from Krämer et al. (2016),
Heymsfield et al. (2017b), and Krämer et al. (2020) compiled measurements from nu-
merous field campaigns. In general, the medians of IW C in cirrus clouds range between
0.001 and 0.01 g m−3 and the number concentrations are usually in the order of 0.0001
and 0.1 cm−3.

Given the different formation pathways of the two cirrus origins described above
(Section 2.3.1), their microphysical properties are expected to differ. The source of liquid
origin cirrus is the nucleation of droplets at lower altitudes with abundant water vapor.
Droplet nucleation is triggered by CCNs, which are more abundant than INPs. In addi-
tion, the formation of water droplets is subject to different mechanisms than the pro-
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cesses governing ice crystal formation, as seen previously in Section 2.3.3 (Pruppacher &
Klett, 2010). In these conditions, a large number of droplets are formed in both the liquid
and mixed-phase regimes, resulting in a higher ice crystal number concentration of cir-
rus with liquid origin compared to those of in situ origin. In addition, the larger amount
of water vapor at lower altitudes enables an increased growth of the ice crystals, which
are usually larger than in situ-formed. In particular, cirrus associated with convection
are also formed from the liquid phase, where the strong updrafts produce a high amount
of particles and bring the air masses to higher altitudes (Heymsfield et al., 2017a). All to-
gether, liquid origin cirrus are frequently characterized by higher IW C and are optically
thicker than in situ cirrus. As observed, the microphysical properties of cirrus can ex-
hibit significant variations depending on their origin (Luebke et al., 2016; Krämer et al.,
2016; Krämer et al., 2020).

Krämer et al. (2016) extensively describe two different types of in situ cirrus, which
display varying properties depending on the intensity of the updraft involved in their for-
mation. The first type of in situ cirrus is driven by slow updrafts. In general, the relative
humidity in these cases does not reach the homogeneous nucleation threshold and the
main ice crystal nucleation process is the heterogeneous freezing. Homogeneous nucle-
ation might happen if the updraft is sustained long enough, allowing heterogeneously
generated crystals to settle due to a slow updraft, or as a result of temperature fluctua-
tions. Since the availability of INPs is limited, the number of ice crystals formed in this
cirrus type is not particularly high and the ice crystals tend to be large, which results in
low or moderate IW C . The second type of in situ cirrus is characterized by high up-
drafts, where homogeneous nucleation dominates and produces a high amount of ice
crystals and high IW C , but reduced ice crystal sizes. This is explained because a homo-
geneous nucleation event suddenly triggers the freezing of as many solution droplets as
the cooling rate allows, and quickly depletes the water vapor reducing the RHi very effi-
ciently. The high number of nucleated particles and the subsequently reduced RHi limit
the growth of the ice crystals.

An important characteristic of cirrus clouds is the Particle Size Distribution (PSD).
The particle size distributions represent the size spectrum of cloud particles within a
cloud and the amount of particles present for each size. Usually, PSDs from cirrus clouds
vary depending not only on the formation mechanism but also on the temperature,
aerosol concentration, updraft speeds and further parameters. Therefore, a certain PSD
profile cannot be directly associated with a cirrus origin type. What it generally applies
is the extension to larger sizes in the case of liquid origin cirrus, which can also be as-
sociated with convection and an enhanced ice crystals growth. In addition, the size
distributions are also broader with increasing temperature. This is due to liquid origin
cirrus being usually found at lower altitudes (warmer temperatures) where large crys-
tals sedimented from higher levels also appear (Krämer et al., 2016; Heymsfield et al.,
2017a). While the size distributions of in situ cirrus are typically unimodal and can be
better approximated by gamma functions (McFarquhar et al., 2015), particle size distri-
butions of liquid origin clouds are rather multimodal (Luebke et al., 2016; Krämer et al.,
2016). The reason lies in the different nucleation mechanisms, which can take place at
different stages in the cloud lifetime. The smaller particle mode is likely associated to
an outburst of homogeneously nucleated particles, where the larger particles modes are
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a result of aggregation and growth. Therefore, an in situ cirrus freshly formed in a fast
updraft, where many particles are spontaneously formed after a homogeneously nucle-
ation event, is likely to be unimodal. In this case, there has not been enough time for the
particles to grow and precipitate out of the cloud.

Throughout the lifetime of a cirrus cloud, its microphysical properties are not per-
manent. The clouds experience changes as they travel along with the air masses and
are exposed to different atmospheric conditions. In general, the ice crystals grow after
nucleation, if supersaturation is sustained. Once ice crystals reach a certain size, the up-
ward motion cannot counterbalance the sedimentation caused by their increased mass
and inertia. As a result, they fall out of the cloud. This process, in turn, diminishes the
IW C of the cloud. An increment in the supersaturation might trigger a new nucleation
event, increasing the IW C .

Not only the size and number of the ice crystals change under different atmospheric
conditions, but also the shape. Although current scattering and optical array probes
struggle to accurately resolve the complex crystals shapes in airborne measurements,
previous research relied on the cloud particle imager CPI, which offers high-resolution
images, to study ice crystal habits (Lawson et al., 2001; Lawson et al., 2006). However, a
substantial portion of our knowledge regarding ice crystal complexity comes from satel-
lite retrievals and laboratory experiments (Järvinen et al., 2018).

Current knowledge indicates that ice crystals habits mainly depend on the ambient
temperature and relative humidity (Heymsfield et al., 2017a). A laboratory study by Bai-
ley and Hallett (2004) found out that within the temperature range of −20 to −40 ◦C and
with supersaturations of about 2%, the predominant crystal morphology observed was
plate-like, with complexity increasing as supersaturation levels grew. Higher supersatu-
rations of about 25% favor the growth of bullet rosettes and columns. At temperatures
colder than −60 ◦C needles and columnar shapes dominate. However, field measure-
ments did not find any dependence of the ice crystal complexity on the cirrus origin
type (Järvinen et al., 2018). In short, this topic needs further development in the future
in order to estimate better the radiative effect of cirrus, which depends to a large extent
on the single-scattering properties of the ice crystals, determined by their size and shape
(Baran, 2004; Yang et al., 2015; Järvinen et al., 2018).

2.3.3. ATMOSPHERIC AEROSOL AND THEIR ROLE IN CIRRUS FORMATION

In the previous sections, the crucial role played by specific aerosol particles in the pro-
cess of ice formation was addressed, revealing their relevance in the formation and evo-
lution of cirrus clouds. Here, the nature and characteristics of the aerosol particles are
detailed, as well as their influence on the cirrus properties.

The concept of aerosol refers to a suspension of solid or liquid particles in the air (Se-
infeld & Pandis, 1998) and it plays an important role in the atmosphere. On the one hand,
aerosols absorb or scatter solar shortwave radiation and longwave radiation emitted by
the Earth, and thus affect the energy budget of the atmosphere. On the other hand, they
are crucial for the formation of clouds (Bellouin et al., 2020). Aerosol particles can be ei-
ther directly emitted into the atmosphere (primary aerosol) or formed by the conversion
of gas into particles (secondary aerosol). The aerosol present in the troposphere has di-
verse origins and a significant part is generated by anthropogenic activities such as con-
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struction, agriculture, biomass or fossil fuel combustion (Bellouin et al., 2020). However,
they can also be introduced into the atmosphere by natural processes like sand storms,
volcanic eruptions, wildfires, sea spray and biogenic emissions (Bellouin et al., 2020).
The major aerosol particles present in the atmosphere are soil dust, sea salt, volcanic
dust, biological debris, sulfates from biogenic gases and volcanic SO2, organic matter
and nitrate from NOx among the natural sources. Among the anthropogenic contribu-
tions, industrial dust, soot, sulfates from SO2, biomass burning, nitrates from NOx , and
organics are found.

Aerosol particles are considered to range in sizes from a few nanometers to several
micrometers (Seinfeld & Pandis, 1998). A schema of the aerosol size spectrum is illus-
trated in Fig. 2.7. Here, the distinction between fine particles for sizes < 2.5 µm and
coarse particles for sizes > 2.5 µm is relevant, since the mechanisms taking place in the
formation and life-cycle are different, as well as their microphysical and optical proper-
ties (Seinfeld & Pandis, 1998). The size distribution spectrum of the fine particles is char-
acterized by two modes: the Nuclei or Aitken Nuclei and the Accumulation mode. The
Aitken mode extends from about 5 nm to 0.1 µm in size and tends to have a relatively
short lifespan due to particles coagulating with larger counterparts. The accumulation
mode covers the remaining range from 0.1 µm to 2.5 µm (Seinfeld & Pandis, 1998). The
removal processes for these particles are less efficient than in the other two groups, and
therefore remain longer in the atmosphere. The sizes, and thereby the masses, of the
coarse mode particles (> 2.5 µm) are sufficiently large to sediment, which limits their
residence time in the atmosphere. Typically, tropospheric aerosol survives in the atmo-
sphere between days and weeks (Bellouin et al., 2020).

Particle Diameter [µm]

Aitken Mode Accumulation 
Mode

1010.10.010.001

Coarse ParticlesFine Particles

coagulation

Figure 2.7: Schema of the modes in the atmospheric aerosol particle size distribution.

In general, the availability of such particles depends on many factors. The concen-
tration is observed to decrease with height and also varies among the seasons. Usually,
higher concentrations are found over continents than over marine backgrounds. In ad-
dition, it depends on the existence of emitting sources; for example, the concentration
of aerosol particles over industrial areas or crowded cities is higher than in pristine air
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masses. Moreover, meteorological conditions such as wind speed and direction, as well
as the presence of cloudiness and precipitation, also play a role.

Typical aerosol types that act as INPs are mineral dust, soot, solid ammonium sulfate
and certain organic acids in a glassy state (Kanji et al., 2017). The concentration of INPs
in the upper troposphere is relatively low compared to CCN concentrations and usually
takes values around 0.01 cm−3, but with a large variability depending on various factors
such as temperature or region (DeMott et al., 2003). The ice nucleation efficiency de-
pends to a large extent on the aerosol particle composition. Current knowledge points
to the dominant role of mineral dust as main ice initiator (Cziczo et al., 2013; Froyd et al.,
2022). The main sources of dust particles are deserts, volcanic eruptions and agriculture
soils (Kanji et al., 2017). However, the ice nucleating properties of the different aerosol
types are still not well understood, in part due to a lack of measurements in the lower
temperature range below −38 ◦C. For example, laboratory studies indicate the potential
effect of coatings in reducing the ice nucleating abilities of INPs, however, it is unclear
whether these experiments can be extrapolated to atmospheric conditions (Storelvmo,
2017).

The direct impact of aerosol as clouds precursors is evident. With the same atmo-
spheric conditions in an air mass with few CCNs and another with many CCNs, a cloud
with few but larger droplets will result from the environment with less CCNs (Storelvmo,
2017). In the second case, many small droplets would form the cloud and it would be
optically thicker (increased cloud albedo), which is an effect known as the Twomey ef-
fect. At the same time, high amount of droplets with reduced size increase the lifetime of
the cloud, since collision and coalescence are less efficient and the formation of rain is
prevented and so the cloud persists longer. This effect is referred to as the Albrecht effect.

Similar to the aerosol effects on liquid clouds, varying the INP concentration also
can alter the properties of cirrus clouds (Storelvmo, 2017). Assuming that homogeneous
nucleation takes place, increasing the concentration of INPs would reduce or even sup-
press the homogeneous freezing, and therefore, reduce the number and increase the
size of nucleated ice crystals. This implies an optically thinner cloud and thus a reduc-
tion of the cloud radiative forcing. If heterogeneous nucleation dominates, increasing
the number of INPs would produce the opposite effect (similar to the Twomey effect on
liquid clouds). A particular case here is the result of increasing sulfur emissions. They
contribute to a larger amount of solution droplets that nucleate homogeneously given
sufficient supersaturation, increasing the number of ice crystals and producing an effect
similar to the Twomey effect (Storelvmo, 2017).

2.4. AVIATION-INDUCED CLOUDINESS
In this section, we will look at another type of ice clouds that are human-made, known as
aviation-induced clouds (AIC): condensation trails (contrails) and their subsequent evo-
lution into contrail cirrus. Contrails are line-shaped ice clouds produced by the exhaust
gases of aircraft cruising in the upper troposphere, typically at altitudes ranging from 8
to 13 kilometers. They can extend considerable distances across the sky and vary in per-
sistence, living for a few minutes or even hours (Kärcher et al., 2015; Bock & Burkhardt,
2016). During their evolution, contrails undergo a transformation as an effect of wind
shear, losing their initial linear shape and transitioning into contrail cirrus clouds. This
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makes them progressively more difficult to distinguish from natural cirrus formations.
The existence of these clouds means a change in the cloud coverage that translates

into an AIC effective radiative forcing (ERF) component. Radiative forcing RF and ERF
are metrics used to quantify the impact of various factors on the Earth’s climate (IPCC,
2013). RF is usually defined as the change in the net radiation flux (incoming minus out-
going) at the top of the atmosphere (TOA) caused by a perturbation. ERF, on the other
hand, measures the change in net irradiance due to a perturbation, while also account-
ing for rapid adjustments in the atmosphere and surface. These adjustments include
changes in factors such as clouds, water vapor, and temperature profiles that occur over
short timescales (IPCC, 2013). The effects of aviation on the climate are not negligible
and accounted for almost 4% of the total anthropogenic RF in 2018 (Kärcher, 2018; Lee et
al., 2021). While the cumulative CO2 emissions contribute by one-third of the global avi-
ation ERF, it is actually the contrail cirrus that can make the largest contribution (≈ 60%
of the total 100.9 mW m−2, according to Lee et al. (2021)), as shown in Fig. 2.8. How-
ever, there are large uncertainties associated with this term and recent studies such as
Bier and Burkhardt (2022) and Teoh et al. (2024) suggest a smaller contribution than re-
ported by Lee et al. (2021). Given the larger extent and longer lifetime of contrail cirrus
compared to linear contrails, they accounted for 80% of the AIC RF in 2011 (Kärcher,
2018).
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CO2 emissions
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Global Aviation Effective Radiative Forcing (1940-2018)

Figure 2.8: Summary of the terms contributing to the global aviation effective radiative forcing (ERF) (Based
on estimations from Lee et al. (2021))

What sets properties of AIC apart from natural cirrus, and consequently their radia-
tive effects, is the formation process primarily driven by the emissions from aircraft en-
gines. Unlike natural cirrus, where ice nucleation occurs on atmospheric background
aerosols, the precursors of ice in contrails originate from particulates emitted in the ex-
haust gases. Under suitable ambient conditions, as explained in the following section,
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this process ultimately results in the formation of a high concentration of small ice crys-
tals trailing behind the aircraft.

2.4.1. CONTRAIL FORMATION
The processes taking place in the formation of a contrail are schematically represented
in the Fig. 2.9 from Kärcher (2018), where a more detailed description can be found. The
exhaust gases leave the engine at high temperature and high water vapor mixing ratio
containing soot particles and aqueous aerosol particles. As the hot plume mixes with
the ambient air, it expands and cools as well as incorporates ambient aerosol particles.
The cooling of the plume through turbulent mixing leads to supersaturation with re-
spect to liquid water, which enables the activation of the abundant soot particles into
many small droplets. These processes occur within the first second of the formation
phase, which is known as jet regime. During the next 10 seconds approximately, the wa-
ter droplets freeze homogeneously below −38 ◦C (see Section 2.2.2) and grow in size (up
to ≈ 1µm) by water vapor uptake, if the air is supersaturated with respect to ice. This
threshold temperature is determined by the Schmidt-Appleman theory, extensively de-
scribed in Schumann (1996) and briefly explained below. The plumes of the engines get
embedded in the wing tip vortices and form two wakes evolving in a downward motion.
At this stage, the vortices get separated into an upper wake (secondary wake) that re-
mains at flight level, and a lower part of the wake (primary wake), where the ice crystals
may sublimate if the saturation over ice is no longer sustained, as the wake descends
and mixes with warmer and drier air. Meanwhile, the ice crystals in the upper part con-
tinue growing. These processes occur during the vortex regime, which takes place from
the first seconds until a few minutes after emission. After that, the organised flow mixes
with the ambient air and the dissipation regime starts.

Figure 2.9: Schematic of the mechanisms and phases of the contrail formation from an aircraft exhaust (Source:
Kärcher (2018), used under CC BY 4.0).

The thermodynamic theory and the empirical observations establish that the plume
must be liquid water-saturated to allow the condensation of supercooled water droplets
on aerosols particles from the engine and the environment acting as CCNs. In the cold
temperatures, where contrails form, liquid water can not survive (ice supersaturated
conditions but water subsaturation, as in case (b) of Section 2.3.1), and the many small
droplets undergo homogeneous freezing at temperatures below −38 ◦C (Kärcher et al.,
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2015). The residence time of a contrail in the atmosphere is controlled by the thermo-
dynamic equilibrium of the ice phase. Even though there is some evidence of contrails
subsisting in slightly subsaturated environments (Li et al., 2022), in general, the persis-
tence of contrails requires supersaturated conditions that prevent the ice crystals from
sublimating.

In the thermodynamic Schmidt-Appleman theory, the cooling of the exhaust gases
is described by an isobaric mixing with the ambient air, represented by a linear relation
in an e-T chart. In the real atmosphere, emitted and ambient aerosol particles facili-
tate the nucleation process and have to be considered together with the thermodynamic
contrail formation theory. The ambient conditions (temperature, T and relative humid-
ity over liquid water, RH) and the overall propulsion efficiency of the aircraft determine
the cooling and moist reduction process of a plume through its mixing line (Schumann,
1996). One requirement for contrail formation is the crossing of the liquid water satura-
tion curve, and this implies that not every cooling process leads to a contrail. In addition,
the tangent mixing line to the liquid water saturation curve defines the warmest possi-
ble temperature (Tc in Fig. 2.10) to form a contrail, and ambient temperatures above this
threshold do not lead to a contrail. Below the threshold or SA temperature, ice super-
saturation conditions are required for the contrail to persist. This temperature threshold
only depends on the mixing line slope (G):

G = E IH2OCpp

εQ(1−η)
, (2.7)

where E IH2O is the emission index of water vapor of the engine, Cp is the specific heat
of air at constant pressure, p is the ambient air pressure, ε is the ratio of gas constants of
air and water vapor, Q is the specific heat of combustion and η is the overall propulsion
efficiency.

Different mixing lines representing diverse ambient conditions for the same aircraft,
fuel, and flight pressure altitude (same slope) are shown in Fig. 2.10. The critical mixing
line (red) contains the threshold temperatures for contrail formation as a function of par-
tial pressure (or relative humidity). For a given RH (ambient relative humidity over liquid
water), Tc is the threshold temperature for contrail formation (Schmidt-Appleman tem-
perature). Colder temperatures than the threshold satisfy the criterion for contrail for-
mation (e.g. point P1 at temperature T1), while the mixing line for warmer temperatures
(gray) does not cross the liquid water saturation curve and the environment reaches only
supersaturation over ice. In theory, contrail formation could occur in this case by het-
erogeneous freezing of activated INPs (from the aircraft emissions and ambient) but the
number of ice crystals would be few, with no visible contrail. The area enclosed by the
liquid water and ice saturation curves and the critical mixing line defines the possible
ambient conditions conducive to persistent contrail formation. If the mixing line crosses
the ice saturation curve again (as for P3), the contrail particles begin to sublimate until
they disappear (water and ice subsaturation, as in case (c) of Section 2.3.1).

2.4.2. CONTRAIL CIRRUS: EVOLUTION OF CONTRAILS
In regions with heavy air traffic, contrails from various aircraft can cluster, creating a thin
layer of ice clouds that blankets vast areas. In such cases, the individual contrail shapes
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Figure 2.10: Sketch of four examples with different ambient conditions for contrail formation. The short (large)
spaced dashed line represents the curve of saturation pressure over liquid water (ice). The red line indicates the
critical mixing line and PM is the tangent point to the liquid water saturation curve, with TM as the warmest
possible temperature for contrail formation. The point Pc marks the limit for persistent contrail formation
at an ambient relative humidity with respect to water RH . For P1, the cooling process (green line) produces
a contrail and the gray line ending in P2 does not. P3 and the orange line represents a cooling processes for
subsaturated ambient conditions, where a contrail forms but sublimates. The light blue shaded area represents
the temperature range in which the freezing process of the plume particles occurs. The green shaded area
highlights the ambient conditions where contrails can form and persist.

are usually not clearly distinguishable. From their formation until several hours later,
contrails undergo several transformations and their properties change with time (Bock
& Burkhardt, 2016). There are several factors that play a role in these processes. Wind
shear contributes to the spread of contrail particles and increases the coverage. Apart
from that, turbulent mixing is the main influencing factor for dilution, which causes the
decrease of the ice crystal concentration over time (Kärcher, 2018). At the same time,
the remaining ice crystals can grow further through water vapor deposition, which also
changes the particles shapes. Since the ice crystals fall speed is dependent on size, when
they reach a certain size (> 30 µm), they sediment out of the contrail and sublimate
when encountering subsaturated conditions below. These mechanisms also imply that
the vertical extent of the contrail increases and that contrail ice crystals can be found
in lower altitudes if the conditions do not force them to sublimate (Unterstrasser et al.,
2017a; Unterstrasser et al., 2017b).

These processes can take from a couple of seconds or minutes up to hours, depend-
ing on the contrail (number, size, and shape of the ice crystals) and meteorological sit-
uation (temperature and ice supersaturation). Areas with contrail clusters (contrail out-
breaks) can cover extensions of a couple tens of thousands km2 (Kärcher, 2018). Con-
trails and contrail cirrus can also appear many kilometers away from where they were
formed due to the transport of air masses. Recently, satellite observations have revealed
that the formation of contrails within pre-existing cirrus clouds affects their properties
by increasing the number concentration in that area and making it optically thicker
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(Tesche et al., 2016; Marjani et al., 2022). However, there are still many unknowns and
this topic is still under investigation (Verma & Burkhardt, 2022). While contrails can be
observed in situ with the help of aircraft emissions dilution tracers such as CO, CO2 or
NOx and trajectory analyses, they can also be detected remotely through satellite re-
trievals (Wang et al., 2023; Dekoutsidis et al., 2023). However, differentiating contrail
cirrus from natural cirrus and identifying natural cirrus perturbed by aircraft emissions
sometimes presents a challenge. This is especially true because, after several hours,
contrail cirrus can exhibit similar properties to some types of natural cirrus (Bock &
Burkhardt, 2016).

2.4.3. MICROPHYSICAL PROPERTIES OF CONTRAILS AND CONTRAIL CIRRUS
The processes governing ice formation in contrails display some differences from those
responsible for ice crystal formation in natural cirrus clouds. Consequently, variations in
the microphysical properties of contrails and contrail cirrus are anticipated. The key pa-
rameters determining the formation and persistence of a contrail are the ambient tem-
perature and relative humidity (apart from pressure altitude, fuel, and overall propulsion
efficiency) (Dischl et al., 2022). Together with the number of soot particles emitted, these
parameters determine to a significant extent the initial number of ice crystals in the con-
trail which, in turn, control the evolution of the microphysical and radiative properties
(Voigt et al., 2021). As dilution occurs over time, these properties are typically calculated
with respect to the contrail’s age.

Initially, a high number of ice crystals are homogeneously nucleated, typically >
104 cm−3 (Schumann et al., 2017). Considering the large number of particles into which
the water vapor must be divided, the contrail’s effective ice crystal diameter barely ex-
ceeds 2 µm in its early stages (Voigt et al., 2010; Voigt et al., 2011). However, the strong
dilution and ice crystal loss taking place subsequently lead to a significant reduction in
ice number. For example, Bräuer et al. (2021a) observed maximum ice crystal numbers
between 102 and 103 cm−3 for ages ranging from 30 to 150 s. As contrail age and transi-
tion to contrail cirrus, the ice number concentrations can fall below 1 cm−3, yet they still
exhibit distinct microphysical properties compared to natural cirrus, characterized by a
higher number of smaller ice crystals (Voigt et al., 2017). With the growth of ice crystals
over time, the properties of contrail cirrus gradually converge towards those of natural
cirrus.
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In the preceding chapter, we gained insight into the intricate nature of clouds, where
a complex interplay of microphysical processes dictates their properties and life-cycle.
Given their relevance for climate modelling and weather forecasting, significant ef-
forts have been dedicated to advance our understanding of these phenomena. Initially,
clouds were studied on a large scale through ground-based remote sensing instruments
and satellite imagery. However, the emergence of airborne measurement systems in the
last decades of the past century has revolutionized our capabilities, enabling direct sam-
pling and characterization of cloud particles within their natural environment. In situ
measurements provide real-time data of cloud properties at a smaller scale, capturing
changes in the clouds, which is crucial for studying dynamical processes. Furthermore,
they facilitate the validation of remote sensing instruments and climate models, thereby
enabling their improvement.

There exist various techniques and a diverse set of instruments available for the mea-
surement of specific cloud properties, as comprehensively detailed in Baumgardner et
al. (2011). The determination of cloud number concentration commonly involves count-
ing and sizing individual particles. Instruments designed for measuring concentrations
often rely on optical detection, achieved either by recording light scattering from the par-
ticles or by capturing their diffraction pattern. Microphysical properties can be inferred
through single-particle counting, or they can be directly obtained using instruments that
provide bulk measurements of liquid or ice water content, for instance. Similarly, spe-
cialized instruments enable the direct measurement of cloud optical properties such as
the scattering phase function or extinction coefficient.

In this work, I employed instruments of single-particle counting. Their primary spec-
ifications are outlined in Table 3.1. They are usually installed under the wings of the air-
craft intended as research platform, as in Fig. 3.1. The Cloud Droplet Probe (CDP) and
Cloud and Aerosol Spectrometer with Depolarization (CAS-DPOL) are scattering probes
and the Cloud Imaging Probe Grayscale (CIPG) and Precipitation Imaging Probe (PIP)
are imaging probes (also called Optical Array Probes (OAPs)).

This chapter provides the reader with technical details and working principles about
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Table 3.1: Summary of the main characteristics of the instruments used in this work.

Instrument Acronym Type Range [µm] Product

Cloud and Aerosol
Spectrometer with

Depolarization
CAS

For- and
Backward
Scattering

Probe

0.5−50
Particle

concentration
and sizes

Cloud Droplet
Probe

CDP
Forward

Scattering
Probe

2−50
Particle

concentration
and sizes

Cloud Imaging
Probe

CIPG
Optical
Array
Probe

15−960
Particle shadow

images

Precipitation
Imaging Probe

PIP
Optical
Array
Probe

100−6400
Particle shadow

images

(a) (b) (c)

Figure 3.1: Pictures of the cloud probes used in this work and mounted under the HALO aircraft wings. (a)
Cloud and Aerosol Spectrometer (CAS) on the outer position on the left wing. (b) Cloud Droplet Probe (CDP)
and (c) Cloud Imaging Probe Grayscale (CIPG) parts of the Cloud Combination Probe (CCP) mounted on the
outer position of the right wing. (d) Precipitation Imaging Probe (PIP) mounted on the inner part of the left
wing. Photographed by T. Jurkat-Witschas.

the instruments primarily used in this work. The scattering probes are described in Sec-
tion 3.1 and the OAPs in Section 3.2. The definitions and formulations employed for the
calculation of cloud microphysical properties are outlined in Section 3.3. The methods
developed to process and analyse the collected data will be subsequently introduced in
Chapter 4.

3.1. FORWARD SCATTERING PROBES
The here employed scattering probes are applied to measure particles with sizes <
50 µm. All scattering probes are based on the same concept and share similar work-
ing principles. In this section, the primary focus for describing these types of instru-
ments will be on the Cloud Droplet Probe (CDP), which is the main forward scattering
probe used in this work. Additionally, some information about the Cloud and Aerosol
Spectrometer (CAS) is included, since it has also been used for comparative purposes



3.1. FORWARD SCATTERING PROBES

3

31

alongside the CDP. Both instruments have been manufactured by DMT LLC.

3.1.1. WORKING PRINCIPLE

The forward scattering probes are instruments conceived for using the forward scatter-
ing of light to measure the size and number of particles in a sample volume (Baumgard-
ner et al., 2011). Establishing a proportional relationship between the intensity of the
scattered light received by the instrument and the size of the scattering object, cloud
particle sizes can be derived with this measurement technique. The instruments consist
of a light source that scatters light when particles passes through the beam. For particles
larger than the laser wavelength, the majority of the light is scattered in the forward di-
rection, therefore it is used for sizing and counting. Other probes, such as the CAS also
use the back-scattered light for particle shape discrimination.

The CDP employs a laser with a wavelength of 658 nm as light source and is capable
of measuring particles within a size range between 2 and 50 µm. The optical configu-
ration of this probe is illustrated in Fig. 3.2. The instrument is an open-path probe with
two arms positioned facing each other. The laser beam is located in one of the arms and
is aligned in the sample area. The forward-scattered light is captured within the angles
between 4 and 12◦ and subsequently split into a sizer and a qualifier signal. When a parti-
cle deviates from the center of the depth of field (DoF), its image gets blurrier and larger,
and it is denominated as out-of-focus and classified as disqualified. Qualified particles
are identified when comparing the signals in the qualifier and sizer photodetectors. The
photon pulses are converted into electrical signals, and the qualifier voltage is multiplied
by two. For a qualified particle, the qualifier voltage is greater than the sizer voltage. Sub-
sequently, the amplitude of the sizer voltage is digitized, allowing for the determination
of the corresponding particle’s diameter.

The area where particles fall within the DoF and are in-focus is referred to as the qual-
ified sample area, covering 0.24 mm2, as indicated by the manufacturer. A precise deter-
mination is important to calculate the density of the particle’s flux through the sample
area. Klingebiel et al. (2015) calibrated the same probe, own now by DLR, and reported
0.27±0.025 mm2. This updated value is the one used in this work for the microphysical
properties calculation, which are introduced in Section 3.3.

The manufacturer DMT LLC provides a Windows-based LabVIEW software package
called the Particle Analysis and Display System (PADS) as the standard pre-processing
and control interface system for the CDP. This program enables real-time monitoring
of measurements and stores data in files for subsequent post-processing. It performs
calculations of various properties, such as the number concentration or effective diam-
eter, for the specified sample intervals (typically set at 1 Hz). This information is stored
in a so-called bulk-file or 1-Hz file. In theory, the sampling rate can be selected between
0.1, 1 or 10 Hz, however, the manufacturer does not recommend higher frequencies than
2 Hz (according to DOC-0029 Rev M-1). The file contains among others, the number of
particle counts in every channel, and the measured probe air speed (PAS) derived from
the static pressure and ambient temperature measured by the pitot tube attached to the
probe’s housing. Housekeeping data (laser temperature, current, voltages...) is also in-
cluded and is helpful to determine a failure in the normal functioning of the instrument.

Newer versions of the CDP, including our own, incorporate the option to record what
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Figure 3.2: Schema of the CDP working principle. (Source: Lance et al. (2010), used under CC BY 3.0)

is known as particle-by-particle (PbP) data. This feature allows for the recording of up to
256 particles during each sample interval, including their respective interarrival times
(elapsed time between two consecutive particles) and digital peak amplitudes.

3.1.2. PARTICLE SIZE DETERMINATION
Mie theory establishes a relationship between the light scattered by spherical particles
and their diameter (Mie, 1908). Therefore, it becomes possible to calculate the size of a
particle composed of a known material (refractive index) when exposed to an incident
light of known wavelength and range of scattering angles over which the light is col-
lected. This principle allows us to determine the size of water droplets employing the
forward scattering technique. Along with Mie theory, there exist alternatives to provide
the scattering cross sections of particles others than spheres, such as the T-matrix cal-
culations (Borrmann et al., 2000), or the discrete dipole approximation (DDA) (Yurkin &
Hoekstra, 2007; Yurkin & Hoekstra, 2011; Jang et al., 2022). These methods are further
discussed in the outlook (Chapter 9) regarding their prospects for future studies but they
have not been studied in this work. Since the variety of complex ice crystal shapes of
cirrus are not addressed by these methods, I follow the standard assumption of the ap-
plicability of Mie theory and discuss the uncertainties of this assumption in Section 3.1.3.

The CDP collects scattered light from particles within an angular range between 4
and 12◦. The scattering cross-sections as a function of water droplet diameter are de-
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picted in Fig. 3.3 for the CDP’s collection angles. However, several challenges must be
taken into account in deriving particle sizes. Firstly, the size determination in the probe
is not continuous, so the size range needs to be discretized in 30 bins. Secondly, the
scattering cross-section curve is not a monotonous function of diameter, making it chal-
lenging to define the bin thresholds. As Fig. 3.3 shows, there are oscillations in the curve,
particularly pronounced below 20 µm. This characteristic is known as Mie ambiguity or
resonance and introduces uncertainties in measurements with scattering probes.

0 10 20 30 40 50
Dp [ m]

10 7

10 6

4
12

° [
cm

2 ]

Water

Figure 3.3: Scattering cross sections as function of spherical water droplet diameters for the annular area be-
tween 4 and 12◦ and λ = 658 nm, assuming Mie theory. Calculation of the Mie curve performed with the
software MieConScat 1.1.8. provided by Rosenberg et al. (2012).

The instrument does not directly provide the scattering cross-sections. An Analog-
to-Digital Converter (ADC) transforms the sizer signal voltage into a 12-bit digital signal,
resulting in AD-Counts ranging from 0 to 4095. By calibrating the instrument with par-
ticles of known sizes, a linear relationship can be established between the theoretical
scattering cross-sections and the recorded AD Counts, enabling a direct link between
AD Counts and particle diameter. In this way, by knowing the instrument response and
accounting for Mie oscillations, it becomes possible to define appropriate AD-thresholds
(Pinnick et al., 1981; Dye & Baumgardner, 1984). Calibrations are typically carried out us-
ing glass beads with known sizes and refractive indexes or with a water droplet generator.
Comprehensive descriptions of these methods can be found in Nagel et al. (2007), Lance
et al. (2010), and Rosenberg et al. (2012). Regular calibrations are recommended to iden-
tify potential changes in the instrument optics, which can result in under- or oversizing
errors.

Importantly, the AD Counts conversion into the corresponding sizes depends on the
scattering cross-section function, which is applicable under the assumption of spherical
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water droplets and the specified collection angles of the CDP. Ice crystals can have mul-
tiple shapes and orientations, and Mie theory is in principle no longer valid. Borrmann
et al. (2000) and Febvre et al. (2012) applied T-matrix calculations to derive the sizes of
ice crystals spheroids of several aspect ratios for the geometry of a Forward Scattering
Spectrometer Probe (FSSP).

3.1.3. MEASUREMENT LIMITATIONS AND UNCERTAINTIES

Limitations and uncertainties in the measurements of scattering probes have been
deeply investigated in the last decades. Brenguier et al. (1998) presented a detailed
overview for a Forward Scattering Spectrometer Probe (FSSP) and Lance et al. (2010)
focused on the CDP.

Since the bin definition of the probe is restricted to 30 bins, the size resolution of the
probe is limited. The manufacturer specifies a 1−µm and 2−µm bins. These bins can
also be modified in a proper way to minimize the effect of the Mie resonance structure
and avoid sizing ambiguities, which is particularly pronounced for the CDP that utilizes
a single-mode laser. However, the assumption of spherical water droplets when measur-
ing ice crystals does not facilitate the bin definition, since different particle shapes and
orientations result in diverse scattering functions, which are usually difficult to compute
with the actual methods (Borrmann et al., 2000; Yurkin & Hoekstra, 2007). In addition,
the collecting angles of the probes can deviate from their nominal values, resulting also
in a different scattering cross-section function. These deviations might occur during
the manufacturing and assembly of the optical and mechanical components of the CDP
(Baumgardner, 2012).

Another issue is related to the utilization of Gaussian mode lasers. The light in-
tensity is reduced towards the borders, and particles not crossing the laser at its max-
imum intensity get undersized, leading to a broadening of the size distribution. On the
other hand, the utilization of a single-mode laser in the CDP reduces uncertainties more
present in probes using multi-mode lasers, which have greater inhomogeneities (Lance
et al., 2010).

Early scattering probes experienced undercounting due to a delay in the electronic
response known as dead-time losses. Newer probes, including the CDP, have improved
electronics and the effect has become negligible.

The most important issue affecting not only scattering probes but also OAPs is shat-
tering. Until the late 2000’s, past measurements of ice clouds with scattering probes were
characterized by high concentrations of small particles (< 20 µm) frequently observed in
subsaturated and supersaturated environments. These findings could not be explained
by model simulations, which showed that small ice particles grow rapidly in a supersatu-
rated ambient or disappear in subsaturated conditions, and pointed to a contamination
of the measurements in the lower size range of the ice particle spectrum (Korolev et al.,
2013a).

After different studies and discussions, the generally accepted explanation was an
instrument-induced particle shattering (Field et al., 2003; Field et al., 2006; McFarquhar
et al., 2007; Heymsfield, 2007; Jensen et al., 2009; Korolev et al., 2011; Korolev et al.,
2013a; Korolev et al., 2013b). This refers to the impact of larger ice particles on instru-
ment surfaces breaking into small fragments before entering the sampling volume, re-
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sulting in an artificial increase in the count rates of the smaller size bins. Shattering
can occur from two different processes: the direct impact of ice particles with instru-
ment surfaces upstream of the sample area, which generates a high amount of small
fragments; or by aerodynamic forces caused by the flow leading to particle breakup in
larger and fewer fragments than in the first case.

Several efforts have been done in order to minimize and correct the effects of these
artifacts. Korolev et al. (2013b) developed a modification of the probe tips to prevent
shattered particles entering the sample volume. The CDP obtained a modification of the
two aerodynamic arms with pointed asymmetric tips upstream of the laser beam. As
a further measure, shattering can be detected and corrected applying algorithms using
the interarrival times (Field et al., 2003; Field et al., 2006). I discuss this problematic in
Chapter 4 in more detail.

Another problem that experience scattering probes in general is coincidence. This
effect is caused when more than one particle cross the sample area at the same time and
appears in two different ways: standard coincidence and extended coincidence (Lance
et al., 2010; Lance, 2012). The standard coincidence occurs when several particles tran-
sit the qualified sample area so close that the event is counted as only one particle with
a larger size (undercounting and oversizing). Its probability of occurrence can be sig-
nificant for high particle concentrations (> 100 cm−3) but an influence in low concen-
trations of ice clouds is not expected (Lance et al., 2010). The extended coincidence is
much more common and occurs when only one particle passes through the qualified
sample area, while others traverse a surrounding region known as the extended sample
area. In this case, particles in the extended area, although unqualified, can still affect the
measurement. Either the qualified particle is detected as larger than it actually is, or it
gets rejected if the signal collected by the sizer exceeds the qualifier signal. Lance (2012)
proposed a modification to reduce the size of the extended sample area but our probe
does not include this modification. However, these studies were performed for liquid
cloud conditions with substantially higher concentrations than expected in cirrus. Ad-
ditionally, the concentration in aged contrail measurements is also expected to be lower
due to dilution effects (Schumann et al., 1998). Therefore, this type of coincidence is also
not considered in this study.

3.1.4. CLOUD AND AEROSOL SPECTROMETER WITH DEPOLARIZATION

(CAS-DPOL)
The Cloud and Aerosol Spectrometer with Depolarization (CAS-DPOL) is the third gen-
eration of the instrument with the newer feature of depolarization detection to improve
the differentiation between ice and water in clouds or between aerosol particles. The
second generation of the instrument was the Cloud and Aerosol Spectrometer (CAS),
part of the Cloud and Aerosol and Precipitation Spectrometer (CAPS), which also has a
CIPG instrument Baumgardner et al., 2001. The Forward Scattering Spectrometer Probe
(FSSP) was the forerunner of the CAS-DPOL, and was developed by Particle Measure-
ment Systems (Boulder, Colorado) (e.g., Brenguier et al. (1998)). The CAS instrument
has found extensive use, particularly for studying contrails. Originally designed for mea-
suring also aerosol particles, it has the capability to measure sizes as small as 0.5µm,
what makes it suitable for the small particles in young contrails.
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Although this instrument was not the primary focus of this thesis and was mainly
used for comparison purposes, I will outline its key characteristics that distinguish it
from the CDP. For further details, please refer to Kleine (2019), where this probe has
been extensively characterized.

Contrary to the CDP, CAS-DPOL is not an open-path instrument, the laser beam
is covered by a tubular housing attached to the instrument where the particles pass
through, as seen in Fig. 3.1. The optical configuration for the particle size determina-
tion is based on the same principle as the CDP but has some differences, as we will see
in the following. Similar to the CDP, the forward scattered light of a 658nm laser beam
is also collected between 4 and 12◦. As in the CDP the signals at the detectors need to
be amplified. The only gain stage in the CDP is optimized for its lower size range. The
CAS-DPOL, however, is conceived for a wider particle size range including aerosol and
therefore, it needs to effectively amplify all signals in the broader range. For that pur-
pose, it divides the size range and uses three gain stages instead of one, what in turn
introduces other problems, such as the gain stages overlaps (Kleine, 2019).

Forward scattering

Figure 3.4: Components of the optical system of the back scattering part of the CAS-DPOL, modified from
DMT, 2018, p. 6. Schema of the forward scattering part is similar to Fig. 3.2.

The CAS-DPOL incorporates additional optics to measure backward scattered light
in a collection angle range of 168 and 176◦ and a schema of the configuration is shown in
Fig. 3.4. This functionality is useful to distinguish aspherical from spherical particles and
the aspect ratio of ice particles, delivering information on the particle shape (Baumgard-
ner et al., 2005; Costa et al., 2017). To improve this functionality, a detector and a beam
splitter are added to the backscattering optical path, as well as a 90◦ rotated polarization
filter is located before the second backscattering detector. This principle of measuring
polarized light to differentiate between spherical and aspherical particles was based on
its application in the lidar community (e.g., Urbanek et al. (2018) and Groß et al. (2022)).

The general uncertainties and limitations of the scattering probes discussed in Sec-
tion 3.1.3 also apply to the CAS-DPOL but the level of severity of the affections depends
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on the specific particularities of each instrument. For example, CAS-DPOL is more prone
to suffer from shattering due to the housing surrounding the sample volume. This dif-
ference is analysed and discussed in detail in Section 4.1.3.

3.2. THE OPTICAL ARRAY PROBES
Scattering probes are designed to measure particles up to 50 µm due to limitations re-
lated to the diffraction limit of light, which affects the accuracy of measurements for
larger particles. Beyond this range, the scattering efficiency and optical clarity of the
probe become compromised, hindering precise characterization of larger particles. The
OAPs cover a wider size range, extending beyond 50 µm. What sets them apart is their
capability not only to count and size particles but also to retrieve information about their
shape.

The OAPs described in the following are the ones employed and used in this work: the
Cloud Imaging Probe Grayscale (CIPG), part of the CCP, and the Precipitation Imaging
Probe (PIP), both manufactured by DMT LLC. The data acquisition of both instruments
is controlled by the PADS software (as for the CDP).

3.2.1. WORKING PRINCIPLE

The measurement principle of these instruments is the arrangement of a photodiode
array illuminated by a collimated laser beam. When a particle passes through the laser
beam, it projects a shadow onto the diode array resulting from refraction, absorption,
diffraction and reflection (Knollenberg, 1970). The resulting image of the particle is
formed by appending consecutive slices, each corresponding to the state of the diode
array as the particle crosses the beam. The appending of slices occurs at a rate pro-
portional to the particle’s velocity, and the width of the slices depends on the probe’s
resolution1.

The light intensity falling at each photodetector is converted into a logical digital
signal which considers that the element is active if the intensity level falls below a certain
threshold. Since only sequences with particle shadows are of interest, the array state is
recorded if at least one element in the array is activated. Monoscale probes differenciate
only between shadow (more than 50% obscured) or illuminated state, like the PIP, and
most of the current available probes, do. The CIPG, however, is a grayscale probe, which
includes two more shadow intensity levels, that define four pixel states: no shadow, at
least 25, 50, and 75% obscured (nominal thresholds). This functionality allows to record
images already at 25% dimming, which helps to constrain the DoF in the OAPs, as we
will see in the following, and adds details for the particle shape analysis (Baumgardner
et al., 2011).

The data transmission occurs in two different forms (DMT, 2017b). One-dimensional
(1D) sizing data is obtained from a digital signal processor, which monitors and keeps
track of the diode array state. It determines the size of each particle according to the
maximum shadow length detected in the diode array (i.e. sized based on the particle
extension perpendicular to the flow direction). It also counts the number of particles of

1Here and in the following sections, the term "resolution" will be used to refer to the pixel size (in micrometers)
of the probe’s photodiode array.
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each size per sampling interval. This information can be displayed in PADS and stored
into a file. For grayscale probes, the grayscale threshold for 1D data storing can be ad-
justed through the variable "1D Sizing Threshold" in PADS or the initialization file (.ini
file), which contains the initialization settings for the probe. Only images containing
pixels above the grayscale threshold are sized and accounted in the 1D data.

In addition to the 1D sizing data, the two-dimensional (2D) image data can also be
stored and live monitored through the PADS software. Together with the image data,
the particle measurement time, particle counter, and other information are compressed
using run-length encoding to ensure that the images can be exactly reconstructed. Every
time a 4096-byte buffer is filled, the buffer is stored and a new one starts. As well as for the
1D data, the image data storing can also be limited by the grayscale threshold changing
the setting of the "Imaging Threshold" in PADS or the .ini file. For both thresholds are
applicable the following rules: a 0 enable the storing of only particles with at least 75%
shadow intensity pixels, a 1 means storing particles with at least 50%, with the setting
= 2 all detected particles are stored (at least 25% shadow intensity).

The optical layout and working principle of an OAP is illustrated in Fig. 3.5. The ob-
ject plane is the location of true focus, and at any distance from it, the particle appears
larger and less obscured, as an effect of diffraction (Knollenberg, 1970). The distance
between the particle and the object plane is denominated as Zd. The range of distances
from the object plane, where the shadow image of the particle has at least one pixel at the
selected shadow intensity level, is comprised by the DoF. The sample area (S A) is con-
strained by the DoF and the effective array width. The determination of both quantities
is not trivial and different options are available for different evaluation criteria.

laser
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tips

array 

DoF

Zd

SA

object
plane

air flow

ea
w

Figure 3.5: Schematic of the optical design of an OAP. The shadow image is a real image from the CIPG.

The shadow images of spherical particles can be represented by the Fresnel diffrac-
tion pattern of an opaque disc (Korolev et al., 1991; Korolev et al., 1998; Vaillant de Guélis
et al., 2019), as in Fig. 3.6(a). As shown in the picture, the representation of the particle
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perfectly in focus corresponds to a dark image with its real diameter. When moving away
from the object plane, several rings of different shadow intensity become visible, along
with a bright region in the center known as the Poisson spot (Korolev et al., 1991). As
a result of the diffraction phenomenon, the size of the particle becomes overestimated
by more than 10% (Vaillant de Guélis et al., 2019). Increasing distances from the object
plane enlarge the overestimation. However, the size of spherical out-of-focus particles
can be corrected by determining the relationship between the spot diameter and the
ring (Korolev et al., 1998; Korolev, 2007b). This correction is not explained in detail here
because only ice particles processing is of interest in this work, where this correction
cannot be applied.

The dimensions of the image can vary depending on the chosen shadow intensity
threshold. Furthermore, as the shadow intensity threshold is raised, the particle can
move a shorter distance away from the object plane before completely losing all the pix-
els at the selected shadow threshold. In addition to the shadow threshold value, the
DoF also depends on the particle’s size. While bigger particles can move larger distances
from the object plane before being out-of-DoF, the image of smaller particles quickly
disappear at already short distances. In this way, the DoF is proportional to D2/λ and is
calculated in the following form (Knollenberg, 1970; Korolev et al., 1998):

DoF = cD2

2λ
(3.1)

where λ is the wavelength of the light beam, D is the particle diameter, and c is a
constant that depends on the shadow threshold level (Korolev et al., 1998; Gurganus &
Lawson, 2018). The DoF as a function of particle diameter for the standard shadow in-
tensity thresholds is illustrated in Fig. 3.6(b). The DoF is physically limited at some point
by the distance between the probe arms, and therefore constant for the large particle
size range. The advantage of choosing a lower shadow threshold (also called grayscale
threshold) is the increase of the sample area (through the increase in the DoF) and the
improvement of the counting statistics. However, the loss of quality of the images and
the artificial increase of the size shown in Fig. 3.6(a) leads to higher uncertainties in the
particle size determination. This issue becomes less problematic for spherical particles,
since the Korolev correction can be applied (Korolev et al., 1998; Korolev, 2007b), but it is
not applicable to ice crystals of diverse forms. Some studies advocate for more restrictive
shadow thresholds (e.g. 67% or 75%) to improve the quality of the images and obtain a
higher accuracy in the size determination (S. O’Shea et al., 2019; S. O’Shea et al., 2021).
However, this also implies that more particles get sorted out, reducing the statistics.

Besides the DoF, the S A is also constrained by the effective array width, Leff, which
can be determined by the different methods shown in Fig. 3.7 (Knollenberg, 1970). The
all-in method shown in Fig. 3.7(a) only considers fully imaged particles and reject those
which touch one of the end diodes. For the accepted particles, the effective array width
can be calculated as:

Leff = (n −2) · r es −D (3.2)

Here, n indicates the number of diodes in the array, r es the pixel resolution, and D
represents the particle diameter. For bigger particles, Leff becomes smaller and the prob-
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(a)

(b)

Figure 3.6: (a) Diffraction pattern of an opaque disc as a function of the disc diameter D and the distance to the
object plane Zd. (b) Depth of field (DoF) dependence on the shadow intensity level and particle diameter. The
horizontal lines indicate the limitation by the probe arms and correspond to 10 cm for the CIPG and 26 cm for
the PIP. The c values correspond to 21, 8.18 and 3.68, for the shadow intensities 25, 50, and 75%, respectively
(Korolev et al., 1998). (Source of (a): Vaillant de Guélis et al. (2019), used under CC BY 4.0)

ability for large particles to touch the end diodes is relatively high. The lower counting in
the larger particle size is compensated with the smaller sample area that results, but the
poor statistics in this range have a high uncertainty associated. Further methods were
developed applicable to spherical particles, since their geometry is known. The center-in
method in Fig. 3.7(b) considers particles whose center lies within the diode array and its
expression is simply Leff = n · r es. The array width do not vary with particle size using
this method. Fig. 3.7(c) shows a further option for spherical particles, where the Leff gets
elongated thanks to a reconstruction of particles at the diode edges (Heymsfield & Par-
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rish, 1978). Finally, Fig. 3.7(d) exemplifies the difficulty of inferring the dimensions of the
aspherical forms of ice crystals when they are not fully captured within the array. There-
fore, the only trustworthy method for ice crystals is the all-in method, which is applied
in this thesis.

?
L e
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All-in Center-in Reconstructed

(a) (b) (c) (d)

35-50% 50-65% 65-100%

Figure 3.7: Schema of the methods for the calculation of the effective array width for CIPG images. (a) Ice
crystal and array width using the all-in method. (b) Spherical particle and array width using the center-in
method. (c) Spherical particle and array width using the reconstruct method. (d) Ice crystal outside the array
width with no possibility of applying the reconstruct method. Note that the grayscale levels are not the nominal
for these images.

By applying the various methods to calculate Leff for the CIPG and PIP specifications
and multiplying them with the DoF contribution, the S A for each particle diameter can
be determined, as illustrated in Fig. 3.8. For these cases, the CIPG DoFs are calculated
for a 50% shadow threshold, as applied in this work. As seen before, reducing (increas-
ing) the shadow threshold increases (reduces) the DoF and thus, a shift to the left (right)
would be obtained in the S A curves. As anticipated, the S A gets dramatically reduced
for particle sizes approaching the photodiode array width applying the all-in method.
This has an impact on the concentration uncertainties (see Section 3.2.3) but it can be
mitigated, as we will see in Chapter 4.

3.2.2. PARTICLE SIZE DETERMINATION
The 2D image of the particles is obtained by the concatenation of slices formed by pixels
representing the photodetectors. Both CIPG and PIP feature a diode array with 64 pho-
todiodes, and 15 and 100 µm pixel resolution, respectively. Therefore, the pixel units of
an image can be translated into a physical dimension in micrometers.

Fig. 3.9 displays various sizing methods for defining the diameter of a particle. Some
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Figure 3.8: Sample area (S A) variation with diameter for the PIP and CIPG at 50% grayscale threshold. The S A
is shown for the different methods of the effective array width calculation (all-in, center-in and reconstructed).

studies have explored impact of diameter definitions on cloud microphysical proper-
ties and have found substantial differences (Wu & McFarquhar, 2016; Leroy et al., 2016).
Since the sample volume depends on the particle diameter, the chosen definition not
only affects the particle’s dimension itself but also the sample volume. However, there is
no consensus on the optimal size determination method. The fastest and simplest op-
tions are Dx, which corresponds to the number of pixels parallel to the diode array, and
Dy, the dimension parallel to the flow. These definitions may misrepresent the particle’s
dimension because they are heavily influenced by the particle’s shape and orientation
(Wu & McFarquhar, 2016). Additionally, Dy is particularly sensitive to the sampling rate,
and errors in airspeed or an incorrect fixed PAS value can result in artificially elongated
or shrunken particles, leading to an inaccurate diameter determination. However, Dx

is independent of the sampling rate and is useful for calibration purposes because the
shadow images’ forms are spherical.

Other common methods usually involve the definition of an auxiliary circle. The
maximum dimension is typically determined as the diameter of the minimum enclosing
circle (in Fig. 3.9 denoted as Dmax) (Heymsfield et al., 2013; Wu & McFarquhar, 2016).

The area equivalent diameter, Deq =
√

n·r es2

4π , is determined as the diameter of a circle
of equivalent area to the particle’s projected surface (total number of obscured pixels).
The advantage here is that this definition is unambiguous compared to Dmax, which de-
pends on the method for the circle computation (Leroy et al., 2016). While for spherical
particles, both definitions are quite similar, for ice crystals can be quite different, as il-
lustrated in Fig. 3.9. Deq tends to underestimate the spatial extension of an ice particle
but represents better its volume. The maximum dimension definition, in turn, overesti-
mates the volume of the particle but it is a better measure of the space that the particle
occupies, which influences the minimum distance between particles.
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Figure 3.9: Schema of particle diameter determination for an ice crystal and spherical particle. The diameters
depicted in the schema are for illustrative purposes and provide a general sense of scale. Note that the grayscale
levels are not the nominal for these images.

3.2.3. MEASUREMENT LIMITATIONS AND UNCERTAINTIES

Numerous studies have focused on addressing some of the uncertainties and limitations
associated with the OAPs (Knollenberg, 1970; Korolev et al., 1991; Korolev, 2007b; Con-
nolly et al., 2007; McFarquhar et al., 2017; Baumgardner et al., 2017). One significant
limitation is related to the discretization in pixels of the images, which is subjected to the
pixel resolution. The result is that a particle size can be assigned to ±1 size dimension
depending on its position within the photodiode array. For instance, particles between
37.5 and 52.5 µm may be classified as 45 µm particles in the CIPG. This error diminishes
as particle size increases, but becomes more pronounced with coarser pixel resolutions
(Baumgardner et al., 2017).

The definition of particle diameter already introduces a significant source of uncer-
tainty, particularly for ice crystals. McFarquhar et al. (2017) observed variations in parti-
cle size distributions when employing six different diameter definitions. Furthermore, in
the case of ice crystals, 2D images do not provide sufficient information to accurately de-
termine their 3D dimensions. For example, the same shadow image might correspond
to a column or a plate traversing laterally to the laser beam. Utilizing the minimum
enclosing circle for ice particles typically leads to an overestimation of their mass and
volume, as an aspherical particle never completely fills the enclosing sphere. This is in-
trinsic to the maximum diameter as size definition for ice crystals. As commented in
Section 3.2.2, alternative definitions also disregard other factors, and even though the
community has not reached a consensus on the optimal definition, the maximum di-
mension is frequently used in other studies (e.g., Heymsfield et al. (2013), Wu and Mc-
Farquhar (2016), and Kirschler et al. (2023)).

A major source of uncertainty in sizing is attributed to the diffraction effect of par-
ticles. As previously explained, when particles move away from the object plane, their
shadows lose intensity and extend, resulting in a blurred image and a systematic overes-
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timation of particle size. For spherical water droplets, this effect can be corrected using
the relationship between the Poisson spot and the shadow ring, known as Korolev cor-
rection (Korolev et al., 1998; Korolev, 2007b). However, it becomes exceptionally chal-
lenging for ice crystals because each unique habit, orientation, and dimensions generate
a distinct diffraction pattern (Vaillant de Guélis et al., 2019). Consequently, the Korolev
correction method is not applicable to ice crystals. Apart from that, false Poisson spots
can be created in ice crystal images due to very thin parts of ice crystals (e.g. plate-like
forms), which could be semitransparent. Even though there are some attempts to bet-
ter constrain the DoF and improve the size determination using the grayscale levels (S.
O’Shea et al., 2019; S. O’Shea et al., 2021), currently, there exist no algorithm that can
correct the size of the ice crystals.

In terms of limitations and uncertainties in the concentration, the calculation of the
effective array width for ice crystals has a non-negligible effect. Since their form cannot
be reconstructed, the only possibility is the use of the all-in calculation with the sub-
sequent reduction of the sample area in the larger sizes and a high rejection of large
particles. This leads to an increased uncertainty in the concentration of the last bins of
the particle size distribution. However, this problem can be mitigated for the CIPG in
combination with the PIP by cutting off the CIPG size distribution at an early stage and
concatenating the PIP size distribution (see Section 4.3).

As mentioned in Section 3.1.3, shattering also affects measurements of the OAPs. The
CIPG has modified triangular tips that deflect the artifacts generated by the shattering of
large ice crystals to avoid entering the sample volume (Korolev et al., 2013b). This mod-
ification is very efficient at reducing shattering effects (Korolev et al., 2013a), however,
an interarrival time analysis is also necessary to identify and remove the remaining shat-
tering events (Field et al., 2006). Although the PIP does not include antishattering tips,
little influence of shattering in the PIP is expected, since the PIP can only detect particles
from 100 µm and shattered fragments are usually smaller. Splashing is another event of
particle fragmentation occurring usually to rain drops that collapse due to the change of
pressure in the flow between the arm probes. This type of events are usually captured in
the OAP images and can be easily filtered out, as well as diverse image artifacts and pixel
errors, as we will see in Chapter 4.

3.3. DEFINITIONS OF MICROPHYSICAL PROPERTIES
In this chapter, the working principles and primary outputs of the cloud probes em-
ployed in this study have been described. These probes yield measurements of particle
size and the number of particles per sample interval. These fundamental quantities form
the basis for deriving additional properties essential for describing cloud microphysics.

SAMPLE VOLUME

The sample volume (SV ) represents the volume within each sample interval (∆t ). The
sample area (S A) is perpendicular to the airflow (see Fig. 3.5); it remains constant in the
scattering probes and varies with particle size in the OAPs. The distance travelled in the
direction of the flow per sample rate is determined by the probe air speed (PAS). The
sample volume can be then calculated with the following expression:
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SV = S A ·PAS ·∆t (3.3)

ICE NUMBER CONCENTRATION

The particle number concentration per bin size (Ni ) can be calculated by dividing the
number of particles ni sampled in a size bin i by the sample volume within the sample
interval ∆t .

Ni = ni (∆t )

SV (∆t )
(3.4)

This is the general expression, applicable when the sample volume does not depend
on the individual particle sizes. In the opposite case, as in the OAPs, the calculation of the
particle number concentration in the size bin i would involve summing each particle’s
sample volume:

Ni = ni∑
j

SV j
(3.5)

For simplicity, the standard sample volume is denoted in the denominator as shown

in Eq. (3.4), multiplied by the sum of each particle’s weights
S A j

S A (where j represents
particles in bin i ), as in the following expression:

Ni = ni

SV (∆t )
∑
j

S A j

S A

(3.6)

The concentration is usually represented graphically as a function of particle size
for the instrument’s size bins (dN/dD) to generate a Particle Size Distribution (PSD).
However, when comparing instruments with different size resolutions (i.e., different bin
widths), this approach can result in a misleading interpretation of the graph. Therefore,
it is preferable to use a normalized concentration (dN/dlogD), where the concentration
per bin is divided by the ratio of the logarithm of the bin edges, and the resulting nor-
malized concentration is independent of the bin width:

dN/dlogD = dN

dlogD
= Ni

logDi ,u − logDi ,l
= Ni

log(
Di ,u
Di ,l

)
(3.7)

The total number concentration per sample interval, N , is calculated summing the
concentration in each size bin, Ni .

N =∑
i

Ni (3.8)

EFFECTIVE DIAMETER

The effective diameter (ED) serves as a valuable measure of the relationship between
the scattering properties of a cloud and its microphysical properties (Fu & Liou, 1993).
Defining an effective diameter for liquid clouds is relatively straightforward. However,
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for ice clouds, numerous definitions exist, depending on the choice of directly measured
variables and derived quantities (McFarquhar & Heymsfield, 1998). In this study, a gen-
eral definition is adopted, based on the ratio of the third to the second moment of the
cloud spectrum (Parol et al., 1991; Schumann et al., 2011). In the following expression,
Di represents particle size, and it is important to note that the ED then depends on the
specific particle diameter definition used (Wu & McFarquhar, 2016). For the combined
distribution from several instruments, Di is substituted by the center of each size bin (in
the linear scale).

ED =
∑
i

D3
i Ni∑

i
D2

i Ni
(3.9)

ICE WATER CONTENT

The ice water content (IW C ) is another relevant property of ice clouds. For the liquid
clouds, since the volume of the spheres is determined by knowing the particle’ diame-
ter, the liquid water content (LW C ) can be derived from a sphere volume and the liquid
water density. This calculation becomes more complicated for ice masses, since the vol-
ume of each particle is not known, and just 1D or 2D dimensions are available. Therefore,
parameterisations of the ice mass and particle diameter need to be obtained experimen-
tally and several expressions are available in the literature (Brown & Francis, 1995; Baker
& Lawson, 2006; Heymsfield et al., 2010). IW C calculations slightly differ depending
on the chosen relationship (Afchine et al., 2018). In this work, the ice mass-dimension
relationship for cirrus clouds is utilized, as provided by Heymsfield et al. (2010) in CGS
system of units:

mice,i = 0.0058D2.1, (3.10)

where mice,i represents the ice mass per size bin or per particle, since D can assume
either the values corresponding to the center of the size bins (general approach, applica-
ble to scattering probes or a combined size distribution) or, in the case of the particle-by-
particle (PbP) approach used in the OAPs, it represents the diameter of each individual
particle. In the former case, the resulting ice mass is calculated assuming that all par-
ticles within a size bin have the same diameter of the size bin’s center. The IW C per
sample interval is obtained by multiplying the ice mass by the number concentration
per size bin, mice,i , and summing across all bins:

IWC =∑
i

mice,i Ni (3.11)

In the particle-by-particle calculation, the mass of each particle is divided by its re-
spective weight, and by the sample volume per time interval:

IWC =

∑
j

mice, j

SV (∆t )
∑
j

S A j

S A

(3.12)
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EXTINCTION

The extinction coefficient βext is another useful parameter for quantifying the radiation
impact of a cloud and can be calculated based on the particle projected area (Schumann
et al., 2011; Mitchell et al., 2011; Thornberry et al., 2017).

βext =
∫

Qext Ap(D)N (D)dD =Qext A, (3.13)

where Qext represents the extinction efficiency, Ap corresponds to the mean pro-
jected area of particles within the interval D to D +dD , and N is the number concen-
tration of particles in that interval. The value of Qext depends on the particle size and
the wavelength but can be approximated to 2 for large particle sizes relative to the wave-
length λ (πED/λ≫ 1). Assuming a constant Qext, the extinction coefficient can be di-
rectly related to the density of projected area A. Another way to calculate the extinction
through the relation between IW C and ED :

βext = 3IWC

ρiceED
, (3.14)

where ρice is the ice density.
Using the definition of Eq. (3.13) with the combined particle size distribution data

from the CDP, CIPG and PIP, we can calculate the extinction coefficient as:

βext = 2

∑
i

Niπ

(
Di

2

)2

+∑
j

A j

SV1
S A j

S A

+∑
k

Ak

SV2
S Ak
S A

 (3.15)

The first term refers to the PSD of the CDP, where the projected area density can be
calculated from the particle number concentration per bin, Ni , and the corresponding
mean projected areas calculated from the center of each bin, Di , assuming spherical
shapes. The second and the third terms correspond to the projected area density calcu-
lation from the OAPs. Since imaging probes provide directly information on the surface
projection for each particle, it is preferable to use the PbP data here. The total projected
area is given by the sum of the individual particle areas, divided by the product of the
corresponding sample area weights and the standard CIPG and PIP sample volumes,
SV1 and SV2, respectively. The sets of CIP and PIP particles per second are represented
by j and k, respectively.





4
METHODS

Following the introduction in the measurement techniques in Chapter 3, the character-
istics of the main instruments used in this thesis were described. This chapter provides
an extensive report on the main methods and investigations that I conducted in order
to improve the instrument processing and data quality, and better understand and mit-
igate the source of uncertainties and further instrumental issues. Similar to Chapter 3’s
structure, methods are separated for scattering probes (CDP) in Section 4.1, and optical
array probes (CIPG and PIP) in Section 4.2. Among the CDP methods, an intercompari-
son between CDP and CAS-DPOL is shown in Section 4.1.3. In the Section 4.2 the whole
processing method for OAP data is described, while the detailed description of the mod-
ules developed for binary data reading into raw particle-by-particle image data can be
found in Appendix B. Finally, the combination of the different size distributions of the
three instruments is addressed in Section 4.3.

4.1. CDP METHODS
As mentioned in Chapter 3, the CDP served as the scattering probe for the measure-
ments in this work. As introduced in Section 3.1.1, the data acquisition and recording in
the cloud probes are carried out using the software PADS provided by the manufacturer
DMT LLC. This program allows for the control of measurement parameters and real-
time data visualization. The software generates a bulk file or 1Hz-file, where information
from the instrument’s electronics is recorded at a sampling frequency of 1 Hz. This file
includes directly measured information and user-specified settings. It records the num-
ber of particles per sample interval in each size channel, implying a pre-definition of
channel boundaries (size binning) either set by the manufacturer by default or modified
by the user. However, specific information about each individual particle, such as their
exact sizes, is not provided in this file.

In addition to the bulk file, PADS generates a particle-by-particle (PbP) file that
records information about each individual particle, up to a total of 256 particles. For
every entry, the file includes a corresponding timestamp, the equivalent AD Counts
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representing the particle’s scattering cross-section, and the interparticle or interarrival
time, defined as the elapsed time between two consecutive particles. As this section
will elaborate, the choice between using one file or the other depends on the intended
purpose.

This section outlines the methods applied to analyse the data produced by this in-
strument. The size calibration is detailed in Section 4.1.1, an analysis of the time res-
olution effects of the CDP is presented in Section 4.1.2 and, finally, a comprehensive
intercomparison between the CDP and CAS is explained in Section 4.1.3, addressing the
differences in shattering effects on both instruments and suggesting a possible detection
criterion.

4.1.1. SIZING CALIBRATION

As introduced in Section 3.1.2, the CDP utilizes forward scattering of light on particles to
determine their size. The light intensity received at the detectors is directly proportional
to the scattering cross section σ4−12◦ and is translated into an analog to digital value
(AD Counts) ranging from 0 to 4095. As discussed in Section 3.1.2, the forward scat-
tering cross section of particles can be related to their sizes applying various methods
such as Mie theory, T-matrix calculations, discrete dipole approximation, among others
(Mie, 1908; Borrmann et al., 2000; Yurkin & Hoekstra, 2007; Yurkin & Hoekstra, 2011).
In this study, Mie theory is assumed for the calculation. The relationship between the
AD Counts, the scattering cross sections and, thus, particle sizes is established through
size calibration (Nagel et al., 2007; Lance et al., 2010; Rosenberg et al., 2012; DMT, 2017a).
The calibration ensures equivalence between AD Counts and diameters across the entire
size range. Regular performance of calibrations is crucial to verify this relationship over
time, as it may change due to factors such as aging or misalignment of the laser. For the
CIRRUS-HL campaign, size calibrations were conducted before and after the campaign,
and the results were compared to a previous calibration from the MOSAiC campaign
(data provided by Manuel Moser and Valerian Hahn, German Aerospace Center (DLR)).

The calibration process followed the standard procedure, employing precision glass
beads with known sizes. Glass beads of sizes {1.9,4.6,10,23,32.5,49} µm were included
in the example calibration of Fig. 4.1. Borosilicate glass beads were used for sizes below
25 µm, and soda-lime glass beads were employed for larger sizes. As already mentioned,
PADS provides an additional PbP file, which records the time and AD Counts for each
particle. This file is very useful for verifying the AD thresholds defined in the bulk file.

In Fig. 4.1(a), the AD Counts generated by different glass bead sizes are summarized
in distinct frequency distributions. Larger sizes correspond to greater AD Counts, mir-
roring the behavior of the scattering cross section σ4−12◦ shown in Fig. 4.1(b). The figure
also illustrate differences in scattering between glass and water. The CDP is calibrated
for water, implying that the measured AD Counts in Fig. 4.1(a) correspond to smaller di-
ameters than the specified glass bead sizes. Consequently, determining the size of an
equivalent water droplet that scatters the same as the glass bead becomes necessary.
However, due to the non-monotonic behavior and ambiguities of the function, multi-
ple equivalent water droplet diameters can produce the same level of scattering. Addi-
tionally, deviations from the nominal glass bead sizes exist, ranging from 0.3 to 1.0 µm,
depending on the nominal size.
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Figure 4.1: Summary of the frequency distribution of the AD Counts from the PbP file corresponding to differ-
ent glass sizes (a). Scattering cross section σ4−12◦ as function of diameter for the CDP size range and different
materials characterized by their refractive index n (b). The glass bead diameters for the two materials are indi-
cated with filled circles, as well as the equivalent water droplet diameter.

For the frequency distribution of each glass bead size, the mean value is calculated.
The relationship between the scattering cross sectionσ4−12◦ and the averaged AD Counts
is linear and can be expressed by the following equation:

σ4−12◦ = m ·ADC+b, (4.1)

Thus, the AD Counts generated by glass beads of a specific size can be associated
with their theoretical scattering cross section. The parameters m and b in the expression
of Eq. (4.1) are then determined through a linear fit, as illustrated in Fig. 4.2. The cali-
bration data set presented in Fig. 4.1 corresponds to the "December2020" calibration,
serving as a reference and compared with subsequent calibrations, namely "June2021",
and an earlier calibration, "February2020", conducted for the MOSAiC campaign (pro-
vided and calculated by Manuel Moser and Valerian Hahn). The overlaid lines of Fig. 4.2
demonstrate a satisfactory agreement across the different calibration data sets.

Finally, knowing the coefficients of the relationship between AD Counts and σ4−12◦ ,
a function expressing AD Counts dependent on diameter can be calculated. With this
information, a bin definition can be established, determining the equivalences between
particle diameter and AD Counts. However, this function, like the scattering cross sec-
tion function, exhibits ambiguities. Therefore, defining thresholds accordingly is crucial
to minimize this issue. Particle diameters associated with the same scattering cross sec-
tion must be categorized within the same size channel.

For this study, the nominal binning provided by DMT LLC (DMT, 2017a) is adopted
for simplicity. As discussed in Sections 3.1.2 and 3.1.3, the instrument samples a vari-
ety of ice crystal shapes with different orientations during cirrus clouds measurements,
resulting in a wide range of scattering cross-section functions. Consequently, fixing a
binning definition based on a single scattering cross-section is just one of several po-
tential binning definitions. Currently, accurately determining the spectrum of scattering
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Figure 4.2: Comparison of calibrated relationships between the calculated scattering cross sections for the
glass beads employed and the experimentally measured mean AD Counts for the corresponding distribution
shown in Fig. 4.1. Calibrations in December 2020 and June 2021 include the error in the y-direction from the
standard deviation indicated by the manufacturer for each glass bead size, and the 25 and 75 percentiles in the
x-direction from the AD Counts distribution.

cross-sections is not feasible with existing methods (Yurkin & Hoekstra, 2007; Yurkin &
Hoekstra, 2011). The operational principles of the instrument for ice crystal measure-
ment inherently introduce uncertainty into the results.

4.1.2. INVESTIGATING TIME RESOLUTION

The calibration process of Section 4.1.1 has shown how the PbP file can be very useful
for having a deeper view of each particle that is detected. Unfortunately, the PbP file has
a limitation of 256 particles per sample interval. This translates to a maximum number
concentration of approximately ∼ 6 cm−3 for a PAS value of 150 m/s. While cirrus clouds
typically do not exceed this concentration, freshly formed contrails can achieve N values
between larger than 103 cm−3 within the first 100 s of their lifetime (Bräuer et al., 2021a).
Using the PbP file would imply assuming the portion of time of the first 256 particles as
representative for one sample interval, typically one second.

On the other hand, the 1Hz-file imposes a lower limit on N , determined by the mini-
mum particle count within the sample interval, which corresponds to the occurrence of
a single particle in the 1-second time resolution (Krämer et al., 2020). Assuming a PAS
value of 150 m/s as in the earlier case, the minimum N value is ∼ 0.025 cm−3. It is not
uncommon to register only one particle within a 1-second time interval in cirrus due to
the small sample area of a scattering probe. This leads to an artificially high frequency
of observations of the same N value, often the median N in cirrus clouds (Krämer et al.,
2016; Heymsfield et al., 2017a; Krämer et al., 2020). Additionally, as shown in this section,
the lower the particle concentration within a sample period, the less precise the infor-
mation from the 1Hz-file becomes, as the inhomogeneities within a cirrus cloud are not
well captured.

The standard method explained in Section 3.3 to calculate the number concentration
in the 1Hz-file has been widely applied in previous studies using also other instruments
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(e.g., Heymsfield et al. (2010) and Krämer et al. (2020)). However, an alternative to the 1-
second rate calculation of the number concentration is proposed by (Baumgardner et al.,
2014) and the advantages of this method are discussed in the following. The interparticle
time (IPT) method is based on the definition of an average particle rate (APR):

APR =
∑

nparticles∑
∆τi

(4.2)

where τi represents the interarrival or interparticle time. The concentration is then
calculated by dividing by the sample volume per second (SA · PAS) The schematic in
Fig. 4.3 provides a visual representation of this method in comparison to the standard
one. The diagram depicts four 1-second intervals for which the number concentration
N (standard) and N ′ (IPT) are calculated. The standard method involves taking the num-
ber of particles within the sample interval and dividing it by the sample volume within
that second. In contrast, the IPT method determines the elapsed time during sampling
by summing up the interarrival time of the particles. Consequently, in situations such
as particles 5 and 6, it makes a difference whether a single-particle is measured after a
long time without particles or in the consecutive time interval. As a result, the number
concentration in the third and fourth periods is the same calculated with the standard
method, contrary to the IPT method.

1 s 1 s 1 s 1 s

τ1 τ2τ0 τ3 τ4 τ5 τ6

N’=
5

τ0+τ1+τ2+τ3+τ4
PAS·SA

N= 5
PAS·SA·1

N’≈ N N’< N N’> N

N’=
1
τ5

PAS·SA

N= 1
PAS·SA·1 N= 1

PAS·SA·1

N’=
1
τ6

PAS·SA

N= 0

Figure 4.3: Diagram illustrating the contrast between two approaches for calculating particle number concen-
tration, denoted as N and N ′, using a simple example. τi represents the interparticle times, and a constant
PAS is assumed. The notation associated with the interparticle time (IPT) method is depicted in gray, while the
standard method is shown in black.

In Fig. 4.4, the outcome obtained using the conventional method from the 1Hz-file
is contrasted with that from the IPT method using actual aircraft measurements in the
cirrus regime. The histogram in panel (a) illustrates the number concentration per sam-
ple interval of 1 second. The remarkable distinction between the two methods lies in the
treatment of single-particle events. While the conventional method consistently assigns
a value of approximately 0.025 cm−3 to these events, the IPT method yields significantly
lower values when the events are well-separated. The IPT method proves effective in
overcoming the limitation of the 1Hz-file and better reflects the cloud’s inhomogeneities,
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making it particularly suitable for thin clouds. It weights concentrations based on the
surrounding conditions, offering a clearer identification of well-isolated events.

Figure 4.4: Comparison of the number of counts divided by the sample time along the flight between the IPT
(in blue) and conventional (in orange) methods (a). Correlation between the number concentration obtained
with the IPT method for PbP data and the concentration from the 1Hz-file calculated with the conventional
method. The red line indicates the ideal 1:1 correlation.

In reference to Fig. 4.4(b), the concentrations derived from the PbP data set com-
puted the IPT method is represented against the concentrations obtained from the 1Hz-
file. As the number concentration decreases, the correlation spreads due to the lower
limit in concentration of the 1Hz-file. As previously mentioned, the minimal concentra-
tion determined through the conventional method is approximately 0.025 cm−3 for the
1Hz-file. However, the application of the IPT method introduces a broader spectrum of
concentrations for these scenarios, including not only lower values but also higher ones,
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ranging from 0.00001 to 1 cm−3, depending on the temporal separation of the event from
the preceding one.

Nevertheless, utilizing the PbP data set reveals a limitation when the particle concen-
tration is high and considerably variable. While the 1Hz-file provides the concentration
based on the real number of particles measured during one-second sample period, the
PbP file only allows for 256 particles within the sample interval. In principle, using the
IPT method with the PbP data circumvents the limitation, allowing for larger concentra-
tion values. This is attributed to the higher likelihood of numerous particles being uni-
formly distributed within a sample interval, making the density of the first 256 particles a
reasonable approximation for the entire interval. Depending on the elapsed time during
the sampling of the 256 particles, different concentrations can be obtained. However, as
indicated by the variability in the correlation with the 1Hz data set in Fig. 4.4(b), hetero-
geneities within the sample interval may persist. The initial 256 particles may not offer
a sufficiently accurate solution, in particular in contrail and contrail cirrus sequences,
where the variability is higher than in natural clouds. Additionally, even if the concen-
tration is well estimated, the particle size distribution might not be precisely represented
using only the first 256 particles.

In summary, the decision was to continue utilizing the 1Hz-file for calculating cloud
properties from the CDP. This choice is based on the presence of contrails and contrail
cirrus measurements embedded in the data, rendering the use of the PbP data set im-
practical for these specific sequences. The reasoning behind this decision is grounded
in the necessity for consistency in data analysis across all cloud sequences, instruments,
and with respect to prevailing practices in the filed. The conventional method, employed
for analyzing data from the OAPs, aligns with this consistency. However, I would recom-
mend considering the IPT method on PbP data for future data analysis involving cirrus
measurements, especially for thin cirrus.

4.1.3. CDP AND CAS-DPOL INTERCOMPARISON

In this part, I present an analysis conducted subsequent to the data evaluation using the
combined CDP-CIPG-PIP setup. This investigation was prompted by questions regard-
ing the comparability between the CDP and CAS, given their shared particle size range.
Notably, in some cases, higher concentrations were observed in the CAS, motivating a
more in-depth exploration to elucidate the discrepancies between the two instruments.

Particle size distributions such as the one of Fig. 4.5, offer a detailed examination of
these differences. In these 10-minute sequences for a cirrus case (a) and a liquid cloud
example (b), the PSDs of the CDP and CAS are plotted together, with the CIPG included
as a reference. Focusing on Fig. 4.5(a), two distinct regimes emerge from the compar-
ison between the CDP and the CAS. Firstly, in the first three bins of the CAS (ranging
between 2 and 4 µm), there is a declining profile of concentration with increasing diam-
eter, whereas the CDP registers minimal measurements in this range. The second range
spans from 4 to approximately 30 µm, where both PSDs exhibit a similar profile. How-
ever, the concentrations recorded by the CAS are consistently elevated by one order of
magnitude across all these bins.

It is important to note that the last 2-3 bins of the CDP are typically excluded from the
analysis. Previous campaigns have indicated an overestimation of concentration in this
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(a) (b) (c)
6 6

Figure 4.5: Comparison of the particle size distributions (PSDs) between the CDP (in red) and the CAS-DPOL
(in blue) for an example cirrus sequence of flight F14 (a), a sequence of liquid clouds of flight F10 (b), and a
short sequence of a contrail encounter of flight F21 (c). The PSD of the CIPG (in purple) is also included as a
reference.

range, and our current data also reflect systematically an artificially high concentration
in this segment.

Key insights were derived from a preliminary analysis encompassing numerous se-
quences from various flights within the campaign. Surprisingly, the discrepancies in
concentration were not consistently observed across all sequences, suggesting a lack of
systematic over- or underestimation by either instrument. During periods involving low
clouds or contrail cirrus measurements, a remarkably high level of agreement was evi-
dent between the two instruments, as shown by the PSDs in Fig. 4.5(b) and (c). This con-
cordance implies that both instruments operated effectively throughout the entire cam-
paign and raises the question of why cirrus sequences appear to be problematic. A more
systematic approach is provided in Section 4.1.3 and further examples of sequences are
presented later in Figs. 4.11, A.3 and A.4.

Cirrus typically exhibit low particle concentrations, notably much lower than liquid
clouds or contrails (see Chapter 2). If there is an underlying issue affecting the measure-
ments, the low concentrations in cirrus clouds allow such errors to manifest. Intuitively,
it seems that the CAS may be exhibiting an overestimation in the concentration of the
lower particle size range. In aged cirrus, small particles often disappear through subli-
mation or grow to larger sizes, and this phenomenon might not be accurately captured
by the CAS, resulting in elevated concentration profiles. One known mechanism for arti-
ficially creating an enhancement of small particles is shattering, which will be explored
in the following sections.

SHATTERING EFFECTS

The CAS instrument presents a widespread applicability in the cloud measurements
community. Its lower size limit of 0.6 µm makes it particularly well-suited for contrail
measurements. This is attributed to the fact that ice particles smaller than 2 µm are
present in the early stages of a contrail, specifically during the aircraft wake vortex phase
(within the first 1−2 minutes) (see Kleine et al. (2018), Bräuer et al. (2021a), and Bräuer
et al. (2021b)). Comprehensive insights into the climatology of microphysical proper-
ties of cirrus have been obtained based on a CAS-CIPG combination Luebke et al., 2016;
Krämer et al., 2016; Krämer et al., 2020. However, as explained in Section 3.1.3, it is es-
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sential to note that forward scattering probes, including the CAS, have historically been
significantly impacted by contamination from small particles resulting from shattering
of larger ones, particularly when high IW C was present (Field et al., 2003; Field et al.,
2006; McFarquhar et al., 2007; Heymsfield, 2007; Jensen et al., 2009; Korolev et al., 2011;
Korolev et al., 2013a; Korolev et al., 2013b). Significant progress has been made over the
last decade through modifications to the arm tips and the development of methods for
identifying and correcting shattered particles. Despite these advancements, there are
occasions where these issues may still persist, as it will be discussed in the following
paragraphs.

The study by Field et al. (2003) investigated the overestimation of small particles in
mid-latitude cirrus, revealing factors ranging between 2 or 3 and 5 or 6. Larger particles
were found to have a higher probability of suffering shattering (Korolev & Isaac, 2005).
Field et al. (2003) analysed the interarrival times (IAT, or interparticle times, IPT) of both
natural particles and artificial fragments. They identified the shattered pieces by their
shorter transit times compared to natural particles. The underlying theory explains that
when an ice crystal impacts and breaks into many smaller pieces, these fragments tend
to travel together in a cluster. Consequently, they reach the sample volume at a higher
frequency, resulting in a higher concentration than naturally distributed cirrus ice par-
ticles. In such cases, the IPT frequency distribution would exhibit two distinct modes,
typically around 0.01 and 0.0001 s, depending on cloud properties and instrument type.
Shattering events can be identified and filtered based on the IPT. Excluding particles
with IPT shorter than a specified threshold (commonly between 0.0001 and 0.001 s) has
the potential to mitigate the impact of shattering on N (Korolev & Isaac, 2005; Field et al.,
2006).

The filtering methods discussed rely on the idealized theory that shattering events
are distinctly clustered and separated, making them distinguishable from natural parti-
cles. However, as noted by Korolev and Isaac (2005), it is not always feasible to reliably
distinguish shattering events through IAT analysis. In some cases, particles shattered
into larger pieces may have fragmented due to turbulence or wind shear induced by the
probe housing, rather than through mechanical impact with the probe’s surfaces.

The schema in Fig. 4.6(b) illustrates the ideal scenario where particles in the cluster
are easily identifiable due to their short interrarival times, constrasting with the case in
(a) where the natural particles are more separated, resulting in larger interarrival times.
However, the actual case may differ. Shattered fragments might not necessarily be clus-
tered and could reach the sample volume within other natural particles. Alternatively,
natural particles could be embedded in a cluster of shattered fragments (Korolev et al.,
2013a). The schema in Fig. 4.6(c) depicts these cases, demonstrating how fragments and
natural particles can be mixed together, exhibiting larger interarrival times than in the
shattered particle cluster but smaller than the case of purely natural particles. In such a
scenario, detecting shattered fragments within the natural particle population becomes
challenging, and they might be erroneously assimilated as additional natural particles.

The primary distinction between the CDP and the CAS lies in the design of their
sample area housings. The CDP is an open-path instrument with the sample area well-
separated from the probe arms (≈ 2 cm, Lance et al. (2010)). On the other hand, the
CAS encloses the sample area within a tube, introducing additional surfaces for particle
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τnat

τshat < τ∗nat < τnat

τshat < τnat

τshat

(a)

(b)

(c)

Figure 4.6: Conceptual schema illustrating various scenarios of particle interarrival times. Hypothetical case
without shattering with interarrival times τnat (a). Ideal case of shattering occurring in clusters of multiple
small fragments passing together through the sample area with interarrival times τshat < τnat (b). Hypothetical
real case in the CAS inlet tube with some small shattered particle clusters and dispersed shattered fragments
among natural particles with reduced interarrival times τ∗nat, compared to the original τnat (c).

impact and potentially causing alterations in the velocity field. To investigate the inci-
dence of shattering detectable with IAT analysis, the IAT histograms of the CAS and CDP
from several flights were compared (as illustrated in Figs. A.1 and A.2). The CAS IAT his-
tograms frequently exhibit two modes, while the CDP shows no shattering. This finding
is further discussed in Section 4.1.3 along with additional diagnostics.

SENSITIVITY TO AEROSOL PARTICLES

The CAS-DPOL, with a lower size range of 0.6 µm, is capable of measuring not only con-
trail ice particles but also the larger size range of aerosol particles (Baumgardner et al.,
2001). In general, CAS-DPOL measurements are designated as aerosols within the 0.6 to
3 µm range and cloud particles within 3 to 50 µm, with the exception of contrail mea-
surements, where ice crystals from young contrails can be smaller than 1 µm (Bräuer
et al., 2021a). As discussed earlier, an interarrival time analysis aids in detecting and
removing clusters of shattered particles.

However, since particles smaller and larger than 3 µm are measured simultaneously
in the CAS, and the IAT is calculated for every particle based on the time shift with re-
spect to the previous one, it is necessary to recalculate the IAT considering only the par-
ticles within the desired size range. Consequently, the values of the apparent interarrival
times of cloud particles in the CAS appear lower than in the CDP, given that the latter
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records only particles with diameters greater than 2 µm. This distinction is crucial to
note, especially considering that N can also be calculated from the IAT, as shown earlier
in Section 4.1.2.

The question that arises is whether the first bins (in the cloud size spectrum) of
the CAS-DPOL (ranging between 2 and 4 µm) could be contaminated by background
aerosol. Unlike the CDP, the CAS-DPOL is designed to measure also aerosol particles.
Therefore, the frequently observed higher N in the smallest bins in the CAS range com-
pared to the CDP could potentially be attributed to this effect.

To investigate these suppositions, the encounter of a biomass burning aerosol layer
at high altitude, outside of cloud during flight F10 of CIRRUS-HL, provided an excellent
opportunity to compare the PSDs of the CAS and CDP measurements at that time. The
comparison is illustrated in Fig. 4.7. To enhance the comparability of the mean PSD
between the instruments, only time instances where both probes measured at least one
particle are considered (M. Krämer, personal communication, February, 1, 2023). Un-
der purely aerosol conditions, the difference in N in the first two size bins between the
two probes is almost an order of magnitude. Furthermore, the PSDs exhibit a similar
decreasing profile, consistent with the observed trend in the first bins of the CAS PSD in
Fig. 4.5.

Figure 4.7: Particle size distribution of the CAS (blue) and the CDP (red) for a biomass burning aerosol layer
out of cloud at 13−14 km. The number of samples in the selected interval is indicated in parenthesis.

This test provides robust evidence for the consistently increased N in the first bins of
the CAS-DPOL. Given that only aerosol particles were present in the sampled air masses,
it suggests a higher sensitivity to aerosol particles by the CAS-DPOL, aligning with the
hypothesis put forth earlier. However, to fully validate this theory, it would be neces-
sary to verify whether such large aerosol particles can also be found in cirrus sequences.
Addressing this issue through aerosol measurements poses challenges, as comparisons
between wing probes and aerosol inlets on the fuselage must be interpreted with cau-
tion. Up to this point, this analysis serves as an indication of potential aerosol particle
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contamination in the first bins of the CAS.

DETECTION CRITERION

As mentioned earlier, the disagreement between the CDP and the CAS is not system-
atic; it emerges under specific atmospheric conditions. This implies that neither instru-
ment consistently underestimates nor overestimates the ice number concentration due
to a technical problem. To dive deeper into this phenomenon, combined data of the
CIRRUS-HL campaign (comprising 22 flights) were analysed to identify and character-
ize the correlation between the number concentration in the CDP (NCDP) and the CAS
(NCAS) based on the measured cloud properties. The process of combining data from
various instruments into a unified data set is described in Section 4.3.

In Fig. 4.8, a correlation between NCDP and NCAS for all campaign data is presented,
with a 10-second average to homogenize the cloud sequences. The corresponding ED of
the 10-second average sequence from the combined distribution is indicated for three
ED ranges. For the smallest ED (< 200 µm), there is a notable agreement, with most
points aligned along the ideal 1:1 correlation. The highest concentrations (N > 1 cm−3)
exhibit a slight systematic higher NCDP with reduced spread along the ideal fit, regardless
of the ED . This aligns with the earlier observations of better agreement in liquid clouds
or contrail sequences, characterized by high N and low ED .

Figure 4.8: Correlation of the number concentration between the CDP and the CAS for different ED using
combined distributions from all 22 flights, averaged over 10-second intervals.

Interestingly, in samples with ED larger than 400 µm, NCAS consistently and pre-
dominantly surpasses NCDP. The fit of these samples (brown dashed line) shows a larger
deviation from the 1:1 ideal fit compared to the overall fit (black dashed line). This anal-
ysis suggests a strong connection between the N retrieved by the scattering probes and
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the overall cloud properties.
To investigate further this effect, the ratio NCAS/NCDP is calculated and its correlation

with cloud properties N , ED , and IW C is examined in Fig. 4.9. In Fig. 4.9(a), distinct
clusters emerge, with higher N corresponding to liquid clouds and contrails, and lower
N associated with cirrus. The ratio NCAS/NCDP exhibits a positive correlation with ED , as
indicated by the linear fit in Fig. 4.9(b). Notably, for ED > 300 µm, the ratio consistently
surpasses the 1:1 relation. Analyzing the relationship with IW C in Fig. 4.9(c) reveals
a combined effect of N and ED , with the most significant disparity between NCAS and
NCDP occurring within the 0.001 to 0.1 g m−3 range. These findings are consistent with
the studies conducted by Field et al. (2006) and Korolev et al. (2013a), which empha-
sized the significance of particle size in determining the extent of shattering. According
to Field et al. (2006), when a significant proportion of ice crystals are large in size, the
likelihood of shattering increases, irrespective of the overall particle concentration.

Figure 4.9: Relationship between the NCAS to NCDP ratio and overall cirrus properties during the CIRRUS-
HL campaign, shown in 10-second averages: number concentration (a), effective diameter (b), and ice water
content (c). The black dashed line represents the ideal 1:1 correlation between the CAS and CDP. Additionally,
the red line in (b) denotes the linear fit of ED with the NCAS to NCDP ratio for ED < 600 µm.

In addition, Fig. 4.10 shows phase diagrams depicting the relationship between N
and ED (a) and between IW C and ED (b) for three ranges of the NCAS/NCDP ratio. Sam-
ples are categorized as exhibiting either "good" (green) or "bad" (red) agreement based
on a defined threshold value for NCAS/NCDP (3 for (a) and (b), and 5 for (c) and (d)). Val-
ues below 1, indicating a slight overestimation by the CDP, are displayed but not consid-
ered in the analysis as they are not the focus of this study. Given the qualitative nature of
the study, determining a precise threshold for NCAS/NCDP is challenging. Consequently,
the threshold of NCAS/NCDP is varied to observe its impact.

Firstly, it is evident that increasing the threshold results in a reduction of samples
classified as exhibiting bad agreement, as expected. However, the range of ED where
these instances occur remains unchanged, covering EDs from 100 µm and above. It is
confirmed that the disagreement exacerbates with growing ED , but specifically for ED
values exceeding 100 µm.

Secondly, there a transition or coexistence zone between 100 and 400 µm is observed
where either good or bad agreement may happen. Within the cirrus cluster (N < 1 cm−3),
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Figure 4.10: Phase plots depicting the relationship between number concentration (a, c) and ice water content
(b, d) with the effective diameter of the 22 flights in 10-second averages. A threshold value of NCAS/NCDP = 3
(a, b) and NCAS/NCDP = 5 (c, d) is employed to distinguish between good agreement for lower values (green)
and bad agreement for higher values (red). Data points with NCAS/NCDP < 1 are denoted in black, representing
the infrequent overestimation of the CDP over the CAS.

the occurrence of bad sequences is independent of N and solely hinges on ED , as in-
dicated by the horizontal displacement from good to bad sequences in Fig. 4.10(a, c).
Based on these analyses, a reasonable criterion for identifying sequences with potential
disagreement is ED > 100 µm and 0.001 < N [cm−3] < 0.2.

SYSTEMATIC ANALYSIS OF CLOUD SEQUENCES

Revisiting the comparison of the PSDs, similar to the initial identification of disagree-
ment between the two instruments, a focus is placed on various cirrus sequences from
two distinct flights of the CIRRUS-HL campaign (F03 and F14). These flights were se-
lected randomly as two representatives for mid-latitudes (F03) and high latitudes (F14),
containing various sequences with cirrus and low clouds. Additionally, an analysis of the
IAT histograms is conducted to exclude the possibility of shattering, and sequences are
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classified according to the defined criterion (ED > 100 µm and 0.001 < N [cm−3] < 0.2).
Further examination involves inspecting the CIPG images to gain insights into particles
shape. The inclusion of data from the CIPG in the PSDs allows for observing the whole
particle size distribution, including the larger particles, to discern their relationship with
the CAS-CDP disagreement. This final analysis combines different diagnostic methods
for a comprehensive understanding of the observed phenomena.

In Fig. 4.11, two examples of sequences are presented, one illustrating good agree-
ment (lower row) and the other showing bad agreement (upper row). It is crucial to note
that the terms "good" and "bad" agreement are used theoretically, indicating whether
they fulfill the criterion or not ("bad" agreement within the red shaded rectangle in (c)
and (f)). Furthermore, Fig. 4.12 displays a representative sample of images correspond-
ing to these sequences. The complete sequence analysis for both flights is shown in
Figs. A.3 and A.4, and the corresponding images extracted from the sequences are in-
cluded in Figs. A.5 and A.6. Subplots (c) and (f) from Fig. 4.11 illustrate the locations of
the samples from the combined size distribution with respect to the defined criterion
limits. This serves as an indication of the potential quality of agreement observed in the
PSD for that sequence.

Figure 4.11: Analysis of example cirrus sequences from the flight F14, where the upper row represents a case of
"bad agreement" and the lower row a "good agreement". Particle Size Distribution (PSD) of the CDP (red), CAS
(blue) and CIPG (purple) with the number of samples in parenthesis (a, d). Interarrival time (IAT) histograms
of the CDP (red) and CAS (blue) from the particle-by-particle information (b, e). Phase plots of N as a function
of ED of the combined size spectrum (CDP-CIPgs-PIP) (c, f). Dashed lines indicate the limits of the criterion
definition (ED > 100 µm and 0.001 < N [cm−3] < 0.2), and the critical area is shaded in red. Green dots indicate
points outside the critical area (good agreement), and red dots indicate points inside (bad agreement).

Upon examining all examples in Figs. A.3 and A.4, sequences characterized by nu-
merous samples classified as "bad" under the criterion consistently exhibit less similar
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Figure 4.12: Extracts of the set of particle images from the CIPG corresponding to the sequences shown in
Fig. 4.11.

PSDs, with higher N in the lower bins of the CAS compared to the CDP. Interestingly,
these sequences also show a faster mode in the IPT histogram, indicative of shattering
events, as seen previously. However, attempting to mitigate the impact of shattered par-
ticles by setting a threshold at 0.5 ms showed negligible improvement in the PSD (not
shown here). The conclusion drawn is that although the disagreement is not directly
caused by the shattered particles mode, the same mode is systematically observed in se-
quences with "bad agreement", suggesting that additional shattering may occur without
being detectable through the IAT analysis approach, possibly resembling the scenario
depicted in Fig. 4.6(c).

Regarding the aerosol influence discussed in Section 4.1.3, all the examples of
Figs. A.3 and A.4 show the declining profile in the first three bins of the PSD, while
the CDP show rather low or no concentration in those bins, and an increasing concen-
tration with size, connected with the general profile of the cloud. Particular examples of
this behavior are the PSDs in Fig. A.3(a) and (g).

A further important finding is extracted from particle size distribution and the ice
crystal shapes derived from the CIPG images. The sequences with "bad agreement" are
usually connected with a more pronounced second mode, which is located between 200
and 300 µm in the CIPG size distribution. Liquid origin cirrus are characterized by par-
ticle size distributions with a pronounced second mode, which contains more complex
ice crystals than in in situ origin cirrus, where preferentially quasi-spherical or plate-
like forms grow (V. Wolf et al., 2018). Bullet-rosettes are usually found between −40 and
−60◦ C (within the liquid origin cirrus temperature range) according to Bailey and Hallett
(2004). Complex shapes of ice crystals are observed in the bad sequences, as in Fig. 4.12
(or Figs. A.5 and A.6), while smaller and quasi-spherical forms are rather found in good
sequences.

The sequences identified as problematic are strongly correlated with the complex
shapes of larger ice crystals that fall outside the measurable range of the scattering
probes. It is hypothesized that these crystals are more susceptible to breakage. These
breakup processes may occur, particularly at the borders or interior surfaces of the CAS
inlet, or due to pressure changes inside the tube. Previous studies have highlighted the
significant influence of particle size and shape on the occurrence of shattering events
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(e.g., McFarquhar et al. (2007) and Korolev et al. (2013a)). The fast mode observed in the
IAT histograms is considered a part of this breakup process.

The drawn hypothesis further suggest that not many fragments result from the
breakup, preventing the formation of a cluster of numerous small particles. Instead,
fewer and larger pieces are produce, getting embedded in other natural particles, mak-
ing it challenging to distinguish between them (as illustrated in Fig. 4.6(c)). In-depth
investigations by Vidaurre and Hallett (2009) into breakup processes of ice particles in-
dicate that the number of resulting fragments largely depends on the particle size, shape
and impact angle. McFarquhar et al. (2007) identified a similar mismatch between CAS
and CDP data in ice clouds. They explored whether optics of CAS and CDP had different
responses to aspherical particles but found no noticeable differences, suggesting the
shattering in the CAS inlet tube could be the cause of the increased number concen-
trations in the CAS. Schlenczek (2018) conducted an intercomparison for a holographic
imaging probe (HALOHolo) using measurements from the RACEPAC field campaign and
found better agreement with the CDP than with the CAS.

4.2. OAPS METHODS
The working principle of the OAPs was described in Chapter 3. In Section 4.2.1 all the
necessary steps to postprocess the raw image data and corrections made are described
and discussed. Finally, the calibration of both instruments is briefly presented in Sec-
tion 4.2.2. Additionally, the reader can get an overview on how the OAP data are pre-
processed and on the details of the decompression algorithm, which I developed for
monoscale (e.g. PIP) and grayscale (CIPgs) DMT LLC probes (Appendix B).

4.2.1. IMAGE DATA PROCESSING: FILTERS AND CORRECTIONS

The image data decompression provides the raw PbP data, i.e. mainly the timestamp
and particle counter of each recorded image, and the shadow image itself in form of a
matrix of ones and zeros for monoscale, and 0 to 3 for grayscale images (3 represents the
image background or fully illuminated, and 2 to 0 stands for grayscale level 1 to 3, re-
spectively). In the Appendix B and in the general case, the grayscale levels are specified
as 25%, 50%, and 75% of shadow intensity. The images I show in the following were cap-
tured using different levels: 35, 50 and 65, in an attempt to minimize noise (the reason
will be explained later in this section).

Different operations and calculations need to be performed with the set of raw im-
ages in order to generate a data set with values per second of the cloud microphysical
properties defined in Section 3.3. Ideally, the imaging probes only record "valid" images,
which correspond to ice crystals with a shape fully retrieved. However, electronic noise
can interfere with real particle recordings or generate artificial images which are not real
particles and need to be filtered. In addition, as described in Section 3.2.1, if the parti-
cles are at any distance from the object plane, the shadow image appears larger and less
sharp due to diffraction. The images may be so distorted that it is not possible to derive
the size correctly or to recognize their shape. As it was shown in Fig. 3.6, the diffrac-
tion patterns (diffraction fringes) of spherical particles are known and the size can be
accordingly corrected. The way of each ice crystal with a different shape and orientation
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diffract is uncertain.
Fig. 4.13 shows a variety of ice crystal images collected in ice clouds at different tem-

perature and humidity regimes. Bullet rosettes and columns (a)-(d) are frequent at high
ice supersaturation since many sites become active and the crystalline structure grows in
different preferred directions (Bailey & Hallett, 2004). Out-of-focus rosettes have wider
bullets and can present some small bright spots. The images of panels (f) and (g) show
plate-like crystals where different diffraction patterns with large bright parts are present,
and the edges of the crystal are no longer well distinguishable. The orientation of the
plates plays a major role in both the diffraction pattern and the size of the projection
into a 2D image, where, in the extreme case, they could be considered as columns. Grau-
pel particles, such as (h) or (i) have an irregular form, and present a variety of diffraction
patterns as they move away from the focus, e.g. (l)-(n). Ice crystals can also stick together
forming aggregates, either of columns, bullet rosettes (e), graupel particles (j) or a mix of
particle habits (k).

(a) (b) (c) (d)

(h) (i)

(e) (f) (g)

(j) (k)

(o)(p) (q) (r)

(l) (m) (n)

35-50% 50-65% 65-100%

50-100%

 Aggregates PIP Graupel PIP

Graupel Aggregates Graupel out-of-focus effects

PlatesColumn Bullet rosettes Rosettes aggregate

Figure 4.13: Examples of ice crystals images from the CIPG. Bullet rosettes with 4, 6, 8 bullets are shown in
(b)-(d), respectively. (e) Aggregated bullet rosettes or coincidence. Ice crystals of similar size are shown in (o)
and (p) seen with the PIP, while (q) and (r) include larger aggregates of several millimeters.

The observation of the different shadow projections is easier with the grayscale func-
tion of the imaging probes. The PIP images of Fig. 4.13(o)-(r) are in monoscale, where
only background or shadow (from 50 to 100% shadow intensity) are visible. This probe,
however, is capable of recording images of very large particles, exemplified by the aggre-
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gates in (q) and (r), each measuring over 3 millimeters in length.
Fig. 4.14 provides a comprehensive overview of the different steps involved in pro-

cessing image data, beginning with raw data in the form of a PbP data set. In the follow-
ing part, detailed explanations of the various filters, corrections, and calculations that
have been applied will be provided.

The first filter applied to CIPG image data aims to eliminate "repeated" particles (par-
ticle entries, which were written several times by different processors) resulting from a
task assignment issue in the cluster, where overlaps occur, and particles may be read
and saved multiple times. This issue can be easily identified by comparing the parti-
cle counter and timestamp, which should not be the same for non-repeated particles.
Since processing image data from the PIP is considerably faster than from the CIPG, it is
typically done locally with 8 processors, mitigating the occurrence of this anomaly.

Most of the functions used during the image post-processing were designed and im-
plemented by Kirschler (2023) for the monoscale images of the 2D-S (Stereo) Probe (2D-
S). I implemented the grayscale filter and adapted the functions for a grayscale mode,
with additional parameters for the different grayscale levels. I also modified the filters to
adjust to the CIPG and PIP images characteristics, including the necessary changes and
additions to deal with grayscale images.

FILTERS

The images presented in Fig. 4.15 offer a comprehensive summary of the main types of
images that are filtered during the image data processing. The different artifacts and
filters applied are outlined in the following paragraphs.

The grayscale filter acts by excluding particles that fall below a predefined grayscale
level. This filter allows to restrict the DoF, ensuring that only particles with a minimum
of one pixel at grayscale level 2 (50% shadow intensity) are considered. Moreover, it
provides the flexibility to further refine the selection by exclusively retaining particles
with at least one pixel at grayscale level 3 (75% nominal shadow intensity). Increasing
the grayscale level threshold ensures a higher accuracy of the particles’ sizing but re-
duces the S A and with it, the number of accepted particles and the counting statistics
(S. O’Shea et al., 2019; S. O’Shea et al., 2021) (see also Section 3.2.1). Only particles with
at least one pixel at grayscale level 2 are considered and sized in this work.

For filtering grayscale level 1 images, they are excluded if none of the elements in
their image matrix are equal to or less than 1 (zeros represent the third grayscale level and
ones represent the second grayscale level). Examples of images exclusively at grayscale
level 1 are shown in Fig. 4.15(a)-(d). Ideally, only images resambling (d) are intended to
be included in this set. These images correspond to particles too distant from the object
plane whose shadow intensity is minimal (out-of-DoF particles). However, a systematic
issue in the central elements of the diode array, referred to as a "stuck bit", has been
identified for the CIPG used in this work. A diode array element is triggered continuously
for a brief yet variable time period, as evidenced by the varying lengths of the images in
the first panel.

Whenever an element is triggered, image recording initiates, resulting in a substan-
tial number of recorded images that are essentially noise. The problem typically mani-
fests in the form of the images in (a), but it can also appear as (b) or (c), with a shifted
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Figure 4.14: Workflow for processing image data to ultimately calculate cloud microphysical properties.

position of the stuck bit or additional triggered elements. This problem has undergone
thorough laboratory testing and the observation of this issue mainly in the first grayscale
level (between 25% and 50% shadow intensity), motivated the decision to adjust the
grayscale levels to the ones used in this work (35%, 50%, and 65%). By raising the shadow
intensity level the number of images recorded is also reduced but the problem was still
present. It means that the element is triggered with a shadow intensity between 35 and
50%.

As discussed in Section 3.2.1, the all-in method stands as the sole viable option for
characterizing the effective array width in ice particle measurements due to the impos-
sibility to determine the ice crystal center or reconstruct its non visible part. Conse-
quently, the utilization of this method necessitates the exclusion of all particles that are
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50-100%mask GLs

35-50% 50-65% 65-100%

(a) (b) (c) (d)

(g) (h)

(e)

(f) (i) (j)

(k) (l) (m) (n) (o) (p)

Grayscale level 1 Border particles (all-in)

Pixel errors Low area ratio Too large

Particle + stuck bit Coincidence PIP filters

Figure 4.15: Examples of image errors mainly from the CIPG. (a)-(d) Images filtered by grayscale threshold at
50%, only (d) contains real particles. (e) Border particles filtered out for all-in method. (f)-(h) Pixel errors in
all grayscale levels. (i) Images with low area ratio (e.g. multiple out-of-focus particles). (j) Particle larger than
photodiode array. (k) filtered particle with wrong diameter due to a stuck bit in grayscale level 2 (50%). (l)
non-filtered particle because of stuck bit at grayscale level 1. (m) Two particles per image (coincidence). (n)
PIP pixel errors. (o) PIP image with low area ratio. (p) Coincidence in the PIP.

not entirely captured within the diode array, as shown in Fig. 4.15(e). For this purpose,
images where the first or last element is obscured in the array are classified as "border
particles" and subsequently excluded. Additionally, the grayscale level of these border
particles can be specified. This approach ensures that images with triggered edge ele-
ments at grayscale level 1, when sizing particles considering only levels 2 and 3, do not
require filtering out (as exemplified by the particle in Fig. 4.16).

The image properties calculation is performed after applying these two filters (as in-
dicated in Fig. 4.14). The initial filtering process helps eliminate a significant number of
images and prevents unnecessary further calculations with them. Most of the calculated
properties are comprised in Fig. 4.16. The height and width are computed from either
the x or y coordinates of the first and last grayscale pixels in the image, and these values
are also stored within the properties. Additionally, the aspect ratio is calculated as the
ratio between the width and height. The property "surface" represents the area, defined
as the number of pixels above a certain grayscale level, with S1, S2, and S3 denoting the
number of pixels at grayscale levels 1, 2, and 3.

Each property is given for the three grayscale levels. For example, properties with
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suffix "25" take into account all three grayscale level pixels, while properties with suffix
"50" consider pixels at the second and third grayscale level, and suffix "75" includes only
pixels at the third level. While the grayscale level 1 pixels are not utilized for sizing the
particles in our case, having information about the number of pixels at this level can still
be valuable for filtering or classification purposes.
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Figure 4.16: Summary of the main grayscale image properties. S1, S2, and S3 correspond to the number of
pixels at grayscale levels 1, 2, and 3, respectively.

With the help of these properties, additional filters can be calculated and further ar-
tifacts can be identified and eliminated: one-pixel, aspect ratio and noise filters.

The one-pixel filter eliminates images containing only one pixel at the sizing grayscale
threshold (at grayscale level 2, in this case). The uncertainty of this type of images is con-
siderable, given that one pixel represents the minimum unit of information in the image.
It is challenging to determine whether a pixel corresponds to a genuine particle within
the size range of 7.5 and 22.5 µm (or between 50 and 150 µm for the PIP), or if it is simply
a result of electronic failures triggering an element. While this exclusion results in a loss,
the preceding instrument in the size range typically provides better coverage for the
excluded size range.

The aspect ratio filter excludes particles whose width is larger than six times the
height (width50 for sizing grayscale threshold 2). With this filter, for example, noise such
as stuck bit in higher grayscale levels can be filtered out.

The noise filter includes different filters to eliminate further artifacts. These are very
instrument specific and even campaign specific, since different ambient conditions
and aging of the instrument can lead to different pixel problems (e.g., pixel errors in
Fig. 4.15(f)-(h)).
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Before proceeding to find the size of the valid images, it is necessary to correct their
width. As explained in Section 3.2.1, the appending of the image slices occurs at a rate
proportional to the airspeed seen by the probe (probe air speed (PAS)). This airspeed
is measured by a pitot tube attached to the instrument, and even though it is warmed
by a heater during the flight, it is susceptible of suffering icing. In this case, the PAS
readings are not reliable, and the appending of image slices would be troubled, leading
to a loss of information. To avoid this, it is preferable to set a fixed PAS, greater than the
maximum expected value of PAS. During post-processing, the ratio of real to fixed PAS is
determined, and the images can be narrowed accordingly.

As a first step, the PAS and true air speed (TAS) are compared, as shown in Fig. 4.17.
The PAS should follow the same profile as the TAS, but with an offset due to the differ-
ent pressure field under the wings of the aircraft, where the cloud probes are located.
In the example of Fig. 4.17, there was a failure in the PAS retrieval. This part was cor-
rected by calculating the ratio of PAS to TAS for the previous flight segments. The green
line in the graph indicates the fixed PAS set to 160 ms, always higher than the real PAS.
Subsequently, the ratio of real PAS to fixed airspeed can be computed for each particle.

Figure 4.17: Example of airspeed measurements by the aircraft systems (TAS) and the pitot tube in a probe
(PAS), with an erroneous PAS reading in the last flight section. Additionally, the corrected and the fixed PAS for
the same example flight are included.

The function image_pas_correction applies a list of ratios with the same length as
the set of images and performs the image transformation. The value of the image
background also needs to be specified, since it varies between monoscale (1) and
grayscale (3). An example of images before and after the PAS correction is illustrated
in Fig. 4.18. After the correction, the image properties are recalculated, since as they
undergo changes due to the correction processes. Likewise, the filters defined in the
previous step are reapplied.

With the definitive dimensions of the images established, the particles can be sized
using the circle fit method described in Section 3.2.2. The key parameters calculated
during the circle fit method are the particle’s diameter, crucial for the calculation of mi-
crophysical properties, and an internal diameter or the diameter of the Poisson spot.
Derived from these primary quantities, various parameters such as surfaces, area ratios,
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(a) (b)

Figure 4.18: Example of artificially elongated particles (a) and corrected images (b) based on the real-to-fixed
PAS ratio. Group of particles was selected according to the criteria: ratio < 0.6 and width50 > 15.

and diameter ratios are computed. These additional metrics play a significant role in
further filtering and classifying the images. This collection of particles, each with an as-
signed size, corresponds to the preprocessed PbP data.

In the final filtering step, images such those shown in Fig. 4.15(i)-(k) and (m) are ex-
cluded, addressing issues that could not be resolved in previous stages due to their spe-
cific image properties. Images that are highly blurred and faint, identified by a low circle
area ratio (< 0.06), are eliminated. Additionally, excessively large images with diameters
surpassing 62 pixels are excluded, considering the size resolution constraint of 62 pixels
in the vertical direction. The low area ratio filter also includes images like (k), where the
stuck bit is not only at grayscale level 1. In this case, the calculated circle fit, which en-
closes pixels at 50% shadow intensity, is much larger than the actual size of the particle.
Unfortunately, there is currently no method available to correct this issue, necessitating
the exclusion of such images. However, Fig. 4.15(l) presents a different scenario where
there is a particle with a stuck bit, but it is only at grayscale level 1 and does not dis-
tort the circle fit calculation; hence, it is retained. Coincidence events (see Section 3.1.3)
can also pose challenges and also apply to OAPs, as shown in Fig. 4.15(m). There is no
method available to retain such particles, and therefore, they are filtered as well. How-
ever, not all of them are filtered; specifically, those where the circle radius ratio is > 0.6
and the ratio (surface25 - surface50)/diameter is > 0.3, are excluded. The rest, which
are closer together within the image, are treated as a larger particle with a similar size to
their separate contributions.

The last part of the OAP image processing is the microphysical properties calculation
using the definitions described in Section 3.3. It should be noted that the calculations are
first done particle-by-particle and not per bin. For instance, the sample volume per sec-
ond is calculated as the sum of each particle’s sample volume within a second, or the
IW C is also calculated summing the specific mass of each particle. As seen in the pre-
vious chapter in Section 3.2.1, the sample volume depends on the DoF, which in turn, is
dependent on the grayscale threshold and the particle’s diameter, and on the Leff, which
depends on the selected definition and the particle’s diameter. Effectively, the sample
volume per second is assumed as the standard or maximum sample volume and later,
while computing each property, the computation is weighted applying a ratio of stan-
dard sample area to reduced sample area of each particle.
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SHATTERING

Shattering refers to the artificially increased number of small particle counts from the
breakup of larger particles into many small fragments before crossing the laser beam.
This issue was previously mentioned in Sections 3.1.3 and 3.2.3 in relation to the uncer-
tainties associated with the instruments, and a correction must be applied to the defini-
tive set of particles before computing the final microphysical properties.

Field et al. (2003) evaluated the overestimation of small particles in mid-latitude cir-
rus by factors between 2 or 3 and 5 or 6. They analysed the interarrival time (IAT) of the
natural particles and the artificial fragments, finding that shattered parts could be rec-
ognized by having a shorter transit time than natural particles. In theory, an ice crystal
would impact and break into many smaller pieces. Most of these pieces would travel
together in a cluster and reach the sample volume at a higher frequency (higher con-
centration and shorter interarrival times) than naturally distributed cirrus ice particles
would. In these cases, the IAT frequency distribution would show two distinct modes:
at around 0.01 and 0.0001 s, depending on the cloud properties and instrument type, as
shown in the schema of Fig. 4.19(a).

Figure 4.19: Sketch of an interarrival time histogram with an intersection highlighted in red between the modes
of natural particles and shattered particles (a). Examples of interarrival time (IAT) histograms from a single
flight for the CIPG (b) and the PIP (c).

Shattering events can be identified and filtered based on the IAT. Filtering out par-
ticles with shorter IAT than a threshold level can potentially reduce the impact of shat-
tering in the number concentration (Korolev & Isaac, 2005; Field et al., 2006). For the
DMT OAPs, the IAT is not directly provided; therefore, I calculate it using the difference
between the particle’s timestamp.

Fig. 4.19(b) and (c) illustrate the filtered IATs applying a threshold of 3.5 ·10−5 s and
4.2 ·10−5 s for the CIPG and PIP, respectively. The shattered particles modes are not fully
represented since the last unit of the timestamp is in micrometers. In general, the PIP
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is not known to be much affected by shattering, since shattered particles are typically
below the pixel resolution of 100 µm. The CIPG is more prone to shattering due to its
size range, but the arm tips have the modification of the Korolev tips to physically reduce
shattering artifacts (Korolev et al., 2013b).

EXCURSION TO DEAD TIME LOSSES

Significant efforts were dedicated to the investigation of dead-time and particle losses in
the OAPs (in collaboration with Manuel Moser). Previous experience with the software
System for OAP Data Analysis (SODA; Bansemer (2023)) revealed an anomalous high
incidence of "missed" particles, resulting in markedly brief active times and reduced
sample volumes, and gaps in the concentration, or the presence of huge and implausible
values. This issue motivated to better understand the concept of missed particles and
dead time, with a focus on identifying their sources and influential factors.

The period during which the probe acquires and stores data is referred to as the active
time. However, brief intervals, termed dead time, occur when the instrument deals with
an exceedingly high data rate that outperforms the capabilities of the electronics (Baum-
gardner et al., 1985; McFarquhar et al., 2017). During these episodes of overload, the
instrument cannot store information simultaneously, resulting in data loss (Gurganus
& Lawson, 2018). Calculating the concentration under the assumption that the entire
sampling period is all effective time leads to an underestimation. Hence, the sample
volume must be adjusted by substracting the dead time, resulting in a shorter effective
time. The 2D-S can directly record when the probe is in overload, enabling precise track-
ing of dead time, and the sample volume is adjusted accordingly. In contrast, the CIPG
lacks this capability, requiring estimation of dead time by accounting for the number of
missed particles (McFarquhar et al., 2017; Gurganus & Lawson, 2018).

The concept of missed particles is also introduced in Appendix B. The CIPG fea-
tures an internal counter, which keeps track of the number of particles sampled. This
counter increments each time a particle is detected by the photodetectors, even at the
25% grayscale level, in the case of a grayscale probe. This is crucial because, although
one may choose to store only images with at least one pixel at 50% grayscale, the counter
still considers particles below this threshold, which are detected but not saved. Calcu-
lating missed particles involves comparing the Particle Counter, stored in the particle
header, between consecutive particles (see Appendix B). Calculating the difference af-
ter filtering particles, however, can lead to erroneous values. In particular, the SODA
software had a bug in this calculation. It applied the grayscale filter first, among other
filters, and then computed the missed particles. For every particle where the missed par-
ticles (between that particle and the previous one) were not zero, its interarrival time was
summed up and then subtracted from the active time. In the following, I highlight the
inaccuracies of this method and strongly advice against its use.

The example of Table 4.1 consists of seven fictitious particles where the "Maximum
GL" column indicates whether the particle has at least one pixel at 75% shadow intensity,
50%, or all pixels at 25%. In this scenario, all three grayscale level particles were saved in
the Imagefile. After reading the particles and obtaining the particle counter, it is possible
to compute the missed particles. In only one case, there was one missed particle between
images 5 and 6, and there is no way to determine at which grayscale level it occurred.
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Table 4.1: Academic example of a fictitious set of grayscale image headers for missed particles calculation.

Index Max. grayscale level Type Particle Counter Missed
0 75% Particle 25688 0
1 25% Particle 25689 0
2 25% Stuck bit 25690 0
3 75% Particle 25691 0
4 50% Particle 25692 0
5 25% Stuck bit 25693 0
6 50% Particle 25695 1

Now, let’s consider a scenario where particles at 25% were not saved by setting the
Imaging Threshold at grayscale level 2 (value of 1 in the .ini file), or that the grayscale
filtering was applied first before computing the missed particles. This example is illus-
trated in Table 4.2 using the previous set of images, where only four are left. Since the
instrument also detects the images with no pixel below grayscale level 1, the particle
counter is incremented. The posterior calculation of missed particles results in a total of
four missed particles, while in fact, only one was missed. The calculation of dead time
and, consequently, adjustment of the sample volume would be incorrect. Therefore, the
conclusion is that missed particles can only be effectively calculated if all particles are
saved (Imaging Threshold set to 2 in the .ini file) and no filtering is performed before the
missed particles calculation.

Table 4.2: Same example as in Table 4.1 but prefiltered at 50% grayscale threshold.

Index Max. grayscale level Type Particle Counter Missed
0 75% Particle 25688 0
1 75% Particle 25691 2
2 50% Particle 25692 0
3 50% Particle 25695 2

However, depending on the instrument, there exist a further problem that hinders
the correct calculation of missed particles. In the set of Table 4.1, not all images corre-
spond to real particles, there is also noise in form of stuck bits at grayscale level 1, in
this example. The experience with our actual CCP-CIPG is that many images of stuck
bits are generated, in both cloud sequences and clear sky. In this situation, it would be
hard to say if the missed particle between images 5 and 6 of Table 4.1 is a real particle or
stuck bit. Since most of the stuck bit images do not have any pixel above 25% shadow in-
tensity, filtering the first grayscale level and calculating the missed particles would give
an extremely and unreal amount of missed particles. It also explains why such a high
amount of missed particles was obtained with the SODA software.

The best solution for estimating dead time from the Imagefile would be to store all
particles, including the ones below the 50% shadow threshold, to have a real overview of
all images missed. In the case of a noisy instrument, it would be necessary to filter stuck
bit images and estimate a percentage of incidence in different conditions, since a test
in the lab might not be representative. The drawback is the large amount of data that
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needs to be stored and processed to be finally filtered out. In favour of the instrument
computer performance and processing time, it would be preferred to store only images
from 50% shadow intensity. If sufficient estimates are calculated in different conditions,
it could be possible to limit the data storage to grayscale threshold 2 and still adjust the
sample volume. A further solution is suggested by Gurganus and Lawson (2018), who
propose an expression to calculate the dead time using the total particle count provided
by the 1D file and the number of images. However, the it assumes that the total count in
the 1D file comprises also the missed particles and there is no way to identify stuck bits
in the 1D file.

For this thesis, no dead time correction has been applied to the data. According to
Gurganus and Lawson (2018), the CIPG goes to overload and creates dead time for con-
centrations higher than 0.35 cm−3. In general, the particle concentration in cirrus is, at
most around that value, or below. The percentage of missed particles was checked for
two representative flights and found that in most of the cases, it was about 1% of the total
particles per second.

4.2.2. CALIBRATION

The size calibration of the OAPs is carried out using a spinning disc provided by DMT
LLC, following the instructions described in DMT LLC (DMT, 2017c). This device is po-
sitioned between the instrument arms and consists of a glass disc with spherical opaque
images. As the disc rotates and is illuminated by the laser beam, it generates a stream
of simulated shadow droplet images. Since the diameters of the dots are known, the
spinning disc is suitable for calibrating the pixel resolution of the OAPs and verifying if
it matches the specifications indicated by the manufacturer. Additionally, it can be used
for troubleshooting and monitoring the instruments before and after field campaigns.

The size of the dots on the spinning disc and their opacity vary depending on the
instrument for which the disc is designed. Examples of sequences of dots from the
CIPG and PIP spinning discs are shown in Fig. 4.20. The CIPG spinning disc features
a pattern of six dots repeated twelve times around the disc, with the following wizes:
{50,125,250,500,1000,2000} [µm]. As depicted in Fig. 4.20(b), the dots exhibit varying
opacities, producing shadow images at three grayscale thresholds. In contrast, the PIP
spinning disc has opaque dots with sizes of {250,500,1000,3000,5000} [µm].

Accurate adjustment of the spinning disc is crucial to avoid misrepresentation of dot
sizes, preventing erroneous pixel resolution settings. The images must be precisely cen-
tered in the laser beam, as in the examples of Fig. 4.20, except for (d), which is an ex-
ample of an unusable calibration, where the disc is not properly fixed in the mounting
and probably oscillates, affecting the quality of the images. In addition, the disc should
be centered between the arms to prevent diffraction-induced enlargement of the dots
shadow images, as explained in Section 3.2.1. Finally, the applied PAS must be adjusted
to ensure that the dot images neither appear shortened (too short PAS) nor elongated
(too large PAS).

As explained in Section 3.2.2, for calibration purposes, the particle size is the diame-
ter in the x direction, Dx (or height), as indicated in Fig. 4.20(e). To ensure consistent siz-
ing across all calibration data and flight campaign data for the CIPG, sizing of grayscale
dots is carried out using pixels at least at grayscale level 2. Due to imperfect shadow im-
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Figure 4.20: Calibration shadow images displaying various patterns, including a repeated arrangement of
monoscale dots with theoretical sizes of 250,500,1000,3000,5000 [µm] employed in (a), and a repeated pat-
tern of dots in grayscale levels 1, 2, and 3 with theoretical sizes 50,125,250,500,1000,2000 [µm] employed in
(b)-(e). An snapshot of the dots images stored by the CIPG is shown in (b); (c) corresponds to a snapshot of the
same calibration but after filtering at grayscale level 3; in (d) a different calibration is shown using grayscale
levels 35, 50, and 65%, with a disc misalignment between the arms. Additionally, a zoomed-in view of the
shadow images of the grayscale dots is presented in (e).

ages from the grayscale disc dots at 25, 50, and 75%, as evident in Fig. 4.20(b), and the
presence of pixels at 50% shadow intensity in dots at grayscale level 1, filtering is neces-
sary. The filtering ensures that sizing at 50% includes only images with at least one pixel
at grayscale level 3, guaranteeing correct diameters and avoiding sizing the grayscale
level 2 lines contained in the dots at grayscale level 1 (as in Fig. 4.20(b)). A sample of the
accepted particles after filtering is depicted in Fig. 4.20(c), where noise is also effectively
avoided. The images in Fig. 4.20(d) represent another calibration that was not utilized
due to misalignment issues, leading to poorly defined and larger dots. In this case, the
grayscale levels were 35, 50, and 65%, as during the flight campaign. It seems that the
dots at grayscale level 2 obscure above 65% because there is no difference between the
dots at grayscale level 2 and 3 with the altered grayscale level thresholds. It is notewor-
thy that parts of the dots at grayscale level 2 are obscured above 75%, as dark pixels are
visible in the images of Fig. 4.20(b) and (c).

The calibration assessment involves comparing the expected sizes of dots and the
measured sizes, assuming nominal pixel resolution of 15 (CIPG) or 100 µm (PIP). While
ideally, the dots would exhibit a constant measure of diameter, small deviations result in
imperfect centering and a loss of definition in the particle edge, as depicted in the zoom
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in of Fig. 4.20(e). Consequently, a distribution of diameters is obtained for each expected
size, with broader distributions indicating poorer alignment and larger deviations. The
mean and standard deviation of each distribution are calculated and summarized in Ta-
ble 4.3, alongside the number of samples per size.

Table 4.3: Summary of the calibration of the CIPG on 11 June 2021 from 10:30:05 until 10:30:35 UTC filtering
at GL3 and the calibration of the PIP calibration on 30 July 2021 from 06:45:00 until 06:48:12. The number of
samples, mean (µ), and standard deviation (σ) of the distribution for each expected size are provided.

Exp. Sizes [µm] CIPG PIP
CIPG / PIP N samples µ [µm] σ [µm] N samples µ [µm] σ [µm]

50/200 3811 49 11 94116 186 34
125/500 6438 125 11 93842 458 49

250/1000 6814 245 9 93282 960 48
500/3000 6613 500 8 88383 2931 46
−/5000 − − − 88310 5048 49

The comparison between expected and measured sizes can be visualized by plotting
them against each other, and a linear regression fit function of the form f (x) = mx can
be calculated, as illustrated in Fig. 4.21. The new probe resolution would be then deter-
mined by dividing the nominal resolution by the slope of the regression line. It is worth
noting that the two last dots of the CIPG spinning disc have been excluded from the
regression since their sizes exceed the instrument’s size range. The nominal pixel reso-
lution of both instruments (15 and 100 µm, respectively) is adopted, as the calibration
results indicate minimal deviations in both cases.
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m
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3
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Figure 4.21: Linear fit regressions of the CIPG calibration on 11 June 2021 from 10:30:05 until 10:30:35 UTC
at GL3 (a) and of the PIP calibration on 30 July 2021 from 06:45:00 until 06:48:12. The standard deviation of
the measured sizes in form of error bars is not shown in the graphs due to the y-scales and the size of the
markers. The expected size correspond to the theoretical diameter of the dots in the disc, and the measured
size indicates the calculated diameter as Dx from the CIPG images.

The number concentration of calibration dots was calculated with an applied PAS
of 12 m/s, along with the amount of missed particles per second. This provides a ref-
erence for the order of magnitude of concentrations observed during calibrations, ap-
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proximately 1.12 cm−3 for the CIPG and 0.12 cm−3 for the PIP. A calibration of the PIP on
June 11, 2021 was excluded due to a high amount of missed particles (1800 per second
compared to 80 in the PIP and 120 in the CIPG accepted calibrations). The applied PAS
was set higher at 25 m/s, indicating that the disc was likely powered with 24 instead of
12 V leading to a malfunctioning of the disc.

4.3. COMBINED SIZE DISTRIBUTION
In the preceding sections, I outlined the instruments and methods for processing and
analysing their data individually. Nevertheless, the ultimate objective in the data analysis
strategy is to integrate these distinct data sets effectively, considering the performance
of the instruments within their respective size ranges. It is also important to address
the overlaps in the size range and design a unified size distribution. This section will
elucidate the analyses performed and the ultimate methodology employed to establish
and compute the combined size distributions.

4.3.1. CIPGS-PIP OVERLAP REGION CHARACTERIZATION
The CIPG spans a particle size range between 22.5 and 967.5 µm, whereas the PIP initi-
ates at 150 and extends up to 6450 µm, considering the bin definition and excluding of
the first bin in both cases. This situation leads to a significant overlap region between 150
and 967.5 µm. Within this size range, the CIPG provides images with a high resolution of
at least 10×10 obscured pixels per particle, while the PIP retrieves images of particles in
this size range with the minimum resolution (between 2×2 and 6×6). In Fig. 4.22, a PSD
example of the CIPG and PIP is presented, illustrating a notable disparity in the number
concentration measured by the CIPG and PIP within the overlap range. This situation
was consistently observed across all flights.

Figure 4.22: CIPG and PIP mean Particle Size Distribution (PSD) for an example flight.

In the following, a simple experiment is described to have a deeper look into the
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impact of a large difference in pixel number for resolving particle images. This exper-
iment involved converting ice crystal images, originally captured with 15 µm-pixels in
the CIPG, into artificial PIP images, where each PIP pixel is represented by a 7× 7 grid
of CIPG pixels of 15 µm size. Although the resulting resolution equals 105 instead of the
actual 100 µm pixel width of the real PIP, achieving an exact match in resolution was not
the primary objective of the test.

Fig. 4.23 displays the original images from the CIPG and their transformation into
PIP resolution. The set of particles in Fig. 4.23(a) and (b) corresponds to the size range
between 400−600 µm. After the transformation, the contours and specific shapes of the
particles are no longer distinguishable. Even for the particles in panel (c), which come
from a size range between 600−900 µm, the intricate details of the particles cannot be
accurately captured in a PIP resolution. In more detail, the impact on sizing of an image
with a different resolution is illustrated in Fig. 4.23(e). In this sketch, the less transparent
blue pixels represent the image shadow perceived by the artificial PIP with a resolution
of 105 µm. During the transformation, the image borders and particle tips are lost in the
transformation, resulting in a smaller circle fit compared to that of the original image. It
is evident that the higher complexity of a particle (or greater the empty space within the
particle image), the larger is the difference in the calculated diameter. This implies that
aggregates, for example, lose fewer shape details in the transformation, leading to less
impact on sizing.

(a) (b)

(c)

(d)

(e)

400 < D [µm] < 600

600 < D [µm] < 900

555 µm

Figure 4.23: Example of a transformation of CIPG images into equivalent images with PIP pixel resolution.
(a) and (c) show original CIPG images and, (b) and (d) the transformed images. (e) sketch of the sizing of an
original bullet rosette from the CIPG (circle in red) and the transformed image into PIP resolution (circle in
blue). Blue shaded grid represent the PIP pixels (7×7 CIPG pixels) and the less transparent pixels indicate the
ones that would be triggered for a light intensity lower than 50%.

The analysis of Fig. 4.24 presents the statistics of the transformation performed on
an example flight for CIPG images ranging between 200 and 900 µm. In panel (a), the
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ratio between transformed PIP particle diameters and CIPG diameters is depicted. A
significant portion (90669 counts) of the transformed images is no longer visible after
the transformation and is not shown in the histogram. Of the remaining transformed
PIP images, 85% are sized smaller than their homologous CIPG images.

The analysis of panel (b) shows equivalent PSDs resulting from a division of the set
of images in three groups: 200 to 400, 400 to 600, and 600 to 900 µm. Each color shade
indicates the portion of the CIPG PSD transformed into the PIP PSD of the same color,
highlighting the loss in concentration due to the change of resolution. Larger images ex-
perience less loss, but the undersizing contributes to a spreading of the size distribution
to lower size ranges.

(a) (b)

Figure 4.24: (a) Frequency distribution of transformed-PIP diameters to CIPG ratios. (b) PSD of the selected
range of the CIPG and the equivalent PSDs of the transformed size ranges to PIP resolution. The color shadings
indicate the ranges of the CIPG corresponding to the transformed PIP PSD.

Regarding the CIPG particle size distribution, the concentrations in the larger size
bins tend to be overestimated. One contributing factor is the applied all-in method for
the effective array width determination. As depicted in Fig. 3.8 of Section 3.2.1, there
is a sharp reduction in the S A for particle diameters larger than approximately 500 µm.
Larger particles are highly likely to touch the borders of the diode array and be filtered
out, resulting in progressively reduced counting statistics with increasing diameter. An-
other factor is the coincidence of two or more particles in the same image (see Sec-
tion 4.2.1) and the subsequent circle fit sizing can lead to a misattribution to the image of
a large diameter, in most cases. These cases are categorized into the larger size bins, and
their impact is amplified when considering the reduced S A for that size range, leading
to an overestimation of the concentration in those bins. In conclusion, the concentra-
tion in the larger size bins of the CIPG is associated with limited counting statistics and
a potential overestimation of the particle concentration.

Considering the problems of both instruments appearing in their overlap region, I
decided to calculate an average concentration between the CIPG and PIP, as the optimal
solution that takes into account the underestimation of the PIP and the overestimation
of the CIPG in the size range between ≈ 200 and 600 µm. The method developed is
described in more detail in the following section.
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4.3.2. CALCULATION OF THE COMBINED SIZE DISTRIBUTION

The results of the analyses in the previous section led to the calculation of a mean con-
centration between the CIPG and PIP. Considering that the CIPG tends to overestimate
the concentration in the latter part of its size range, and the PIP underestimates in the
initial part of its size range, a compromise solution was implemented. The upper limit
of the CIPG was set to 247.5 µm and the lower limit of the PIP was set to 637.5 µm, both
limits coinciding with CIPG bin edges. A mean concentration for the size range in be-
tween was then calculated. Due to the instruments having different bin widths, a direct
average of the concentration per bin could not be calculated. Another approach was
employed, involving the redefinition of the PIP binning with the same bin edges as the
CIPG. The corresponding concentration per bin was calculated using a fitting function
of the CIPG PSD. This choice was made to leverage the higher resolution of the CIPG,
providing information on the shape of the PSD, instead of assuming a linear distribution
within the PIP bins. A new fitting function is computed for each 10-second time interval
and subsequently applied to the PIP concentration per bin within the same interval.

To illustrate the method, Fig. 4.25(a) provides a conceptual sketch. For each PIP
bin (e.g. 250− 350 µm), a 5th degree polynomial function is fitted to the correspond-
ing size range of the CIPG distribution. Within the original PIP bins, new sub-bins of
15−µm width are defined (e.g. 250−262.5−277.5−292.5−307.5−322.5−337.5−350).
This approach guarantees the conservation of the number concentration for each bin
(
∫

d N ′dD ′ = ∫
d N dD , with N ′ and D ′ the number concentration and diameter of the

new bin PIP bin definition (PIP’)). Subsequently, the ratios between the integral of the
polynomial fit between the sub-bin’s edges and the integral over the entire interval are
calculated. Using these ratios, the concentration of the sub-bins (PIP’, blue/red squares
in Fig. 4.25(a)) is computed. Before averaging the concentration per sub-bin with the
CIPG bins, the last sub-bin from each PIP bin is combined with the first sub-bin of the
contiguous PIP bin to form 15 µm bins (e.g. 337.5−350−352.5 → 337.5−352.5). After
this operation, the sub-binning of the PIP matches that of the CIPG for the size range
between 247.5 and 637.5 µm, allowing the computation of the mean concentration per
bin.

After calculating the averaged concentrations between the CIPG and PIP for the spec-
ified size range, a new binning is assigned to facilitate a smooth transition between the
15−µm bin width of the CIPG and the 100−µm bin width of the PIP. The final binning for
particle diameters between 247.5 and 637.5 µm starts with two bins of 15 µm followed
by two of 30 µm, two of 45 µm, and three more of 60, 75 and 90 µm each. An example of
the resulting combined PSD is shown in Fig. 4.25(b).

The final step in combining the particle size distributions is to define the transition
between the CDP and the CIPG. Considering its pixel size resolution, the CIPG can detect
particles with a diameter as small as 7.5 µm for a grayscale threshold of 50% (if perfectly
in-focus). Particles with diameters between 7.5 and 22.5 µm are still represented by one-
pixel images and are filtered out (see Section 4.2.1). This means that the CIPG is effective
for particles starting from 22.5 µm. On the other hand, the CDP is capable of measuring
particles with diameters up to 50 µm.

The larger sample area of the CIPG leading to increased particle counting statistics
compared to the CDP, would recommend the use of the CIPG before the CDP. However,



4.3. COMBINED SIZE DISTRIBUTION

4

83

CDP

(a) (b)

Figure 4.25: (a) Sketch of method for the calculation of the mean concentration between CIPG and PIP bins.
The black dashed line represents the fit function (polynomial of degree 5) of the CIPG PSD. PIP’ corresponds
to the calculated sub-binning according to the CIPG bin edges. (b) Example of the result of a combined PSD
from the given CIPG and PIP PSDs, including the CDP.

the limited pixel resolution at the beginning of the CIPG size range entails a certain re-
striction. To strike a balance between both aspects, the upper size limit of the CDP is set
to 37.5 µm. This allows for a smooth transition between the CDP and the CIPG, starting
from the third bin of the CIPG. The last bin used from the CDP is nominally defined be-
tween 36 and 38 µm. For the transition between CDP and the CIPG, the distribution of
the particle concentration in this bin is assumed to be linear, and the concentration of
the shortened bin at 37.5 µm is calculated.

The CDP bins are nominally 1 µm wide from 2 to 14 µm and 2 µm wide from 14 to
50 µm. As a final step of the combined size distribution, the CDP bins are merged into
larger bins with increasing size, leading up to the transition to the 15−µm bins of the
CIPG. This merging includes four bins of 1 µm, two bins of 2 µm, two bins of 4 µm, two
bins of 6 µm and the last bin has 7.5 µm. This approach serves two purposes: it cre-
ates a smoother transition to the next instrument size resolution, and it helps attenuate
differences in concentration between adjacent bins.

4.3.3. REMARKS ON UNCERTAINTIES AND IMPLICATIONS

The uncertainties and limitations of the measurement techniques employed in this the-
sis were detailed in Sections 3.1.3 and 3.2.3 and throughout this chapter. These un-
certainties are primarily categorized into counting and sizing uncertainties, which are
caused by various factors that scientists have tried to characterize and quantify over the
past few decades (e.g., Baumgardner et al. (2017), McFarquhar et al. (2017), and Gur-
ganus and Lawson (2018)). This section provides a summary and discussion of these
uncertainties based on available studies in the literature, as well as their implications
for the subsequent analysis in Chapter 5. Table 4.4 summarizes the following considera-
tions related to counting and sizing errors for the CDP, CIPG, and PIP, including relevant
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references.

Table 4.4: Estimated counting and sizing uncertainties for the CDP, CIPG, and PIP based on the literature and
adapted to this thesis, indicating the most relevant associated known limitations.

CDP CIPG and PIP
Counting Sizing Counting Sizing

Relative
error

30% 30% 20% 50%

Limitations
Ice shapes,

statistics

Scattering
function

ambiguities,
collection
angles, ice

shapes

DoF, all-in
out-of-focus,

pixel
resolution

References
Brenguier et al. (1998),

Lance et al. (2010),
Baumgardner et al. (2017)

Baumgardner et al. (2017),
McFarquhar et al. (2017),

Gurganus and Lawson
(2018)

Baumgardner et al. (2017) estimates an uncertainty in counting for forward scatter-
ing probes between 10 and 30%. As previously mentioned in Section 3.1.3, coincidence
and shattering effects in the CDP are considered negligible for cirrus clouds measure-
ments. The statistical error is identified as the major source of uncertainty for these
measurements with the CDP, particularly in thin cirrus, where the particle number con-
centration measured by the CDP approaches its lower detection limit. In such cases, the
error can reach up to 70% (for 2 particles seen in one second). This uncertainty is miti-
gated when combining the CDP data with the CIPG and PIP, which have larger sample
areas and offer better statistics. Ultimately, the upper limit of 30% within the range given
by Baumgardner et al. (2017) is assumed here as the overall counting error in the CDP.

For sizing errors, Baumgardner et al. (2017) estimate an uncertainty range of 10 to 50
for scattering probes in general. In the present work, a value of 30% is estimated for the
CDP, as coincidence and shattering are not considered to significantly affect sizing. The
primary factors contributing to sizing uncertainty include oscillations in the scattering
function, slight variations in the collection angles, and variability in the scattering func-
tion due to unknown ice crystals shapes (the latter being the most significant) (Lance
et al., 2010; Lance, 2012).

The uncertainty range for the OAPs in both counting and sizing is estimated by
Baumgardner et al. (2017) to be between 10 and 100%. A more precise estimate is not
available, as error estimation for these instruments is complex, with contributing factors
often described qualitatively (McFarquhar et al., 2017). Regarding counting, as with the
CDP, the shattering and coincidence are neglected for both CIPG and PIP. Although
some shattering events were identified in the CIPG and PIP measurements, a correction
was applied to mitigate the error introduced by this factor. The most relevant factor
affecting CIPG is the variability in the DoF for particles smaller than ≈ 125 µm (for the
PIP, this applies to particles smaller than approximately 200 µm, though this range is
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not used in this work; see Fig. 3.6). The application of the all-in correction (see Figs. 3.7
and 3.8) would also play a role, but this effect is mitigated through the combination of
CIPG and PIP (see Fig. 4.25). In addition, particles do not fall within the larger size range
of the PIP for the data used in this work. Considering these factors, an overall counting
uncertainty of 20% is estimated.

In the contrary, a larger uncertainty is anticipated for sizing with the OAPs, with an
estimated value of 50% being taken as a midpoint of the range suggested by Baumgard-
ner et al. (2017), due to the following considerations. Since there is no correction avail-
able for the size of the out-of-focus ice crystal images, which increases with the distance
from the object plane, this error must be taken into account (see Fig. 3.6) (Vaillant de
Guélis et al., 2019). Although this effect can be particularly relevant for the CIPG, it is
mitigated by the averaging method when combining CIPG and PIP size distributions
(see Section 4.3). Additionally, the discretization of the size range, limited by the pixel
resolution, introduces further uncertainty, though this effect is less important for larger
particles (Baumgardner et al., 2017; McFarquhar et al., 2017). Finally, shattering and co-
incidence effects are, once again, not expected to significantly influence sizing in the
OAPs.

The estimation of the combined data from the CDP, CIPG, and PIP is predominantly
influenced by the uncertainties associated with the CIPG, as this instrument covers the
majority of the cirrus cloud particle size spectrum. This makes the uncertainties asso-
ciated to the CDP less relevant for this work using combined data. The method used
to combine data from these instruments was conceived in such a way, that the individ-
ual instruments’ uncertainties could be reduced by selecting the size thresholds in the
overlap regions accordingly (see Section 4.3).

The number concentration is the cloud property with the smallest uncertainty, as it
is only affected linearly by counting errors and, to some extent, by errors in probe air
speed readings and sample area determination (Kirschler, 2023) (see also Eq. (3.8)). The
error in the effective diameter might be more relevant because it is calculated as the
ratio of the third to the second moment of the particle size distribution (see Eq. (3.9)).
This calculation is influenced by both counting and sizing errors, which propagate non-
linearly. Ice water content is likely the most uncertain of the three properties, as it is
derived from the particle volumes (see Eq. (3.11)). However, this thesis primarily focuses
on the number concentration and effective diameter. Finally, the extinction coefficient
in this thesis is not derived from ice water content and effective diameter, a method that
would introduce higher uncertainties as a derived parameter, but is instead calculated
directly from particle areas Eq. (3.14).

As a final remark, despite the various uncertainties inherent in these measurements,
it is important to recognize that the group of instruments used are the only ones capable
of providing such highly resolved microphysical properties of cirrus clouds. This makes
in situ measurements extremely valuable, even with their limitations. The analysis in
the following Chapter 5 offers comparisons between cirrus groups measured during the
same campaign, using a consistent combination of instruments whose performance re-
mained stable throughout the period, and applying the same evaluation methods. This
consistency allows for a reasonable assumption that the uncertainties are uniform across
measurements. Therefore, while absolute values may vary due to these uncertainties, it
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is still possible to highlight differences and accurately characterize the properties of cir-
rus clouds relative to each other. Furthermore, the strategy employed in the following
chapters is predominantly statistical, avoiding direct analysis and characterization of
single measurements or sequences. This approach, supported by a high volume of data,
ensures robust statistics and that the conclusions drawn are representative.



5
DIFFERENCES IN THE

MICROPHYSICAL PROPERTIES OF

HIGH AND MID-LATITUDE CIRRUS

This chapter illustrates the main scientific outcome of my work and describes the air-
borne mission Cirrus in High Latitudes (CIRRUS-HL) to which all of the data used in
the thesis belongs. In this chapter, I answer the first two research questions (see Chap-
ter 1): RQ1. Do measurable differences exist in the microphysical properties of cirrus
clouds between high latitudes and mid-latitudes? If so, what are they? RQ2. How do
air masses from mid-latitudes influence cirrus at high latitudes? How do their properties
change compared to cirrus purely developed at high latitudes? And investigate the third
research question: RQ3. What role do aerosols and atmospheric dynamics play in shap-
ing the properties of high-latitude cirrus in comparison to those at mid-latitudes? How
does simulated aerosol concentrations compare to measurement data in air traffic rele-
vant regions? Details about the campaign execution including the measurement plat-
form used and the installed instrumentation are presented in Section 5.1. While Chap-
ter 4 describes the general methods investigated for particle data processing and evalua-
tion, and represents the fundamental work before further scientific analysis can be per-
formed, Section 5.2 explains the specific methods and further data used for the analysis
of this chapter. Further on in Section 5.3, an overview of the variation of the main cirrus
microphysical properties with latitude is discussed and thus answering the first research
question (RQ). The cirrus microphysics are further investigated from the cloud forma-
tion point of view in Section 5.5 and the origin types in Section 5.4, providing answers
to the second RQ. To close the study and address the third RQ, aerosol-cloud interac-

Most parts of this chapter have been published in De La Torre Castro, E., Jurkat-Witschas, T., Afchine, A.,
Grewe, V., Hahn, V., Kirschler, S., Krämer, M., Lucke, J., Spelten, N., Wernli, H., Zöger, M., and Voigt, C.: Differ-
ences in microphysical properties of cirrus at high and mid-latitudes, Atmos. Chem. Phys., 23, 13167–13189,
https://doi.org/10.5194/acp-23-13167-2023, 2023. Some parts appear exactly as published and some have
been slightly reformulated to extend the information.
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tions are analysed with the help of model in Section 5.6. A discussion of limitations and
concluding remarks are briefly exposed in Sections 5.7 and 5.8.

5.1. THE CIRRUS-HL CAMPAIGN
The CIRRUS-HL mission is part of the Priority Programm (Schwerpunktprogramm in
german, SPP 1294) "Atmospheric and Earth System Research with HALO” funded by the
German Research Foundation (Deutsche Forschungsgemeinschaft, DFG) (HALO-SPP-
1294, 2023). The HALO (High Altitude and LOng range) research aircraft is a Gulfstream
G-550 business jet modified for carrying scientific equipment. It can reach altitudes up
to 15 km (depending on the payload) in a range of 9000 km. This mission was conceived
as the succession campaign of the ML-CIRRUS experiment (Cirrus in Mid Latitudes) that
took place in 2014 with almost the same instrumentation (Voigt et al., 2017). These cam-
paigns were led by the German Aerospace Center (DLR) and bring together the expertise
of several German research institutions and universities.

During the campaign, HALO was equipped with a wide variety of in situ and remote
sensing instruments for measuring cloud particles, aerosols, trace gases (H2O, NO, NOy,
CO, CO2, CH4 and O3), radiation and basic meteorological parameters (pressure, tem-
perature, position, 3D wind components...). The equipped aircraft is shown in Fig. 5.1.
On the upper part of the fuselage of the airplane there are a series of inlets placed for
trace gases and aerosol measurements. It also has a nose-boom to perform measure-
ments of the air flow in undisturbed conditions, which is part of the Basic Halo Mea-
surement and Sensor System instrumentation (BAHAMAS). The cloud particle measure-
ments for this study are performed with two of the eight cloud probes located under the
aircraft wings, which were extensively described in Chapters 3 and 4. The remaining
cloud probes are owned also by DLR and the Karlsruhe Institute for Technology (KIT)
and Forschungszentrum Jülich (FZJ). Further details about the other cloud probes and
instrumentation installed for this campaign can be found in the CIRRUS-HL website and
in (Voigt et al., 2017).

Figure 5.1: High Altitude and LOng range research aircraft (HALO) on the apron of the Oberpfaffenhofen spe-
cial airport. Photographed by T. Sprünken.

The CIRRUS-HL campaign was performed in June and July 2021. The objective of

https://cirrus-hl.de/instruments
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the experiment was to investigate cirrus formation and microphysical properties at high
latitudes, and aged contrails and contrail cirrus, as well as the radiative impact of cirrus
at high latitudes and to contrast those with cirrus at mid-latitudes. In the beginning, the
campaign was intended to cover only the Arctic region to complement the mid-latitude
cirrus data collected previously during the ML-CIRRUS mission, with data sampled at
high latitudes. However, the restrictions during COVID-19 forced to base the mission in
Oberpfaffenhofen (Germany) and partially hinder the operations at high latitudes due
to the aircraft range limitations. Eventually, it turned out to be very satisfactory and
it offered the unique opportunity to compare mid-latitude regions with high latitudes
during the same period and weather systems. A total of 24 flights covering regions in
the Arctic, North Atlantic and Western Europe were performed. Mainly cirrus clouds
in different weather regimes were measured, including warm conveyor belt cirrus, high
pressure in situ cirrus, convective cirrus and air traffic induced cirrus were also targeted.
The pictures in Fig. 5.2 provide some impressions captured from the aircraft windows on
the different situations.

Figure 5.2: Campaign targets in five pictures. (a) Thin cirrus in the Arctic and at mid-latitudes. (b) Convective
systems. (c) Contrails and contrail cirrus. (d) Biomass burning layer. (e) Contrail day-night effect. Pictures
taken by V. Hahn, L. Tomsche and T. Jurkat-Witschas.

The flight strategy was highly dependent on the weather forecast. Therefore, a dedi-
cated team and a comprehensive set of forecasting tools helped to analyse the synoptic
situation and decide on the upcoming flight targets. Cirrus forecast products from Euro-
pean Centre for Medium-Range Weather Forecasts (ECMWF) were provided by the ETH
Zurich (Eidgenössische Technische Hochschule Zürich), as well as the Forschungszen-
trum Jülich (FZJ) provided products from the CLaMS-Ice model (Chemical Lagrangian
Model of the Stratosphere with two-moment box model by Spichtinger and Gierens
(2009b) for cirrus evolution (Luebke et al., 2016)). An example of various weather maps
provided by the forecasting team for different situations during the campaign is shown
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in Fig. 5.3. With the help of these products, predictions on in situ or liquid origin cir-
rus formation over a range of pressure levels were provided, facilitating the targeted
flight plan and cruise levels. In addition, the latitudinal origin of the air masses could
be predicted by the backwards tracking of the air masses, as well as the updraft speeds
at cirrus formation. Supported by this information, the flight planning team designed
plans targeting, e.g. thin in situ origin cirrus in the Arctic, or thicker liquid origin cir-
rus driven by jet stream air masses. However, in-flight modifications of the plan were
necessary in order to adapt to the real conditions. These products were complemented
by satellite imagery, which was also useful to follow the evolution of convection over
Central Europe and contrail outbreaks (as the product for optical thickness prediction in
Fig. 5.3(d)). Specific tools for contrail prediction, Saharian dust transport and biomass
burning sources were also studied to design an appropriate flight plan to accomplish
the campaign objectives. The suggested flight plans were sketched with the MSS tool
(Mission Support System, (Rautenhaus et al., 2012; Bauer et al., 2022)) and delivered to
the aircraft operations department (DLR).

(a)

(c)

(b)

(d)

Figure 5.3: (a) ETH forecast product of geopotential height and horizontal wind for the CIRRUS-HL region
on July 12, 2021. (b) Enhanced infrared (10.8 µm) brightness temperature (in gray and color scale) for the
same day. The target region is marked with a red rectangle. (c) Satellite picture of 1 July 2021 showing shallow
convection developing over the afternoon in the Southern part of Germany (green rectangle). (d) Optical thick-
ness prediction of contrails derived from ECMWF showing a contrail outbreak over the Iberian Peninsula (blue
rectangle) on July 15, 2021. (Source (a) and (b): weather briefing presentation on July 12, 2021 by A. Dörnbrack
(DLR), K. Heitmann (ETH), and J. Mayer (DLR); source (c): flight report on July 1, 2021 by A. Schäfler (DLR);
source (d): weather briefing presentation on July 15, 2021 by S. Knobloch (DLR) and H. Binder (ETH).
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The general synoptic situation was dominated by the unusually frequent occurrence
of upper-level troughs and cutoff lows over Western Europe, which led to statically unsta-
ble situations with many thunderstorms and hail over Western and Central Europe. Over
the Eastern North Atlantic, several extratropical cyclones with warm conveyor belts oc-
curred, in particular on 7 and 12 July 2021 (according to ECMWF weather forecasts and
flight reports), as shown in Fig. 5.3(a) and (b). During some return transfers, outflows
of single convective systems were encountered over Germany, such as the example on
Fig. 5.3(c).

Table 5.1 provides details on each flight date, measurement time, temperature and al-
titude ranges and the flight tracks and targets are indicated in the map of Fig. 5.4. A total
of 34 h of in situ cloud particle measurements (24.5 h in cirrus) were achieved in different
latitudes between 38−76◦ N at temperatures down to −63 ◦C and altitudes up to 14.3 km.
Note that the information on the table regards only the measurements in cirrus. Flights
planned for measuring mid-latitude cirrus are marked in red in the map, blue stands for
flights at high latitudes and green for flights in convection (flights on the 8th and 13th
of July are not part of the analysis). Collocated flight legs with the Cloud–Aerosol Lidar
and Infrared Pathfinder Satellite Observations (CALIPSO) satellite were also performed
on the 21st and 28th of July. Cirrus affected by aviation soot particles were also targeted
(Urbanek et al., 2018).

Table 5.1: Summary of the specifications of the CIRRUS-HL flights in June and July 2021. Measurement time,
altitude and temperature ranges are indicated only for the cirrus regime. (Source: De La Torre Castro et al.
(2023))

Flight Date tmeas [h] Altitudes [km] Temperatures [◦C]
F02 25.06.21 0.7 [8.5,9.8] [−49.5,−38.0]
F03 26.06.21 1.67 [8.8,11.4] [−56,−38.0]
F04 28.06.21 2.09 [9.2,12.2] [−60.9,−38.0]

F05 / F06 29.06.21 1.9 / 1.35 [9.2,12.5] [−62.7,−38.0]
F07 01.07.21 1.02 [8.7,11.3] [−55.9,−38.0]

F08 / F09 05.07.21 1 / 1.36 [9.2,11.6] [−57,−39.6]
F10 / F11 07.07.21 0.5 / 0.78 [10,13.8] [−54.3,−44.2]

F12 08.07.21 1.55 [9,11.7] [−53.2,−38.0]
F13 / F14 12.07.21 0.35 / 2.96 [8.8,11.7] [−55.1,−38.0]

F15 13.07.21 1.5 [9.5,12] [−53.8,−38.0]
F16 / F17 15.07.21 0.36 / 1.17 [8.7,14.3] [−61.6,−38.0]
F18 / F19 19.07.21 1.21 / 0.3 [9.1,11.8] [−60,−38.0]
F20 / F21 21.07.21 0.66 / 0.35 [9.9,13.6] [−56.4,−41.1]

F22 23.07.21 1.06 [9.2,11.5] [−57.2,−38.0]
F23 28.07.21 0.69 [7.5,11.9] [−52.9,−38.0]
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Figure 5.4: Map of the study region in the Arctic, North Atlantic and Western Europe during the CIRRUS-HL
mission in 2021. Each line indicates one of the 24 flight performed, marked with reference numbers for each
of them (for details see Table 5.1). The blue lines indicate flights directed to high latitudes and the red lines
represent those in mid-latitudes. (Source: De La Torre Castro et al. (2023))

5.2. METHODS
In this section, the methods applied for investigating the cirrus microphysical properties
during the CIRRUS-HL campaign are briefly described below. Details on the cloud probe
data processing and analysis are extensively documented in Chapters 3 and 4. Here, I
focus on the additional data included in the analysis and the methods for the evaluation
and combination with the cloud particle measurements.

5.2.1. CLOUD PARTICLE, RELATIVE HUMIDITY, AND AIRCRAFT REFERENCE

MEASUREMENTS

The cirrus microphysical properties (N , ED and IW C ) are derived from the cloud parti-
cle measurements applying a combination of the particle size ranges of the three instru-
ments, as explained in Section 4.3. For this study, the microphysical cirrus properties
from 20 flights are considered. I exclude two flights dedicated to instrument testing and
calibration in temporary reserved areas (TRA) without valuable cloud measurements
(F01 and F24) and the two flights targeting convective systems (F12 and F15). Since I
am investigating only ice clouds, I consider only measurements below −38◦C to ensure
completely glaciated clouds, even though ice clouds can exist at higher temperatures.
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In general, studies usually use data directly in 1-Hz sample rate. I apply a 2-s mean in
order to improve the statistical significance of the low particle concentrations. It means
that each data point is separated approximately 400 m, which limits the autocorrelation
to a certain extent. A larger averaging interval (e.g. 5 or 10 seconds) corresponds to a
large horizontal extension (≈ 2 km for 10-s averages), where local inhomogeneities can
be present, and therefore, it excessively attenuates certain features that are of interest,
such as contrails, for example.

The pressure, temperature, and wind field measurements were performed by the BA-
HAMAS system operated by the DLR (German Aerospace Center) Flight Experiments de-
partment (Giez et al., 2021). This system also provides the basic aircraft position data of
which I use longitude, latitude, and altitude. For the calculation of the RHi, I use the
water vapor mixing ratio measurements from the Sophisticated Hygrometer for Atmo-
spheric ResearCh (SHARC), also developed and operated by DLR Flight Experiments.
The measurement range is between 2−50000 ppm and the overall relative and absolute
uncertainty is 5 % and ±1 ppm, respectively (Kaufmann et al., 2015; Kaufmann et al.,
2018).

5.2.2. AIR MASS TRAJECTORIES1

Including the history of the measured air masses in the study has been essential to un-
derstand the observations and provide a comprehensive analysis. Calculations of 10-day
backward trajectories were performed from the flight tracks with the Lagrangian analysis
tool LAGRANTO (Wernli & Davies, 1997; Sprenger & Wernli, 2015) provided by the ETH
Zurich. Wind, temperature, and cloud fields from the operational European Centre for
Medium-Range Weather Forecasts (ECMWF) analyses were used in the model.

Starting from the HALO flight paths, the hourly backward evolution of the IW C and
liquid water content (LW C ) along the trajectories was evaluated to estimate the time of
cloud formation and distinguish between in situ and liquid origin cirrus following the
approach described in Wernli et al. (2016). The formation point corresponds to the last
time step (at a resolution of one data point per hour) along the trajectory before IW C
= 0 occurs for the first time (going backward in time). However, if IW C = 0 only occurs
at one time step, I consider this as "noise", ignore this instance with IW C = 0 and repeat
the criterion for the next point with IW C = 0. Once the formation point is determined,
the corresponding in situ measurement is classified as of "liquid origin" if liquid water
was present along the trajectory between cloud formation and the measurement (LW C
> 0). If this was not the case and the air parcel only contained ice water during this
time period, it is classified as "in situ origin" cirrus. An example of both scenarios is
shown in Fig. 5.5, where the LW C and IW C evolution along each trajectory is indicated.
Additionally to the cirrus origin classification, I also analysed the updraft speed along
the backward trajectories to better understand the formation process.

1Data were provided by Heini Wernli but this section was written by the author of the thesis
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Figure 5.5: Water content (WC) history of the air masses for in situ origin (a) and liquid origin (b). The point
calculated as cloud formation is represented with a red star.

5.3. OVERVIEW OF THE MICROPHYSICAL PROPERTIES
The cirrus measurements are classified by latitude in order to investigate and compare
microphysical properties of cirrus at mid- and high latitudes. For this first classification
I consider the latitude at the measurement point. Data obtained at latitudes < 60◦ N
are considered as mid-latitude (ML) cirrus and data collected at ≥ 60◦ N are considered
as high-latitude (HL) cirrus. This differentiation is somewhat arbitrary, as there is no
universally accepted definition of the three general latitude zones. Perry (1987), for ex-
ample, defined the mid-latitude in the Northern Hemisphere as the zone between 35◦
and 56◦ N but the limits vary according to month and year. However, as I discuss below
and in Section 5.5, the variation of the latitude threshold do not modify the conclusions
of this work (see also Fig. A.9 in the Appendix A).

Fig. 5.6 shows an overview of the frequency distribution of the measured cirrus mi-
crophysical properties with respect to latitude. The normalized frequencies of occur-
rence allow the comparison between latitudes regardless of the number of observations
in each bin. All together, I provide a cirrus data set from 41564 cloud samples in 2-s time
resolution, of which 15211 samples are identified as HL cirrus and 26353 samples as ML
cirrus. Overall medians of N , ED and IW C (denoted with a tilde) for ML and HL cirrus
are indicated in the Fig. 5.6 as well as in Table 5.2. I consider the median instead of the
mean, since the mean is more affected by outliers. The overall median N for ML cirrus
(0.0086 cm−3) is higher than for HL cirrus (0.001 cm−3) by an order of magnitude. The
median ED in ML cirrus is 165 µm, smaller than that of HL cirrus, 210 µm and the me-
dian IW C do not differ much between ML and HL cirrus, as it represents a combined
effect of N and ED . A similar behavior is observed in the normalized frequency distri-
bution of βext, which is shown in Fig. A.7 of the Appendix A.
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Figure 5.6: Normalized frequency distribution of (a) N , (b) ED and (c) IW C observations as a function of
latitude of the measurement during CIRRUS-HL. Latitude bins are 1◦ wide and vertical bins are logarithmic.
The colour code indicates the frequency of occurrence in percent per 1 latitude bin, normalized by the total
counts per latitude bin. The vertical dashed line marks the threshold of 60◦ N for the differentiation of ML
and HL cirrus. Triangular markers are medians per latitude bin (Ñ , ẼD , �IW C ). The top and right panels are
histograms of the corresponding variables. The solid black line in (b) is a linear fit of the ED medians and the
dashed lines are the corresponding linear fits of the 5th and 95th percentiles. (Source: De La Torre Castro et al.
(2023))
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Table 5.2: Median, 25th and 75th percentiles of the microphysical properties N , ED and IW C in mid- and high
latitudes during CIRRUS-HL. (Source: De La Torre Castro et al. (2023))

Lat.
N [cm−3] ED [µm] IW C [mg m−3]

25% Median 75% 25% Median 75% 25% Median 75%
ML 0.0007 0.0086 0.04 98 165 222 0.37 3.3 15
HL 0.00018 0.001 0.0092 146 210 329 0.21 1.9 11

Cirrus measured at mid-latitudes are characterized by higher N (with respect to me-
dians and percentiles of Table 5.2) than those measured at high latitudes. Ice crystal
number in HL cirrus are mostly between 0.0001 and 0.01 cm−3. The central range of
the ML cirrus measurements is shifted to values that are one order of magnitude larger
(0.001−0.1 cm−3). In addition, Fig. 5.6(a) also indicates that high particle number con-
centrations (N > 1 cm−3) were more frequently observed at mid-latitudes. A linear cor-
relation of the ẼDs is drawn in Fig. 5.6(b) and exhibits a slight and clear positive slope
of ≈ 4 µm per degree. The correlations of the 5th and 95th percentiles show that the dis-
tribution of ED in ML cirrus is broader and smaller ED are more frequently observed
with decreasing latitude. In Fig. 5.6, a continuous tendency is observed of increasing ED
from mid to high latitudes, which shows that the differences between ML and HL cirrus
are continuous and do not depend on the latitude threshold selected. HL cirrus contain
a lower IW C , however no significant correlation with latitude is noticed in Fig. 5.6(c).
The range of values agree well with the findings by Schiller et al. (2008) for the Arctic and
mid-latitudes. Voigt et al. (2017) also reported IW C between 10−6 and 0.2 g m−3 with a
high variability during the ML-CIRRUS campaign at mid-latitudes in spring.

The cirrus properties from these measurements are in line with observations from
previous campaigns. Brown and Francis (1995) and Heymsfield et al. (2010), Heyms-
field et al. (2013) found in general similar median values of N and IW C (mainly at mid-
latitudes and the tropics). However, Brown and Francis (1995), for example, only in-
cluded data from forward scattering probes. Here I use also the CIPG and PIP, which
have higher sample volumes. For this reason, lower IW C than 0.001 g m−3 are measured.
In general, these results also agree with those reported by Krämer et al. (2016), Luebke
et al. (2016), and Krämer et al. (2020) at mid-latitudes, but the larger EDs that result from
my analysis are due to the addition of the PIP data and due to different sizing methods
applied in the calculation of the diameter from the CIPG images. Here, I consider the
maximum dimension of the ice crystals and not the area equivalent diameter. The lower
N observed in HL cirrus compared to ML cirrus is consistent with the observations from
V. Wolf et al. (2018). Marsing et al. (2023) showed averaged IW C s (0.003 and 0.005 g m−3)
of two case studies during the POLSTRACC (Polar Stratosphere in a Changing Climate)
campaign in line with the present measurements at high latitudes.

According to the measurements, the combination of higher N and smaller ED ice
crystals is characteristic of ML cirrus. The cause of that can be manifold: more anthro-
pogenic activities including aviation at mid-latitudes result in higher aerosol and ice nu-
clei loads in the upper troposphere. Gayet et al. (2004) also found higher N and lower
ED in the more anthropogenically influenced Northern Hemisphere with respect to the
more pristine Southern Hemisphere. Aviation-induced cirrus tend to have high number
concentrations and lower EDs for several hours after their formation (Voigt et al., 2017;



5.3. OVERVIEW OF THE MICROPHYSICAL PROPERTIES

5

97

Schumann & Heymsfield, 2017; Schumann et al., 2017). In general, it is difficult to dis-
tinguish aged contrails from thin natural cirrus unaffected by aviation (Li et al., 2022)
or embedded contrails in natural cirrus (Unterstrasser et al., 2017a; Unterstrasser et al.,
2017b), in particular, as the influence of air traffic over Europe is omnipresent (Voigt et
al., 2017; Schumann & Heymsfield, 2017). Even though the thorough analysis on avia-
tion effects is described separately in Chapter 6, it is also necessary to mention in this
chapter the influence of contrails in these observations of natural cirrus.

In contrast to the ML cirrus, HL cirrus are often observed with a lower N but larger
ED , which could be attributed to the uptake of the ambient water vapor by few INPs and
the further growth of less ice crystals that allow larger sizes. The resulting number con-
centration of the ice crystals depends on the temperature, the updraft and the number
of INPs as well as their capability to nucleate ice (Kärcher et al., 2006). V. Wolf et al. (2018)
also found lower N at high latitudes and pointed at higher concentrations of INPs at the
mid-latitudes compared to the Arctic as a possible explanation. Beer et al. (2022) anal-
ysed global model simulations under cirrus formation conditions and showed higher
number concentrations of INPs (about 0.1 cm−3) and higher number concentrations of
newly-formed ice crystals (about 0.001 cm−3) between 30−60◦ N compared to 60−90◦ N.
However, a confirmation from airborne measurements of INPs is very challenging, as
measurements in the cirrus regime with temperatures lower than −38 ◦C are very scarce.
DeMott et al. (2003), DeMott et al. (2010) reported about different measurements of ice
particles residuals at temperatures > −40 ◦C and show a large variability in INP num-
ber concentrations depending on regional and seasonal changes of the aerosol sources.
Typically, mineral dust particles are found to have a high nucleation efficiency (DeMott
et al., 2003) and black carbon (BC) particles from anthropogenic sources also act as INP.
In particular, the importance of aviation soot particles as ice nuclei is not yet well deter-
mined. A number of studies investigated the aviation soot impact on cirrus and showed a
large range of possible model results, evidencing the uncertainty that exists in this regard
(Hendricks et al., 2011; Gettelman et al., 2012; Zhu & Penner, 2020; Righi et al., 2021). In
order to verify this hypothesis, I investigate in more detail the interaction between INP
concentrations from simulation data and the measured microphysical properties in Sec-
tion 5.6.

A comparison between ML (red) and HL (blue) cirrus properties (ED and N ) over a
range of temperatures is presented in Fig. 5.7 sorted in 2.5 ◦C temperature bins. I show
temperature along the vertical axis as a representation of altitude. In Fig. 5.7(a) a clear
decrease of ED with decreasing temperature is observed for both ML and HL cirrus. Both
profiles cover a similar temperature range and correspond to altitudes between 8.5 and
13.5 km, with less measurements at high latitudes. The same decrease of ED is also ob-
served as a function of altitude. This effect has been already observed in previous studies
and can be explained by reduced atmospheric water content at lower temperatures (or
higher altitude), together with the different altitudes at which in situ and liquid origin
cirrus exist (Luebke et al., 2016; Wernli et al., 2016). With increasing altitude (decreasing
temperature), cirrus origins change from cirrus dominated by the liquid origin regime
with larger ice particles to in situ origin cirrus with smaller particles (consistent with
the observations from the study by Voigt et al. (2017)). This is expected due to the low-
altitude origin of the liquid origin cirrus (Luebke et al., 2016). Larger particles can also be
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found at higher temperatures (lower altitude) resulting from sedimentation processes.
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Figure 5.7: Distribution of (a) ED and (b) N observations sorted in temperature bins of 2.5 ◦C for ML (red) and
HL cirrus (blue) and (c) histogram of the total frequency of observations per temperature bin for each group.
The thicker solid lines correspond to the median values per temperature bin. The dark shaded areas between
the dashed lines comprise the 25th and 75th percentiles of the population. The lighter shaded areas mark the
extension between the 1st and 99th percentiles. Black asterisk indicates low statistically significant difference
between medians. Blue and red asterisks indicate low statistics in HL and ML data, respectively (see text for
further details). (Source: De La Torre Castro et al. (2023))

Between −50 and −38 ◦C there is a remarkable difference between the 25th and 75th

percentiles in the ED between ML and HL cirrus. This fact probably indicates a more
dominant influence of liquid origin cirrus at the high latitudes with enhanced sedimen-
tation as a result of the larger particles at these latitudes. From the cirrus properties
variation over temperature I can confirm the larger EDs observed at high latitudes in
the general picture of Fig. 5.6(b). Higher ED in HL cirrus compared to ML cirrus are ob-
served in almost all temperature bins. To confirm this finding, I use the U-test according
to Wilcoxon, Mann and Whitney (mannwhitneyu function from the Python sub-package
scipy.stats) to assess whether there is a statistically significant difference between the ML
and HL distributions per temperature bin for ED (and also for N). The null hypothesis
that the distributions are equal was rejected for all cases with p-value < 10−6, except for
the ED medians between −58 and −55.5 ◦C with a p-value = 0.028. Therefore, I con-
clude that the observed differences are statistically significant. Between −45 and −38 ◦C
at mid-latitudes, high ED values are observed in the 1st to 99th percentiles. These events
are connected to isolated convective systems over Germany with an enhanced growth of
the ice particles.

Contrary to the ED , N does not show a clear tendency with decreasing temperature
in either case. However, the N in ML and HL cirrus differ at all temperatures by about an
order of magnitude, more pronounced at lower temperatures. However, the ML cirrus
coldest temperature bin, which mostly contains high N , has reduced statistics with a
total of 119 2-s samples measured from four different cloud sequences. Between −62
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and −55 ◦C there is an enhancement of N in ML cirrus associated with a steeper decrease
in ED , which is probably connected to contrail formation. According to Bräuer et al.
(2021b), contrail conditions are particularly favorable between −50 and −60 ◦C, leading
to high extinction coefficients. This corresponds to altitudes between 9.5 and 11 km,
where short- and medium-range commercial flights are typically located. Contrails are
frequently present in ML cirrus above Central Europe. Here, high N and low ED are
mostly found around −55 and −60 ◦C in this data set. High N values (> 1 cm−3) in the
other temperature ranges are rare and represented by the outliers, which do not impact
the medians. Measurements of HL cirrus below −55.5 ◦C are less representative with 210
counts in total. In particular, between −63 and −60.5 ◦C there are 22 2-s consecutive
samples from the same cloud sequence. Between −60.5 and −58 ◦C three different cloud
sequences were probed with a total of 40 counts. Fluctuations in ED in HL in these
temperature ranges in Fig. 5.7(a) can thus be explained by the reduced statistics.

In addition, I examined whether part of the cirrus were measured in the stratosphere,
as stratosphere-penetrating extratropical convection is most likely to occur during sum-
mer (Dessler, 2009). In addition, the tropopause (TP) height vary strongly between 35
and 50◦ N and the cirrus measurements of high and mid-latitudes could be differently
distributed with respect to the TP height (Dessler, 2009). In order to derive the altitude
of the cirrus measurements with respect to the TP, the TP height was extracted from the
data set Hoffmann and Spang (2021) and the definition used was the WMO (World Me-
teorological Organization) 1st TP height from ECMWF’s reanalysis ERA5 data (Hoffmann
& Spang, 2022). The absolute frequency distribution of the HL and ML cirrus altitudes
with respect to the TP is shown in Fig. 5.8 and reveals similar profiles between mid- and
high latitudes. From all data points, 2.6% were measurements above the TP, with only
0.2% belonging to HL cirrus and most of the measurements were performed in the up-
per troposphere at around 1 km below the TP. A substantial influence of stratospheric
clouds are not observed, with an even smaller contribution at high latitudes.
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Figure 5.8: Comparison of the frequency distribution of the cirrus altitudes relative to the tropopause (TP)
between ML cirrus (red) and HL cirrus (blue) distributed in vertical bins of≈ 350 m wide. The TP is marked with
a black dashed line as reference and separate measurements in the troposphere (below) and in the stratosphere
(above). (Source: supplemental material of De La Torre Castro et al. (2023))
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5.4. CIRRUS ORIGINS AT MID- AND HIGH LATITUDES
Although differences in the microphysics of the cirrus measured during CIRRUS-HL
were observed and discussed in Section 5.3, the argument for these differences could be
a greater or lesser presence of in situ or liquid origin cirrus at mid or high latitudes. In
order to investigate this, I classify the measurements making use of the information on
LW C and IW C along the backward trajectories after the formation of ice in the cloud,
as described in Section 5.2.2. Four groups are obtained with this division: in situ origin
HL cirrus, liquid origin HL cirrus, in situ origin ML cirrus and liquid origin ML cirrus.

The frequency of measurements of each group as well as their microphysical proper-
ties in terms of ED and N are presented in Fig. 5.9. Liquid origin cirrus were frequently
measured at mid-latitudes and were also the dominant type at high latitudes. Liquid ori-
gin HL cirrus were observed almost as frequently as the in situ origin ML cirrus. In situ
origin HL cirrus, in turn, were the least measured. However, isolated rare events are not
well represented in the diagrams due to the calculation of contours by interpolation.

Larger particles than the total ED median value (180 µm) were found in both cir-
rus types at high latitudes, with larger values for liquid origin cirrus. In situ origin HL
cirrus were rather thin, with N often under 0.004 cm−3, the median value of all data.
The ED distribution of both cirrus types at high latitudes exhibits two distinct maxima,
which can be understood by two different processes: higher ice crystal growth at high
latitudes due to the increased supersaturation leading to the sedimentation of large ice
crystals from the upper layers or different nucleation times during their lifetime with an
enhanced growth of the larger mode due to fewer INPs and high supersaturation. Large
EDs representative of liquid origin cirrus are present in mid-latitudes with some outliers
of high ED and high N in convective cells involving also precipitation particles. How-
ever, smaller EDs than the median, even for the liquid origin cirrus, are more frequent
at mid-latitudes.

The observations at high latitudes generally agree well with the measurements in the
Arctic from V. Wolf et al. (2018). However, high number concentrations are not found in
the present observations of in situ origin HL cirrus in contrast to V. Wolf et al. (2018). The
reason is that their measurements of Arctic in situ origin cirrus were dominated by ho-
mogeneous nucleation events driven by high updraft motions driven by gravity waves.
My analysis of the updraft speed along the backward trajectories and the measured ver-
tical velocities indicate rather low vertical velocities. In particular, Fig. 5.10 illustrates
probability distribution functions (PDF) of updraft speeds derived from the aircraft mea-
surements and model data obtained from the backwards trajectories. Since the obser-
vations offer only a snapshot of the cloud dynamics, values along the trajectory provide
more detailed information. Fig. 5.10(a) displays all values along the trajectory since the
formation point, while Fig. 5.10(b) indicates only the maximum value in each trajectory.
Consistent with previous studies (Luebke et al., 2016; Krämer et al., 2016; Krämer et al.,
2020), higher updraft speeds are observed in the air masses responsible for liquid ori-
gin cirrus formation. Updraft velocities from the history of HL cirrus are slightly lower
than those at mid-latitudes. The measurements in Fig. 5.10(c) exhibit similar trends but
with high higher updraft values, as they represent instantaneous values recorded at a
1Hz rate, contrary to the backward trajectories, which are averaged within the model
grid box. The updrafts from the model data fall within the range of synoptic dynamics
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Figure 5.9: Frequency of ED observations in counts as a function of N . The observations are separated in (a)
in situ origin HL cirrus, (b) liquid origin HL cirrus, (c) in situ origin ML cirrus, and (d) liquid origin ML cirrus.
The method to draw the contours uses a marching squares algorithm. Vertical and horizontal solid red lines
indicate overall median values of ED and N , respectively, and are shown to better illustrate differences. The
total number of 2-s data points are given on the upper right corner of each panel. (Source: De La Torre Castro
et al. (2023))

(< 7 cm s−1), as defined by (Kärcher & Lohmann, 2002b), which also includes gravity
waves (7 < updraft[cm s−1] < 100 and convection (> 100 cm s−1).

In any case, orographic cirrus were not a target of the campaign and therefore, moun-
tain wave cirrus with high number concentrations were not expected, justifying the as-
sumption that mainly heterogeneous nucleation defined the cloud formation in this
data set. The prevalence of heterogeneous freezing was also shown by Froyd et al. (2022)
at mid- and high latitudes in the Northern Hemisphere during spring and summer due
to the suppression of homogeneous nucleation by intense dust emissions. Saharian dust
emissions were forecasted and reported during the campaign, and the general influence
of aerosol on the measured cirrus is further investigated in Section 5.6. However, it is
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Figure 5.10: Updraft speed probability distribution functions (PDF) for in situ ML cirrus (light red), liquid origin
ML cirrus (dark red), in situ HL cirrus (light blue) and liquid origin HL cirrus (dark blue). (a) Distribution of
all values along the backward trajectories between formation and measurement. (b) Distribution of maximum
values along the backward trajectories between formation and measurement. (c) Distribution of the in situ
measured updraft speed from the BAHAMAS system. Lower updrafts in (a) and (b) compared to (c) result from
the grid point averages of the backward trajectories calculation. (Source: supplemental material of De La Torre
Castro et al. (2023))

essential to note that the temporal resolution of the parameters calculated along the tra-
jectories is one hour; hence, effects on the updrafts from small-scale fluctuations and
turbulence are not considered here. Additionally, homogeneous nucleation events are
fleeting in the atmosphere, making it extremely challenging to capture such events with
aircraft observations (Krämer et al., 2016).

Greater differences are found among the in situ origin cirrus. While in situ origin
ML cirrus have higher N with smaller EDs mainly between 70 and 250 µm, in situ ori-
gin HL cirrus are mostly composed by low number concentrations of large particles with
ED between 150 and 450 µm. As for the ED medians, the values of liquid origin cirrus
change from 188 µm at mid-latitudes to 220 at high latitudes, while the in situ origin cir-
rus does it from 128 at mid-latitudes to 189 µm at high latitudes. I also draw the readers’
attention to a feature in the bottom right square of Fig. 5.9(c) of in situ origin ML cirrus,
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which differs from the in situ origin HL cirrus observations. Although I did not quantify
the contribution, I identified high concentrations of small particles connected to young
contrails, aged contrails, contrail cirrus or embedded contrails in natural cirrus. This
feature is also weakly present in Fig. 5.9(d) of liquid origin ML cirrus but substantially
less pronounced. I discuss in more detail the aviation influence in Chapter 6.

Additional information on the properties of the cirrus groups is given by their parti-
cle size distributions (PSDs). Knowing the ice crystal size distribution is vital in order to
derive the radiative impact of cirrus. The representation of PSDs of the four groups is not
a trivial task in this case. In other publications it is usually found the use of a mean PSD
as representative of the considered sequences (e.g., McFarquhar et al. (2007) or Luebke
et al. (2016)). However, this campaign deals with a wide variety of situations, includ-
ing outliers, which were in fact infrequently observed but strongly dominate the mean.
These events are, in this case, contrails and convection encounters. This implies that the
mean PSD fails to identify the averaged behaviour in the group and the use of medians
appears to be a better choice for this case. However, due to the low concentrations in
cirrus and the lower sampling efficiency of the CDP compared to the CIPG and PIP, the
lower bins are frequently empty in the 2-s sampling rate and do not allow a median value
calculation. Therefore, I increase the averaging intervals to 180 s to calculate the median
concentration in each size bin. Sensitivity analyses were performed to select the 180 s
averaging interval.

The calculated PSD median values are shown for each cirrus group in Fig. 5.11(a) and
the means in Fig. 5.11(b) are also included for comparison. The median concentrations
in each bin of the liquid origin cirrus are higher than for the in situ origin cirrus for par-
ticles > 20 µm at both mid- and high latitudes and the former covers a larger size range
than the latter, consistent with previous observations (Krämer et al., 2016; Luebke et al.,
2016). The median PSDs of liquid and in situ origin ML cirrus have higher concentra-
tions than HL cirrus. Both ML cirrus profiles have the same behaviour in the smaller bin
range (2− 100 µm) and they differ in the larger sizes. The liquid origin cirrus reveal a
second mode, slightly less pronounced than at high latitudes, and the in situ origin ML
profile decays fast without a second mode.

As for the mean values, two clear outlying features are detected. Firstly, the size range
in liquid origin ML cirrus is larger, which is a consequence of the isolated convective
events that were encountered. Secondly, the large number concentrations of small crys-
tals for the in situ origin ML cirrus clearly shows that the microphysics of in situ origin
ML cirrus were affected by contrails. The difference in the concentration of the lower
bins (from 2 to 10 µm) between the median and the mean is about two orders of mag-
nitude. Then, the mean concentration decays and almost converges with the median at
about 40 µm. In general, the median PSDs exhibit lower concentrations than the means,
in all bins for the four groups, which is expected due to the right skewness of the lognor-
mal distribution. The mean and median show larger differences the more outliers there
are in the distribution. The PSDs of the in situ and liquid origin HL cirrus show a weaker
influence of outliers, as the medians profiles do not differ much from the means.

In Fig. 5.11(c) I show another way to represent the radiative impact of cirrus through
βext, which is often used to assess the climate impact of contrails (Bräuer et al., 2021b;
Voigt et al., 2021). For a certain IW C , the extinction is larger when the ice mass is dis-
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Figure 5.11: (a) Median, (b) mean Particle Size Distribution (PSD), and (c) extinction coefficient (βext) of the
groups: in situ origin HL cirrus (light blue), liquid origin HL cirrus (navy), in situ origin ML cirrus (light red) and
liquid origin ML cirrus (dark red). Median PSDs are indicated with thick lines and means with thinner lines.
The frequency of occurrence of βext was calculated in logarithmic bins and fitted with B-Splines. (Source: De
La Torre Castro et al. (2023))

tributed in smaller crystals (Unterstrasser & Gierens, 2010). Higher extinction coeffi-
cients are observed for the liquid origin cirrus at HL and ML, with slightly higher median
for ML, compared to the in situ origin cirrus. This is expected due to the higher IW C of
the liquid origin cirrus. The lowest extinction corresponds to the in situ origin HL cirrus,
since the N is lower and the ice particles are larger, which reduces the extinction and
the radiative impact. In line with the PSDs, here, a stronger difference between the in
situ cirrus at HL and ML is observed, with a shift to larger extinctions at ML. In addi-
tion, both frequency distributions of ML cirrus show a small mode at 1 km−1, which is
frequently observed in young contrails (Febvre et al., 2009; Voigt et al., 2011; Gayet et al.,
2012; Bräuer et al., 2021b).

Even though measurements of contrails do not dominate the campaign observations
and therefore are not representative of the general picture, the mean PSD of in situ ori-
gin ML cirrus shows how strongly contrail encounters can affect the cirrus microphysics
with an enhancement of smaller particles. More importantly, my analyses indicate that
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higher number concentration and smaller particles indeed describe the microphysical
properties of ML cirrus compared to lower concentrations and larger ice crystals at the
more pristine high latitudes.

5.5. INFLUENCE OF CLOUD FORMATION ON CIRRUS PROPER-
TIES

The main approach of the study is the analysis of cirrus microphysical properties de-
pending on their latitude. So far, I have classified the data in ML and HL cirrus using a
latitude threshold at 60◦ N regarding the measurement point. Now, I investigate the me-
teorological conditions at the time of cirrus formation and how they affect the observed
microphysical properties. Once the formation point of each cirrus sample is determined,
as described in Section 5.2.2, cirrus measurements can be classified in four categories:
cirrus formed and measured at mid-latitudes (M-M), cirrus formed at mid-latitudes and
measured at high latitudes (M-H), cirrus formed at high latitudes and measured at mid-
latitudes (H-M), and cirrus formed and measured at high latitudes (H-H). Examples of
backward trajectories for each group are shown in Fig. 5.12. The H-M cirrus is excluded
from the analysis, as it only contains 36 data points, all of them just at the limits of the
boundaries (see Fig. 5.13). In Fig. 5.12, the points with IW C > 0 in the trajectory before
the purple star indicate a previous formation of ice within the air parcel, which evapo-
rated later.

Figure 5.12: IW C (colour coded) along three example trajectories from the cirrus classification: formation and
measurement at high latitudes (H-H, blue), formation at mid-latitudes and measurement at high latitudes (M-
H, green), and formation and measurement at mid-latitudes (M-M, orange). The formation point is indicated
with a purple star. (Source: De La Torre Castro et al. (2023))

Fig. 5.13 shows the distribution of 2-s measurements for the four categories delim-
ited by the 60◦ N threshold and colour coded according to ED . The three important
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categories are M-M in the bottom left, M-H in the bottom right, and H-H in the upper
right. Using this categorization, I separate the measurements previously classified as HL
cirrus into cirrus formed at high latitudes (H-H) and cirrus formed at mid-latitudes and
transported to high latitudes (M-H). The number of data points found in each category
(4450 for H-H and 10753 for M-H) indicates that the category M-H contributes more
frequently to the Arctic cirrus observed in this measurement campaign.

It turns clear that the distribution of the measured ED is connected with the latitude
at the measurement point. Yellow colours represent high ED of up to 1000 µm and the
dark purple dots represent EDs of about 10 µm. Higher occurrences of smaller parti-
cles are measured in ML cirrus and higher occurrences of larger particle sizes are found
in HL cirrus. The differences are smaller when looking at the latitude of formation of
cirrus measured in high latitudes. I conclude that the location of the cirrus has a larger
influence on the particle size than the formation region.

Figure 5.13: Correlation of latitude at the formation and latitude at the measurement for 2-s measurement
points. The colour indicates the associated ED . Four regions are delimited with black dashed lines and define
the groups: H-H, M-H and M-M (see text for details). (Source: De La Torre Castro et al. (2023))

In order to investigate in more detail how the cirrus properties depend on their
source region, Fig. 5.14 illustrates normalized frequency distributions of N , ED and RHi

of the three categories. The maximum of the N distribution of the M-M cirrus lies be-
tween 0.01 and 0.1 cm−3. In contrast, the highest probability in the H-H cirrus is shifted
to significantly lower values between 0.0001 and 0.001 cm−3. The M-H cirrus distribu-
tion exhibits an intermediate behaviour. The medians reflect the same observation, with
0.0086, 0.0018 and 0.0004 cm−3 for the M-M, M-H and H-H cirrus, respectively. The ED
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profiles in Fig. 5.14(b) show the opposite trend, as do the medians (164, 206 and 225 µm
for M-M, M-H and H-H cirrus, respectively).

In addition, Fig. 5.14(c) shows the measured RHi for the three categories. In general,
the tropopause region in summer 2021 had a high occurrence of supersaturation both
at mid- and high latitudes. A clear difference in the RHi distribution is observed, with
lower RHi with a median of 107 % in M-M cirrus and higher values in the H-H cirrus with
a median of 125 %. This can be explained by the lower ice crystal concentrations at high
latitudes due to a reduced availability of INPs. The relative humidity is not sufficient to
homogeneously nucleate new particles and, instead, the small number of ice crystals
available takes up the abundant water vapor increasing their size. On the contrary, wa-
ter vapor at mid-latitudes is rapidly consumed by the availability of many ice particles
present in the upper troposphere, which only leads to a moderate growth.
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Figure 5.14: Relative frequency distributions of (a) N , (b) ED and (c) RHi of the cirrus formed and measured
at high latitudes (H-H, blue), cirrus formed at mid-latitudes and measured at high latitudes (M-H, green) and
cirrus formed and measured at mid-latitudes (M-M, orange). The distribution of N is given in logarithmic
bins. Linear bins of 15 µm and 2.5% width have been chosen for ED and RHi, respectively. The corresponding
median values of each variable and category are depicted with dashed lines. (Source: De La Torre Castro et al.
(2023))

The M-M cirrus is 57 % of liquid origin and 43 % of in situ origin in the present data
set. Regarding HL cirrus, on the one hand I find that 90% of the measurements corre-
sponding to the M-H cirrus have a liquid origin with a larger cloud age. On the other
hand, 86% of the H-H cirrus data points are classified as in situ origin cirrus. There-
fore, a very likely explanation is that M-H cirrus were formed from the liquid phase in a
ML environment rich in nucleating particles (further investigated in the following sec-
tion Section 5.6). Here many small particles were nucleated in a first stage. Then, the
air parcels are advected northwards to high latitudes, bringing the clouds into a highly
supersaturated atmosphere allowing the formed ice particles to grow. Cirrus measured
at high latitudes can be clearly distinguished from ML cirrus by the bimodality of the
ED distribution. The bimodality of the ED distribution of M-H and H-H cirrus can be
explained analogously to the 2D frequency distribution from the liquid origin HL cirrus.
It can provide a glimpse into sedimentation processes of large ice crystals from upper
layers or various nucleation events that occurred at different stages of the lifetime.

These findings together clearly suggest an influence of the ML origin in the develop-
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ment of cirrus at high latitudes, conserving the microphysical properties of the ML cirrus
while being transported to higher latitudes. In this way, the formation region influences
and defines the initial ice crystal properties, which then mix or are modified during their
lifetime due to the different atmospheric conditions. Thus, the largest fraction of clouds
observed during CIRRUS-HL originate from the mid-latitudes and through long range
transport modify the HL cirrus. Opposite influences from high to mid-latitudes have not
been observed.

It is concluded that latitudinal differences in microphysical parameters are better un-
derstood when looking at both the location of the ice crystals formation and the location
of the measurement. The region where the ice crystals are formed influences the initial
cirrus properties, in particular the initial N. The latitude at which the cloud particles were
measured determines the resulting state of the measured ice crystal properties, strongly
influenced by the RHi throughout the cirrus life-cycle and mainly affects the measured
ED . Both processes are largely influenced by the updraft on small and large scales.

5.6. AEROSOL-CLOUD INTERACTIONS2

Up to this point, the lower concentrations and larger effective diameters at high latitudes
combined with larger supersaturations were explained by reduced INP concentrations.
This is consistent with insights from the global distributions of simulated INPs by Beer
et al. (2022). In this section, I investigate in more depth the aerosol-cloud interaction by
means of INP modelled data and backward trajectories. The methodology employed for
this investigation is described in the following.

5.6.1. AEROSOL MODEL DATA3

To gather insights into the INP concentrations during cloud formation and evolution, a
methodology involving the geographical distributions of modelled INPs was employed.
Despite the deployment of the high-volume flow aerosol particle filter sampler (HERA)
instrument, specifically designed for offline INP analysis, on board the HALO aircraft
(Grawe et al., 2023), these measurements could not be utilized for this study due to sev-
eral reasons. Firstly, like other state-of-the-art INP measurement instruments, it is lim-
ited to providing reliable INP measurements only down to approximately −30 ◦C and
it does not reach the colder temperatures observed in cirrus. Secondly, an instrument
capable of measuring at lower temperatures alone would not suffice; conducting La-
grangian sampling of INPs would be essential to trace the cloud evolution throughout
the cloud life-cycle. Therefore, using simulated INP concentrations that are available on
the whole globe, for a range of latitudes, longitudes, pressure levels, and times is highly
suitable for combining with backward trajectories of the sampled air masses.

The global distributions of INP concentrations were provided from simulations per-
formed with the EMAC model (ECHAM/MESSy Atmospheric Chemistry model; Jöckel
et al. (2010)), which incorporates the MADE3 aerosol microphysics submodel (Modal
Aerosol Dynamics for Europe, third generation, as detailed in Kaiser et al. (2014) and

2This section corresponds to new analyses not included in De La Torre Castro et al. (2023)
3This section was written by the author of the thesis, while the information on the model setup and simulation

data were provided by Christof Beer
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Kaiser et al. (2019)) configured as described in Righi et al. (2021) and Beer et al. (2024).
The resolution applied in the model is about 2.8◦ × 2.8◦ in latitude and longitude, and
41 non-equidistant vertical layers from the surface to 5 hPA. For the comparison with
the measurements various options for the temporal resolution of the processed simu-
lation data were explored, including a climatology mean over the campaign months of
June and July from 2014 to 2021, as well as resolutions of 11 hours and 1 hour covering
the period from June 1st to July 31st, 2021. In particular, the simulations are executed in
a nudged mode, where the model meteorological parameters, such as temperature and
wind speeds, are relaxed towards fifth generation ECMWF atmospheric reanalysis of the
global climate (ERA5; Hersbach et al. (2020)) data for the CIRRUS-HL campaign period.

The EMAC-MADE3 setup applied here is largely based on the settings described in
Righi et al. (2021), Righi et al. (2023), Beer et al. (2022), and Beer et al. (2024). A tran-
sient emission setup for the respective time period is based on the recent CMIP6 (Cou-
pled Model Intercomparison Project Phase 6) emission inventory for anthropogenic and
biomass burning emissions of aerosols and aerosol precursor species (Gidden et al.,
2019; Feng et al., 2020). The emission data cover the historical period to the present day
(2014) and future projections for years after 2014 based on the Shared Socioeconomic
Pathway (SSP2-4.5; O’Neill et al. (2017) and Fricko et al. (2017)). Natural mineral dust
emissions are calculated according to the online emission scheme of Tegen et al. (2002),
as described and evaluated in Beer et al. (2020).

The aerosol submodel MADE3 simulates the aerosol particle spectrum in a total of
nine modes, which are log-normally distributed and represent different size ranges and
mixing states. These modes include the Aitken, accumulation, and coarse modes (for
a more detailed description of the physical aerosol properties and dynamics see Sec-
tion 2.3.3). Within each size mode, three sub-modes represent different particle mixing
states: particles composed of fully water-soluble components, those composed of in-
soluble material (eventually coated with thin layers of soluble components), and mixed
particles.

This study focuses on aerosols acting as ice nucleating particles (INPs) and the re-
sulting nucleated ice crystals. In this model, the aerosol is coupled to clouds via a two-
moment cloud microphysical scheme based on Kuebbeler et al. (2014), which employs
the parametrization proposed by Kärcher et al. (2006) for aerosol-driven ice crystal for-
mation in cirrus clouds. The model setup regarding the coupling of aerosols to cirrus
clouds, including detailed information on model tuning and evaluation, is described in
Righi et al. (2020) and Righi et al. (2021). The cirrus cloud scheme incorporates different
cloud processes, including condensational and depositional growth, sublimation, and
sedimentation of ice, among others.

This scheme considers both homogeneous and heterogeneous nucleation (see Sec-
tion 2.2.2), with the number of newly formed ice crystals from each nucleation mode
provided at each model grid point and time step. The model represents different het-
erogeneous freezing modes due to different INPs, as introduced in Section 2.2.2: min-
eral dust (DU) (from deposition, DUdep, and immersion freezing, DUimm) and soot,
or black carbon from surface sources (BC) (Möhler et al., 2006). Similar to the method-
ology described in Righi et al. (2021), the simulations also allow for the examination of
black carbon from aviation (BCav) using a specific feature within the model. This feature
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enables the tagging of soot particles originating from distinct sources, such as aviation
emissions. The ice nucleation properties of the heterogeneous freezing modes are char-
acterized by two parameters in the model. The active fraction ( fact) of INPs, representing
the fraction of the INP population capable of nucleating ice, and the critical supersatu-
ration ratio over ice (Scrit), at which the freezing process is initiated. The values of these
model parameters are summarized in Table 5.3.

Table 5.3: Freezing properties (critical supersaturation Scrit and activated fraction fact) of the ice nucleating
particles (INPs) similar to Righi et al. (2020) and Beer et al. (2022). Scrit is the ambient supersaturation with
respect to ice.

Property
DUdep

(T ≤ 220K | T > 220K)
DUimm BCav4 BC

Scrit 1.1 | 1.2 1.35 1.2 1.4

fact
exp[2(Si −Scrit)]−1 |
exp[0.5(Si −Scrit)]−1

0.01 0.001 0.0025

The same freezing properties of DUdep and DUimm were used by Beer et al. (2022),
based on Möhler et al. (2006) and G. Kulkarni et al. (2014), respectively. This is a more
conservative selection of the DUimm properties compared to Righi et al. (2020) (i.e.,
Scrit = 1.3, fact = 0.05). BC and BCav are treated with different freezing properties, follow-
ing the approach of Righi et al. (2021) and applying the values from experiment S12F01
for BCav. The properties of BC are consistent with the studies by Hendricks et al. (2011),
Righi et al. (2020), and Righi et al. (2021), while Beer et al. (2022) assumed the same val-
ues of Scrit = 1.4 and fact = 0.001 for both BC and BCav.

A new method was applied for this thesis, where the global distributions of INPs were
employed in conjunction with air mass trajectories provided by the ETH. As explained in
Section 5.2.2, the trajectories are provided on an hourly basis, enabling the tracking of
measured air masses over time. By utilizing these trajectories together with the EMAC-
MADE3 simulation output, the INP concentration at each point along the cloud’s history
can be determined. This is achieved by identifying the location in the aerosol model
output that is closest to the positions in the trajectories. Subsequently, to characterize
the aerosol load experienced throughout the history of the resulting cloud measurement
point, the median INP concentration is computed. This median value is derived from all
INP concentration values encountered along the trajectory between the cirrus formation
(defined in Section 5.2.2) and the subsequent cloud measurement point. Essentially, this
approach facilitates the representation of the evolving aerosol conditions experienced by
the air mass as it traverses different regions and atmospheric conditions over time.

A similar methodology was employed to calculate the number concentration of
newly formed ice crystals along the backward trajectories. Instead of computing a
median value along the trajectory for each measurement point, all values along the tra-
jectory (from formation to measurement point) are considered to obtain a histogram of
the nucleation events along the trajectory. It should be noted, however, that this method
does not account for all nucleation events that might have occurred along the actual
cloud trajectory. Instead, it only considers those events included in the model output,

4Scrit and fact values for BCav are chosen according to Righi et al. (2021) (experiment S12F01)
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whic are determined by the specified time step, with a minimum interval of one hour.
Furthermore, sublimation and sedimentation processes are also not considered. Conse-
quently, a direct comparison between this quantity and the ice crystal number obtained
from observations at the measurement point is not possible. Instead, the aim is to com-
pare the differences in nucleation mechanisms among the three cirrus groups in order
to gain a deeper understanding of the observed differences. This approach is further
detailed in Section 5.6 and the limitations are discussed in Section 5.7. Ultimately, the
chosen temporal resolution was the 1-hour resolution, because it matches the temporal
resolution of the backward trajectories, and the analyses presented in Section 5.6 mainly
utilized this hourly model output.

5.6.2. RESULTS
By integrating the model simulations introduced in Section 5.6.1 with the backward
trajectories calculated from the measurement locations, a comprehensive analysis of
aerosol effects is conducted, focusing on the influence of INPs on cirrus and the forma-
tion of ice crystals in the model, via different nucleation mechanisms: heterogeneous
nucleation on mineral dust (DU), black carbon from aviation (BCav), and black carbon
from surface sources (BC), as well as homogeneous nucleation. Details regarding the
model data and methodology applied are elaborated in Section 5.6.1.

Fig. 5.15 illustrates the geographical distribution of the various INP types in the study
region and represents visually the method of determining the INP concentration along
the backward trajectories for the three cirrus types introduced in Section 5.5. For each
measurement point, a median INP concentration of DU, BCav, and BC of all the steps
along the trajectory is calculated, indicating the influence of each INP type along the
history of each cirrus measurement. Cirrus measurements are grouped following the
approach of the previous Section 5.5. It is important to note that the INP concentrations
presented in the figures of this section should be interpreted as potential INP concentra-
tions. The actual INP concentrations are determined by applying the respective fact (see
Section 5.6.1).

Similarly to Fig. 5.14, the median concentrations of the three types of INP along the
trajectories associated to a cloud measurement point are represented in Fig. 5.16 for the
three cirrus types(M-M, M-H, and H-H), and the three INP types (DU, BCav, and BC). In
addition, the median value of each distribution is shown with dashed lines. The range in
the concentration differs between the three INP types since they are present in different
concentrations in the atmosphere (Hendricks et al., 2011; Righi et al., 2021; Beer et al.,
2022).
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Figure 5.15: Geographical distribution of the number concentration of ice nucleating particles (INPs) from
(a) mineral dust (DU), (b) black carbon from aviation (BCav), and (c) black carbon from surface sources (BC)
in the study region at 250 hPa. The model output corresponds to a climatological mean from the June-July
months over the years 2014-2021. Each panel also includes an example backward trajectory for each cirrus
type (cirrus formed and measured at high latitudes (H-H, blue), cirrus formed at mid-latitudes and measured
at high latitudes (M-H, green) and cirrus formed and measured at mid-latitudes (M-M, orange), as described
in Section 5.5), with a purple star indicating the formation point and a white-black dot representing the mea-
surement location.
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Figure 5.16: Relative frequency distributions of the median number concentration of three types ice nucleating
particles (INPs), including mineral dust (DU) (a), black carbon from aviation (BCav) (b), and black carbon from
surface sources (BC) (c), along the backward trajectories of cirrus formed and measured at high latitudes (H-
H, blue), cirrus formed at mid-latitudes and measured at high latitudes (M-H, green) and cirrus formed and
measured at mid-latitudes (M-M, orange). The global distributions of INPs in the model are provided in a
temporal resolution of 1 hour.

The distributions of median concentrations of INPs from dust across the three cir-
rus types exhibit a similar trend to the ice crystal number concentration N shown in
Fig. 5.12(a), with higher concentrations in the M-M cirrus compared to H-H cirrus. The
higher influence of dust for M-H cirrus compared to H-H cirrus is expected, given that
H-H cirrus are predominantly of in situ origin, and the majority of M-H cirrus are of
liquid origin. Backward trajectories from liquid origin cirrus cover a broader range of
altitudes, including lower altitudes where dust concentrations are higher, in contrast to
the altitudes where in situ cirrus typically form (Krämer et al., 2016; Beer et al., 2022). Ad-
ditionally, as illustrated in Fig. 5.15, mineral dust is more present at lower latitudes and
is less frequently transported to higher latitudes, where the H-H cirrus form. This also
reinforces the interpretation of the higher concentrations of ice particles in M-H cirrus
compared to cirrus purely formed at high latitudes discussed in Section 5.5, which was
attributed to the influence of mid-latitude air masses during the initial phases of their
formation.

In the case of INPs from BCav and BC, the median concentration distributions of
M-H and H-H cirrus display similar profiles, but the overall median values are larger
for H-H cirrus (more elaborated below with Fig. 5.19). These distributions and overall
medians notably differ from those of the M-M cirrus, which show larger values. Par-
ticularly noteworthy are the higher concentrations of BCav observed in the M-M cirrus
compared to the other groups. This observation is expected, considering that aviation
is more prevalent in the mid-latitudes. Therefore, air masses remaining in these regions
have a higher likelihood of accumulating BCav compared to trajectories from air masses
that only partially pass through or do not pass through mid-latitudes at all.

The same analyses, but for a climatological mean covering the months of June and
July from 2014 to 2021, are included in Fig. A.10 of the Appendix A. Overall, it presents
similar results than the 1-hour output for 2021, suggesting that this year is representative
and comparable to the climatological average in terms of particle emissions and distri-
bution. The ranges of values for the INP concentrations from DU and BC are reduced in
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the climatological average data, while it remains stable for INPs from BCav. This suggests
that INP concentrations from BCav over the years might exhibit relatively stable values,
whereas the two other sources could be more susceptible to variability, and lower values
observed in the hourly output might be smoothed out when averaging over time.

This results suggest a generally higher INP load in the trajectories of cirrus clouds
originating and remaining at mid-latitudes compared to either H-H, or even M-H cirrus,
which experience less residence time in the mid-latitudes and therefore receive a lower
influence of the three INP types. This finding corroborates the hypothesis proposed in
previous sections regarding the reduced influence of INP on cirrus formation at high lat-
itudes. However, it is important to note that these results are not a direct indicator of
the measured microphysical properties of cirrus and should not be directly compared
with the ice crystal N depicted in Fig. 5.14(a), as the relationship betweeen INPs and ice
crystals is very non-linear. Only a fraction of the INP concentrations shown in Fig. 5.16
effectively translate into ice crystals. This process in the model depends on the supersat-
uration levels in the air mass and the freezing properties inherent to each INP type (refer
to Section 5.6.1 for further details). In addition, competition for the available water vapor
takes place between homogeneous and heterogeneous nucleation between the different
INP types (see Section 2.2.2).

To account for all INP-induced nucleation events occurring throughout the age of the
cirrus cloud at the measurement location, the newly formed ice crystals at each time step
(every hour) along the backward trajectory are computed. However, this method might
have a bias introduced by the length of the trajectory; longer trajectories contribute with
more values to the overall histogram than shorter ones. The age of the cirrus can be cal-
culated from the backward trajectories as the elapsed time between the formation and
measurement point. As illustrated in Fig. 5.17, the cirrus age varies depending on the
type of cirrus. Specifically, the age of M-M and H-H cirrus are very similar, averaging
24 and 21 hours, respectively, while M-H cirrus typically have longer ages, averaging 55
hours. The shorter ages of H-H cirrus compared to M-H cirrus can be attributed to their
different cirrus origins. H-H cirrus were mostly of in situ origin, while M-H of liquid ori-
gin. Liquid origin cirrus originate from lower altitudes and, in general, require more time
to reach cirrus altitudes. In contrast, in situ origin cirrus form directly at high altitudes,
resulting in shorter ages (Krämer et al., 2016; Luebke et al., 2016; Wernli et al., 2016).

The result is shown in Fig. 5.18 for the three cirrus types and the different types of
INP. The upper limit in the distribution is similar for all INP types, indicating a consis-
tent mean maximum ice crystal concentration of about 0.1 cm−3. In contrast, the lower
limit of the distribution varies depending on the INP type, with DU displaying a broader
spectrum of concentrations of newly formed ice crystals compared to BCav or BC. Inter-
estingly, black carbon appears to be the predominant contributor to higher ice crystal
concentrations in cirrus formation, followed by BCav and then DU. This would contrast
with previous studies that have highlighted the predominant role of dust in ice nucle-
ation in cirrus (Möhler et al., 2006; Froyd et al., 2022). However, it should be noted that
Fig. 5.18 depicts relative frequencies, and thus, it does not directly indicate the fraction
of events where heterogeneous nucleation on black carbon occurs. Instead, it highlights
that when nucleation on BC happens, it results in the formation of many ice crystals.

The analysis provided in Fig. 5.19 offers another perspective by presenting the ab-
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Figure 5.17: Relative frequency distributions of the age at the measurement location of cirrus formed and
measured at high latitudes (H-H, blue), cirrus formed at mid-latitudes and measured at high latitudes (M-H,
green) and cirrus formed and measured at mid-latitudes (M-M, orange).
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Figure 5.18: Relative frequency distributions of the number concentration of newly formed ice crystals from
INPs of mineral dust (DU) (a), black carbon from aviation (BCav) (b), and black carbon from surface sources
(BC) (c) of the cirrus formed and measured at high latitudes (H-H, blue), cirrus formed at mid-latitudes and
measured at high latitudes (M-H, green) and cirrus formed and measured at mid-latitudes (M-M, orange). The
temporal resolution of the concentrations of newly formed ice crystals in the model is 1 hour.

solute frequencies of occurrence for each nucleation mechanism within the same cir-
rus type. This representation helps to visualize for the same cirrus group, the number
of nucleation events of each type. In this case, the absolute frequency distribution of
the number concentration of homogeneously nucleated ice crystals is included. At first
glance, it becomes apparent that only a small portion of cirrus measurements are in-
fluenced by homogeneous nucleation according to the model. Apparently, these events
occur very locally for the cirrus trajectories of the CIRRUS-HL campaign. The sensitivity
study of Appendix A.5.3 shows similar low absolute frequencies of homogeneous nucle-
ation events for the weather and emission conditions during the same months in 2020
and 2019, confirming that 2021 was not anomalous in this regard.

In general, ice crystals tend to form predominantly on dust particles due to their
strong freezing potential, resulting in a broader range of number concentrations. Freez-
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ing on DU can begin at lower supersaturations compared to BCav or BC. However, un-
der conditions where more water vapor is available, freezing on BCav and BC can also
occur. While in M-H and H-H cirrus exhibit normalized Ni,DU concentrations below
0.001 cm−3, the distribution in M-M cirrus displays a small mode at higher concen-
trations. Maximum concentrations of newly formed ice crystals are observed either
through heterogeneous nucleation on black carbon or via homogeneous nucleation.
Heterogeneous nucleation on dust for M-M cirrus also produces high concentrations
of newly formed ice crystals. These findings should be interpreted with consideration of
the assumed freezing properties of the INPs, as described in Section 5.6.1. In particu-
lar, this study assumes a relatively high freezing potential for BCav. The impact of these
assumptions are discussed in Section 5.7.1.
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Figure 5.19: Absolute frequency distributions of the number concentration of newly formed ice crystals from
different types of INPs. Panels (a), (b), and (c) represent cirrus formed and measured at mid-latitudes (M-M),
(b) cirrus formed at mid-latitudes and measured at high latitudes (M-H), and (c) cirrus formed and measured at
high latitudes (H-H), respectively. The ice nucleating particle types include mineral dust (DU, orange), black
carbon from aviation (BCav, gray), and black carbon (BC, black). Newly formed ice crystals from homoge-
neously nucleation is also included (HOM, light blue). The temporal resolution of the concentrations of newly
formed ice crystals in the model is 1 hour.

The formation of M-H cirrus is characterized by an even contribution from hetero-
geneous nucleation of the three INP types. In M-M cirrus formation, BC plays a slightly
less important role followed by mineral dust and with black carbon from aviation con-
tributing the most in frequency to ice crystal formation. Interestingly, in H-H cirrus, the
frequency of events involving heterogeneous nucleation on BC particles is considerably
reduced compared to DU or BCav, or to the other two cirrus types. The higher impor-
tance of BCav in M-M and H-H cirrus compared to M-H cirrus can be attributed to the
higher presence of in situ origin cirrus in these groups (see Section 5.5). These cirrus
form at high altitudes and remain within that range throughout their trajectories. While
the concentration of black carbon decreases with altitude, black carbon from aviation
has another mode of high concentrations at cruise altitudes (Righi et al., 2021; Beer et
al., 2022), precisely where the trajectories of in situ cirrus develop. This explains why
H-H cirrus tend to accumulate more black carbon from aviation than other sources of
black carbon from the ground.

In summary, by utilizing simulated concentrations of INPs from dust, black carbon
and black carbon from aviation, along with the corresponding nucleated ice crystals,
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valuable insights were gained into the impact of heterogeneous and homogeneous nu-
cleation during the campaign measurements. The analysis revealed a reduced influence
of homogeneous nucleation, highlighting the importance of INPs in shaping ice crystal
number concentrations across different cirrus types. Specifically, the higher ice crystal
number concentrations measured in M-M cirrus are connected with a greater influence
of all three INP types and higher concentrations of newly formed ice crystals from the
model. Interestingly, H-H cirrus exhibit a significant influence of BCav but a consider-
able reduction of BC compared to M-M and M-H cirrus.

5.7. DISCUSSION OF LIMITATIONS

In this section, a critical analysis of the limitations is conducted, and several remarks
on the representativeness of the study of this chapter are provided. The main influenc-
ing parameters are identified in Section 5.7.1, and the outcomes of various sensitivity
analyses are discussed there. The latitude threshold is identified as the most crucial pa-
rameter, as it defines the classifications established in this study and, consequently, the
conclusions drawn. Almost equally important, though much more challenging to assess,
is the influence of the different time resolutions of the observations, the backward tra-
jectories tool (LAGRANTO), and the aerosol-chemistry-climate model (EMAC-MADE3).
Lastly, relevant aspects influencing the results of Section 5.6.2 include the assumed freez-
ing properties of the INPs and the restriction of INP sources to dust and black carbon
(from aviation and from other ground sources), excluding ammonium sulfate (AmmSu)
and glassy organics (glPOM) from the model setup (Beer et al., 2022). Section 5.7.2 con-
cludes the discussion with comments on the interpretation of the results from this study,
considering the characteristics of the campaign and the resulting data set.

5.7.1. INFLUENCE OF THE METHOD

The selection of the latitude threshold of 60◦ N is a critical aspect in this study, as it de-
termines the differentiation between mid- and high latitudes and, at the same time, the
cirrus classification. I performed a sensitivity study and varied the threshold between
55−65◦ N (see Fig. S4 in the Supplement). Here, I show that the variation of the thresh-
old does not alter the existence of the described differences between the three cirrus
groups, even though it influences the absolute values of the medians. In addition, Fig.
Fig. 5.6(b) shows a continuous tendency of increasing effective diameter from mid- to
high latitudes, which shows that the differences between ML and HL cirrus are continu-
ous and do not depend on the threshold.

The classification of cirrus origins of the in situ measurements of this work is sus-
ceptible to uncertainties as trajectories were initiated along the flight track every 10 s,
which corresponds to ≈ 2 km in horizontal scale. I assume that cirrus measured in this
interval have the same origin. In addition, the model parameters calculated along the
trajectories are averages of grid points in a ≈ 50×50 km2 domain that does not capture
the smallest local variations. I use the vertical motion along trajectories to separate pro-
cesses connected to the measurements. However, the trajectory approach excludes the
analysis of the impact of small-scale temperature and wind fluctuations on cirrus for-
mation. The accuracy of the approach is difficult to assess as the associated uncertainty
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is very in-homogeneous, it depends on the location and the meteorological situation.
Nevertheless, backward trajectories are a common tool to identify and analyse different
influences on cirrus formation and have been employed in other studies (e.g., Voigt et al.
(2017) and Urbanek et al. (2018)). Specific studies on the validation and intercomparison
of the LAGRANTO tool are available in the literature (Stohl et al., 2001; Cui et al., 2009).
The results obtained with this classification method are in line with the findings of pre-
vious publications (Krämer et al., 2016; Luebke et al., 2016; Wernli et al., 2016; Krämer
et al., 2020).

Similarly, the analysis of the aerosol-cloud interaction is constrained by the horizon-
tal resolution of the EMAC-MADE3 model, which covers approximately 300×300 km2.
This, combined with the different resolution of the LAGRANTO tool for the backward tra-
jectories, introduces a considerable level of uncertainty. Although the concentration of
newly formed ice crystals were aggregated along the trajectories to facilitate comparison
with the ice crystal number concentrations from in situ measurements, this approach
primarily serves to indicate trends rather than allowing for direct comparisons. This is
because processes such as sublimation or sedimentation are not considered along the
trajectory steps. Further sources of uncertainties of the aerosol-cirrus interactions in the
model are extensively described in Beer et al. (2024).

The freezing fraction (fact) of each INP type dictates the number concentration of
newly formed ice crystals, while the critical supersaturation (Scrit) determines both the
number concentration and the absolute frequency of ice nucleation events. Specifically,
BCav particles are assumed to act as efficient INPs with Scrit = 1.2. However, unlike min-
eral dust, the freezing properties of BCav and their actual impact on cirrus formation
are not yet fully understood (McGraw et al., 2020; Righi et al., 2021). Recently, labora-
tory study by Testa et al. (2024) shows a poor efficiency of BCav as INP. This might imply
that the current assumption for Scrit is likely an overestimation. Variations in the ice nu-
cleation ability of BCav not only affect the number concentration of newly formed ice
crystals and the frequency of events, but also influence the heterogeneous freezing via
DU, BC, and homogeneous nucleation, as they compete for the available water vapor.
This could also be affected by including further INP types, which also can compete for
the water vapor. A sensitivity study including ammonium sulfate and glassy organics was
performed and is included in Appendix A.5.2, showing a negligible impact in the analy-
ses. The decision to assign a high Scrit value to the INPs from BCav was made to simplify
the interpretation of the results. In addition, given the further focus of this thesis on avi-
ation effects, which will be discussed in Chapter 6, a "worst case scenario" was desired
for the freezing potential of BCav as INPs to discuss its impact on cirrus formation.

5.7.2. REPRESENTATIVENESS

This study analyses the differences in the properties of the cirrus that were measured
during the CIRRUS-HL campaign according to the latitude. The results are representa-
tive of summer 2021, of the regions measured over the Arctic, North Atlantic and Central
Europe and of the meteorological situations observed during the campaign. Under this
context, these cirrus observations cover a wide range of latitudes between 38 and 76◦ N
and temperatures between −38 and −63 ◦C. The statistical tests I performed indicate a
sufficient statistical significance of the differences that I found in these ranges but con-
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clusions drawn on the coldest temperatures (between −58 and −63 ◦C for HL cirrus and
−60.5 and −63 ◦C for ML cirrus) have to be taken cautiously as the number of observa-
tions is limited and the samples are mainly from the same cloud sequence. This implies
that the observations are correlated to some extent, as they are measured at approx-
imately the same temperature and altitude. However each 2-s sample is horizontally
separated by ≈ 400 m and thus the cloud properties are not necessarily connected.

Cirrus classified as formed at mid-latitudes and measured at high latitudes (M-H)
were mostly identified as being of liquid origin. This observation may be influenced by
the synoptic conditions during the summer months of 2021, which were marked by fre-
quent unstable weather and heavy thunderstorms over Western and Central Europe. In
such conditions, strong updrafts and horizontal winds facilitate the formation of liquid
origin cirrus at mid-latitudes and their subsequent transport to high latitudes. Future
campaigns should investigate the characteristics of the M-H cirrus group in different
regions, seasons, and meteorological situations to gain a more comprehensive under-
standing.

The study indicated a minimal impact of homogeneous nucleation in cirrus forma-
tion during the CIRRUS-HL campaign, based on the analysis of newly formed ice crys-
tals from homogeneous nucleation along the trajectories. To verify whether this finding
is specific to the year 2021, a sensitivity analysis considering the weather and emissions
of 2020 and 2019 was performed and is shown in Appendix A.5.3. The conclusion is that
this feature is also observed for those years. However, several remarks should be made
in this regard. Firstly, the sampling strategy of these measurements might be biased due
to the exclusion of flights in convection and the fact that orographic waves were not part
of the campaign objectives. In addition, the hourly resolution of both the backward tra-
jectories and the aerosol model output might miss those events, which occur on a small
scale.

Nevertheless, the measurements presented in this thesis can be combined with fu-
ture observations to build a larger data set and gain a broader perspective. However, it
should be noted that directly comparing and integrating this data set with other cirrus
measurements performed with different instruments and evaluation methods might not
be feasible and could produce misleading results. If only the methods differ, reprocess-
ing and reevaluating the raw data might help to solve conflicts. Comparisons are always
possible, provided the differences between data sets are acknowledged and the results
are interpreted accordingly.

5.8. SUMMARY AND CONCLUSIONS
This study offers new insights into the microphysical properties of the rarely observed
Arctic cirrus and support the analysis by backward trajectories of the cirrus air parcels
to investigate cirrus formation and evolution. Even though other campaigns have been
previously performed in this region (Schiller et al., 2008; Heymsfield et al., 2013; Krämer
et al., 2016; V. Wolf et al., 2018; Marsing et al., 2023), in situ data on the full range of
cirrus particle sizes remain limited at high latitudes. Contrary to other campaigns at
high latitudes, cirrus at mid-latitudes were measured during the same mission with the
same instrumentation, which provided a unique opportunity for comparison. The main
findings are stated and discussed in the following:
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- High-latitude cirrus measured during summer 2021 are characterized by lower
concentrations and higher effective diameters than mid-latitude cirrus. Similar
differences in high-latitude cirrus were also observed by V. Wolf et al. (2018) com-
pared to measurements at mid-latitudes (Krämer et al., 2016; Luebke et al., 2016).
As V. Wolf et al. (2018), I also suggest the reduced amount of available ice nucle-
ating particles at high latitudes as a possible explanation for these findings. This
hypothesis is supported by using simulated ice nucleating particle data from the
EMAC-MADE3 model combined with backward trajectories.

- The upper troposphere in the summer 2021 was characterized by high ice super-
saturation, especially in high-latitude cirrus (R̃Hi ∼ 125%). Contrary to wintertime
observations in the Arctic by V. Wolf et al. (2018), which included fast updraft lee
wave cirrus, in situ origin high-latitude cirrus were often observed to be formed at
lower updrafts. Different from V. Wolf et al. (2018), the analysis of updraft speeds
along the backward trajectories and the analysis of newly formed ice crystals from
homogeneous nucleation from the EMAC-MADE3 model indicate that heteroge-
neous freezing dominates cirrus formation during this campaign.

- The Arctic cirrus originate from two processes. First, cirrus formed and existing
at high latitudes consisted mainly of heterogeneously formed in situ origin (di-
rectly at cirrus altitudes below −38 ◦C) cirrus nucleated in slow updrafts. Few ice
nucleating particles and high relative humidity over ice produced low ice num-
ber concentrations and larger effective diameters. The high-latitude cirrus that
had formed at mid-latitudes were dominated by cirrus originated from liquid or
mixed-phase clouds formed at mid-latitudes with higher number concentrations
and transported to high latitudes with a subsequent growth of the ice crystals. This
category is a mixture of the cirrus properties at mid- and high latitudes and rep-
resents how the mid-latitudes influence the properties of cirrus at high latitudes.
Both cirrus categories contribute to the larger effective diameter and smaller num-
ber concentration measured at high-latitude cirrus compared to mid-latitude cir-
rus.

- The influence of ice nucleating particles is largest for cirrus formed and measured
at mid-latitudes and decreases in the M-H and H-H cirrus. This is particularly true
for dust and black carbon from other sources than aviation. Cirrus formed and
measured at high latitudes show a significant influence of ice nucleating particles
from aviation black carbon and a considerable reduction of particles from black
carbon from other sources.

- The selection of the latitude threshold of 60◦ N and the possible influence on the
results is discussed. I found slight variations on the microphysical properties of the
investigated cirrus groups but the differences between them remain consistent,
regardless of the chosen threshold.

- Although both origin cirrus groups at mid-latitudes exhibit lower effective diame-
ters more frequently than at high latitudes, the differences between in situ origin
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cirrus at mid- and high latitudes are more substantial. I point out the contribu-
tion of contrail formation within the in situ origin cirrus in flight corridors at mid-
latitudes to the differences observed between the in situ origin cirrus in mid- and
high latitudes (Voigt et al., 2017). The aviation influence during the CIRRUS-HL
campaign is discussed in more detail in Chapter 6.

- An alternative method applying the median for the particle size distribution repre-
sentation is introduced as a more suitable option in this case, than the commonly
used average over the data points. This method helps to obtain particle size distri-
bution that represent the typical values of large sample groups with high variability
and strong outliers.

The introduction of the new cirrus classification by taking into account not only the
measurement location but also the location at cirrus formation is an important insight
for future studies. As the results show, part of the cirrus considered as high-latitude cirrus
are actually influenced by mid-latitude air masses that change their properties. In situ
measurements of ice nucleating particles in the cirrus regime are much needed to clarify
the cause of the different cirrus properties at high latitudes compared to mid-latitudes.
Combining in situ observations with modelling studies provided further insights into
the underlying processes influencing cirrus formation and cirrus cloud properties. The
present study aims to contribute and enhance our knowledge of cirrus formation pro-
cesses and their microphysical properties in high and mid-latitudes in order to compile
a database for studies on their climate impact.
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CONTRAIL CIRRUS AND NATURAL

CIRRUS INTERACTION

This chapter represents a further analysis of the data presented in Chapter 5, but fo-
cuses on the effect of contrail cirrus from conventional aircraft operation in the upper
troposphere on natural cirrus properties and addresses the fourth research question:
RQ4. How does aviation influence the microphysical properties of natural cirrus?. Build-
ing upon the work presented in Chapter 5, which investigated the properties of natural
cirrus clouds by using data from the CIRRUS-HL campaign, the aim of this chapter is
to provide a comprehensive overview of the observed influence of aviation during this
campaign on the properties and lifecycle of natural cirrus. General details of the cam-
paign’s instrumentation, objectives, and implementation are described in Section 5.1.
The motivation and methodology for identifying contrail cirrus samples are explained
in Sections 6.1 and 6.2, respectively. The analysis of these identified events is presented
in Section 6.3 and, finally, a summary and final remarks of the results are included in
Section 6.4.

6.1. INTRODUCTION
In Chapter 5, I analysed the CIRRUS-HL observations regarding the properties of natural
cirrus clouds. A further objective of the research project in the context of the CIRRUS-
HL campaign, as mentioned in Chapter 1 and Section 5.1, was to investigate the effects
of aviation. Aviation affects natural cloudiness through two primary pathways: the for-
mation of contrail cirrus in the upper troposphere (Voigt et al., 2010; Voigt et al., 2011;
Chauvigné et al., 2018), which interact with and impact natural cirrus (Tesche et al.,
2016; Marjani et al., 2022; Li et al., 2022; Verma & Burkhardt, 2022), or the emissions
of soot (black carbon from aviation, BCav, see Section 5.6) into the atmosphere, which

The figures of this chapter have not been published. Paragraphs discussing aviation effects in De La Torre
Castro et al. (2023) have been moved to this chapter in Sections 6.3 and 6.4, and have been slightly adapted to
fit within newer parts.
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can act as ice nuclei for the formation of natural clouds (Urbanek et al., 2018; Groß et
al., 2022). While the latter aspect was briefly addressed in Section 5.6 through the anal-
ysis of INP concentrations from BCav among different cirrus types, revealing a higher
influence in the M-M cirrus, the focus of this section is on contrail cirrus, which were
also measured during the campaign flights1. These measurements appeared as outliers
when considering the overall properties of the observed natural cirrus in Chapter 5, and
thus, this chapter aims to characterize them and understand the influence of aviation in
the CIRRUS-HL data set. However, it should be noted that the air traffic over Europe in
2021 was still reduced due to the COVID-19 pandemic. According to the International
Civil Aviation Organization (ICAO, 2019), the air transport capacity in Europe measured
in available seat-kilometers was −46.5 % in July 2021 compared to 2019. This means
that the observations during the CIRRUS-HL campaign might have a lower influence of
aviation compared to the situation before the pandemic.

Generally, aircraft plumes can be identified by enhancements of nitrogen monox-
ide (NO) and total reactive nitrogen (NOy) mixing ratios (Schulte et al., 1997). Apart
from aircraft engine combustion, nitrogen oxides are emitted into the atmosphere as
NO through various combustion processes on the ground (e.g., from industries), by light-
ning, or from N2O degradation in the stratosphere and subsequent downward transport.
Once released, NO undergoes oxidization to form other reactive nitrogen compounds,
such as NO2 and HNO3, collectively represented by NOy. Specifically, nitrogen oxides
(NOx) in the form of NO and NO2 are emitted directly at cruise altitudes from aircraft
exhaust due to fuel combustion at high temperatures. As the plume mixes with the am-
bient air, the NO and NOy mixing ratios decrease due to dilution. Consequently, NOy

can also be used as a tracer, and the NO/NOy ratio has been utilized in past studies to
estimate the dilution of aircraft emissions and determine the age of the contrail mea-
surements (Schumann et al., 1998; Jeßberger et al., 2013; Harlass et al., 2024).

In the following Section 6.2, the strategy for identifying contrail cirrus samples is de-
scribed. This task is challenging because the data set does not contain direct measure-
ments of young contrail chase sequences. Some aged contrail encounters were reported
in the flight reports by visual observation; however, aged contrails and contrail cirrus can
not be clearly visually identified and do not exhibit as clear an enhancement of NO and
NOy compared to young contrail measurements. Therefore, the identification is based
on the ice cloud properties N and ED , with measurements of NO and NOy serving as
qualitative indicators.

6.2. METHODOLOGY
The same data set and methods for the analysis of cirrus microphysical properties of
Chapter 5 are applied here (see details in Section 5.2). In addition, as mentioned in Sec-
tion 6.1, in situ measurements of NO and NOy during the CIRRUS-HL flights are inte-
grated into this analysis. These measurements were provided by Helmut Ziereis (Ger-
man Aerospace Center) and conducted using the AENEAS (AtmosphEric Nitrogen ox-

1The in-depth analysis of the contrail and contrail cirrus measurements from the CIRRUS-HL data set was
conducted by Valerian Hahn as part of his PhD thesis using the CAS instrument. All the data presented in this
chapter corresponds to my own data set from the CDP-CIPG-PIP combination. Any insights derived from
Valerian Hahn’s work are explicitly stated in the following sections where applicable.
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ides mEAsuring System) instrument, a two-channel chemiluminescence detector. The
instrument’s overall uncertainty is approximately 8% for volume mixing ratios of 0.5 ppb
and about 6.5% for 1 ppb Ziereis et al., 2000; Stratmann et al., 2016; Ziereis et al., 2022.

Similar to Fig. 5.9, Fig. 6.1 shows phase plots of ED as function of N for mid-latitude
(a, c) and high-latitude cirrus (b, d). However, in this case, the color coding indicates bin-
averaged NO and NOy mixing ratios. As in Fig. 5.9(c), Fig. 6.1(a) and (c) show a tail-like
shape in the lower right corner, which is not present in the high-latitude cirrus. In addi-
tion, the NO and NOy mixing ratios in the central clusters of both cirrus groups are low,
while the tail-like feature shows enhancements. However, enhancements are observed
not only in the lower right corner but also in the upper right region of the mid-latitude
measurements in Fig. 6.1(a) and (c), particularly in the NO mixing ratio in (c). These
samples have been identified and correspond to events on June 25 and 29, and July 28.
During all these sequences, convective clouds were reported in the flight reports, asso-
ciated with turbulence and lightning, which is a source of NO. These events can also
be clearly distinguished because the EDs tend to be above the overall mean, reaching
values of 400 or even 800 µm.

Contrails exhibit a distinct profile characterized by very high ice crystals concentra-
tions in their early stages, often exceeding 100 cm−3, while the ice crystal sizes are just a
few micrometers (Petzold et al., 1997; Gayet et al., 2012; Jeßberger et al., 2013; Kleine et
al., 2018). As explained in Section 2.4, contrail cirrus form as contrails transition and mix
with ambient air, leading to ice crystal growth through water vapor uptake. This process
is accompanied by a reduction in concentration due to sublimation from mixing with
drier air or sedimentation of the larger ice crystals (Schröder et al., 2000; Unterstrasser
& Gierens, 2010; Kübbeler et al., 2011; Voigt et al., 2017; Schumann et al., 2017; Grewe
et al., 2017). Here, the tail-like shape connected to the central cluster of Fig. 6.1(a) and
(c) represents this transition processes to older ages. As observed, this transition is not
abrupt and therefore, potential contrail cirrus measurements might hide within the nat-
ural cirrus cluster.

As a consequence of these evidences, the lower most part of the tail is identified as
potential contrail and contrail cirrus measurements and these samples are selected by
the criterion of N > 0.1 cm−3 and ED < 40 µm. While natural cirrus at high latitudes typ-
ically have larger EDs (> 50−60 µm) and lower concentrations (< 0.1 cm−3), the chosen
criterion is more conservative concerning the sizes. However, a more conservative cri-
terion helps with the analysis and comparison with the rest of the measurements, facili-
tating the observation of clearer characteristics. These samples are referred to hereafter
as "high N and low ED" (HNLED) events. It can already be noted that these events are
more frequently observed at mid-latitudes and in in situ cirrus (see Fig. 5.9).
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Figure 6.1: Relationship between ED and N in hexagonal bins for (a, c) mid-latitude cirrus and (b, d) high-
latitude cirrus. The average of the NOy (a, b) and NO (c, d) mixing ratios within the hexagonal bins is shown in
green color gradient. The overall mean ED and N are shown by red lines, as in Fig. 5.9. The area of the criterion
for HNLED events (see text) is marked with black dashed lines.

6.3. INFLUENCE OF CONTRAIL CIRRUS ON NATURAL CIRRUS

In this section, the introduced HNLED are further characterized by their occurrence and
by comparing this group of samples with the overall trends. The fraction of HNLED
events among all measurements presented in Chapter 5 accounts for 2.4%. Among these
HNLED events, only 8% correspond to liquid origin cirrus, while the remaining majority
are of in situ origin. Geographically, 96% of these events occurred at mid-latitudes. As
discussed in Section 5.3, previous analysis suggested that ML cirrus are more influenced
by contrail cirrus. The statistical breakdown of events per day, categorized by liquid and
in situ origin, is illustrated in Fig. 6.2. The most significant contribution to the HNLED
events stems from F16 and F17 on July 15, 2021, coinciding with a contrail cirrus out-
break over the Iberian Peninsula (see Fig. 5.3(d)). However, other HNLED events are
distributed across various days, emphasizing that aviation-induced cloudiness extends
beyond forecasted regions of extensive contrail formation to affect natural cloud regions
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over Center and Western Europe.
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Figure 6.2: Summary of the absolute frequency of 2-second observations of HNLED events for in situ (light
blue) and liquid origin cirrus (dark blue) per day during the CIRRUS-HL campaign.

These observations suggest a clearer influence of aviation on in situ origin cirrus
events compared to those of liquid origin. Liquid origin clouds typically form at lower
altitudes, where both liquid droplets and ice crystals can coexist. As these clouds un-
dergo cooling processes from ascending motions, isobaric mixing or radiative cooling,
the relative humidity increases. This sets the state for the Wegener-Bergeron-Findeisen
(WBF), where ice crystals grow by water vapor uptake from evaporated liquid droplets,
ultimately resulting in complete glaciation of the cloud (Korolev, 2007a; Costa et al.,
2017). Consequently, the evolution of liquid origin cirrus allows sufficient time for the
available water vapor to be consumed upon reaching the cirrus regime. As noted by Li et
al. (2022), liquid origin cirrus often do not meet the Schmidt-Appleman criterion (SAC)
for contrail formation due to their higher temperatures. This makes the development of
contrails less likely within these clouds.

On the contrary, in situ origin cirrus form directly at high altitudes, where air traffic is
also present. Let’s imagine a scenario where an in situ origin cirrus cloud begins forming
through heterogeneous nucleation by the deposition of water vapor on INPs, and an air-
craft exhaust jet is introduced. In this scenario, natural ice particles would be replaced
by the freshly formed contrail ice particles, significantly impacting the resulting micro-
physical properties. The formation of contrails within cirrus can drastically increase the
number of ice crystals by several orders of magnitude (Schröder et al., 2000; Voigt et al.,
2017; Schumann et al., 2017), particularly when the pre-existing cirrus has high ice water
content and low supersaturation levels (Verma & Burkhardt, 2022). Consequently, con-
trail cirrus formation and evolution are expected to influence the formation process of
in situ origin cirrus at cruise altitudes by increasing N and reducing ED . This suggests
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a pronounced effect of contrail cirrus-induced changes on the microphysical properties
of in situ origin cirrus clouds, as inferred from the mean PSD shown in Fig. 5.11.

In Fig. 6.3, the relative frequency distribution of several atmospheric parameters is
presented, including updraft velocity (from the backward trajectories), relative humid-
ity over ice (RHi), NO/NOy ratio, and cloud age (based on the formation point in the
backward trajectories), for the selected HNLED events. These events are differentiated
by the origin of the cirrus, where in situ origin measurements are represented in light
blue and liquid origin data points are shown in dark blue. Additionally, the profiles of all
data points without selection are depicted in dark gray for reference. Fig. 6.3(a) displays
the frequency distribution of all the updrafts observed along the trajectories since cloud
formation, with dashed lines indicating the relative frequency of maximum values along
each trajectory.
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Figure 6.3: Relative frequency of atmospheric parameters during overall CIRRUS-HL measurements and for
HNLED events at cruise altitudes (N > 10−1 cm−3, ED < 40 µm, and altitude > 8000 km) of (a) updraft ve-
locities along the backward trajectories, (b) relative humidity over ice (RHi), (c) NO/NOy ratio and (d) cloud
duration. The distribution of the maximum values of vertical velocity along the trajectories is also represented
with dashed lines in (a). The selected data (HNLED) are classified in liquid origin (dark blue) and in situ origin
(light blue). All data points without selection are represented in dark gray as a reference.

It is noteworthy to examine the updraft speeds as high updrafts, induced by grav-
ity waves or orographic waves, can lead to a high amount of homogeneously nucle-
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ated ice crystals. Since these events also produce a high amount of small ice crystals,
they would satisfy the criteria for HNLED. However, panel (a) indicates that the mea-
surements identified as HNLED are generally not dominated by strong updrafts along
the backward trajectories. Specifically, in situ cirrus of HNLED events exhibit relatively
slow updrafts, typically below 10 cms−1, which are slower than the overall updrafts (in
black). Therefore, the explanation of the HNLED events can not be attributed to homo-
geneously nucleation events, as discussed in Section 5.4. In addition, simulation from
the EMAC-MADE3 of newly formed ice crystals from homogeneous nucleation during
the campaign period revealed a little influence in the data set (see Section 5.6). Maxi-
mum updraft velocities from the history of liquid origin cirrus reveal higher values (be-
tween 10− 30 cms−1) compared to the in situ cirrus. The majority of data points from
both in situ and liquid origin HNLED selection are centered at 100%, although a frac-
tion of the liquid origin data points exhibit higher supersaturation. The higher updrafts
and relative humidity found in the liquid origin group could be an indication of wrongly
classified as HNLED, corresponding to isolated measurements in convective systems in-
stead of aviation-influenced samples. As mentioned previously, HNLED events seem to
be connected to in situ cirrus instead of liquid origin cirrus, which aligns with findings
by Li et al. (2022).

In Fig. 6.3(c), the NO/NOy signature displays enhanced values above 0.1 for the in
situ origin HNLED events, while the liquid origin cases generally follow the overall trend
observed in all measurements. Jurkat et al. (2011) reported NO/NOy ratios around 0.8
for young contrail plumes of 60 to 120 s. This ratio decreases notably with older ages.

Fig. 6.4 shows a further analysis of the relative humidity measurements separated
in high and mid-latitudes and liquid and in situ origin cirrus, including the fraction of
HNLED measurements. Liquid origin HNLED events are barely visible due to the small
fraction which they represent. Fig. 5.14(c) showed the frequency distribution of relative
humidity for the M-M, M-H, and H-H cirrus classification, observing and increased RHi

in the H-H cirrus. Fig. 6.4 also shows higher supersaturation for both in situ and liquid
origin cirrus at high latitudes compared to mid-latitudes. In particular, while in situ cir-
rus at high latitudes show larger values of RHi than the liquid origin cirrus, in situ cirrus
at mid-latitudes are characterized by smaller values and almost centered at 100%, simi-
lar to the HNLED events. Previous studies have indicated a relaxation toward saturation
of relative humidity measurements within contrails (Kaufmann et al., 2014).

The relaxation of the relative humidity in cirrus at mid-latitudes is explaned by dif-
ferent factors. Firstly, to the direct contribution of the HNLED events, which have been
characterized by a direct influence of aviation. Secondly, the HNLED events represents
the fraction of aviation-induced cloudiness, which is still detectable and can be disen-
tangled from the whole picture, but older contrail cirrus already overlapping with the
natural cirrus microphyiscal properties would not be included in the HNLED selection
but may also show reduced supersaturation. Lastly, the existence of a higher influence
from anthropogenic sources at mid-latitudes contribute to higher INP concentrations
which can remove the water vapor.

In general, the campaign period was characterized by increased humidity in the
upper troposphere, which, in general, contribute to more persistent contrails and a
stronger warming effect (Wilhelm et al., 2022; Teoh et al., 2022; Wang et al., 2023). How-
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Figure 6.4: Relative frequency of relative humidity with respect to ice measurements (RHi) of all measurements
(light shade) and HNLED events (N > 10−1 cm−3 and ED < 40 µm, darker shade) for (a) high latitudes and (b)
mid-latitudes. The selected data are also classified in liquid origin (dark blue) and in situ origin (light blue).
The frequency of occurrence of the HNLED events has been normalized with the total number of all in situ and
liquid origin measurements, respectively.

ever, the potential contrail cirrus cover is the lowest during summer over Europe (Dischl
et al., 2022). The increase in air temperature in summer hinders the formation and per-
sistence of contrails and their radiative effect is mostly cooling because of the increased
sun hours in summer in the North Atlantic corridor (Teoh et al., 2022).

This study does not show a high frequency of direct observations of young contrail
encounters, but rather of aged contrails and contrail cirrus. It demonstrates that the in-
fluence of aviation, identified conservatively, was almost omnipresent throughout the
mission and not limited to days targeted for contrail outbreak measurements. Addition-
ally, it indicates a change in the available supersaturation in regions with high air traffic
activity compared to more pristine regions.

6.4. SUMMARY

This chapter provides an overview of a central topic currently under discussion in the
scientific community: the impact of contrail formation on natural cirrus clouds and the
change in their microphysical properties.

An influence of contrail formation and interaction with natural cirrus could be
identified in the data set, even though the conditions for contrail formation are not
as favourable in summer compared to winter (Dischl et al., 2022) and even though the
air traffic was still reduced in 2021 due to COVID-19 (ICAO, 2022; Schumann et al. (2021)
and Voigt et al. (2022)). Measurements with ice number concentrations larger than
0.1 cm−3 and effective diameters smaller than 40 µm (lower right section of Fig. 6.1(a)
and (c)) were classified as so-called "high N and low ED" (HNLED) events. This group
was analysed regarding specific indicators of aviation influence, such as NO/NOy ratio
or relative humidity over ice, which provided important evidence for identifying the
measurements as contrail cirrus. Homogeneous nucleation as the cause of high number
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concentrations and small diameters was excluded by analysing modelled and measured
updraft speeds during the campaign and was concluded that, in general, high updraft
speeds were not present. Additionally, an analysis combining backward trajectories and
modelled newly formed ice crystals from homogeneous nucleation and heterogeneous
nucleation on diverse ice nucleation particles revealed few homogeneous nucleation
events in the clouds history. However, it should be noted that flights targeting and
performed in convective systems (F12 and F15) were excluded from the analysis, and
orographic waves were not an objective of the mission. Therefore, a potential bias to-
ward more heterogeneous nucleated ice clouds might exist in this data set.

The analysis of events characterized by high number concentration and low effec-
tive diameter was supported by flight reports and contrail cirrus predictions and helped
to identify enhancement in the NO and NOy mixing ratios caused by isolated convec-
tive clouds. However, the direct association of all HNLED samples with the correspond-
ing emitting aircraft was not performed. This task poses a significant challenge due to
the old ages of the contrail cirrus in the measurements included in this analysis, dur-
ing which atmospheric conditions (e.g., wind speed, wind direction...) can change and
complicate backtracking, as well as the busy air traffic over Central Europe.

A stronger influence of aviation was found within in situ origin cirrus compared to
liquid origin cirrus. In addition, notably higher supersaturation levels were observed at
the high latitudes, while the higher influence of aviation at mid-latitudes likely facili-
tated the depletion of water vapor in the upper troposphere through contrail formation,
thereby relaxing the supersaturation values towards 100%. Importantly, it was shown
that the separation between the microphysical properties of contrail cirrus and natural
cirrus is diffuse. This is because particles in contrail cirrus grow with contrail age, as well
as get reduced in number, and ultimately achieve properties similar to natural cirrus.
The contrail cirrus data set contributes to the extension of the limited existing data of
contrails with ages exceeding 3000 s.





7
BACKGROUND AEROSOL

CONCENTRATIONS FROM

OBSERVATIONS AND MODEL

This chapter offers an outlook on the role and relevance of background aerosol in the
formation of contrails from low-particle emission propulsion technologies, such as
hydrogen-powered aircraft, and it provides further insights into the research question
RQ3. What role do aerosols and atmospheric dynamics play in shaping the properties of
high-latitude cirrus in comparison to those at mid-latitudes? How does simulated aerosol
concentrations compare to measurement data in air traffic relevant regions?

To provide context and an overview of current knowledge on particle activation in the
low-particle-emission regime, a literature review and interpretation of recent findings’
implications for future propulsion technology development are included in Section 7.1.
The observations of aerosol concentrations during the CIRRUS-HL campaign are shown
and compared with model simulations from the EMAC-MADE3 model (see Section 5.6.1)
in Section 7.2. This analysis serves two purposes: characterizing the aerosol concentra-
tions during CIRRUS-HL for mid- and high latitudes, and validating the model with a
comprehensive background aerosol data set.

A concise overview of the measurement system utilized is provided in Section 7.2.1,
along with the method for evaluating data from the simulations from the EMAC-MADE3
model. The analysis and discussion of the results are presented in Section 7.3. This as-
sessment and validation, with data obtained in a representative region for busy air traffic
operations, are highly valuable for further studies investigating the role of background
aerosol in contrail formation in the low particle emission regime. Finally, a summary is
provided in Section 7.4, along with final remarks on further considerations and associ-
ated challenges.

The figures of this chapter have not been published.
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7.1. INTRODUCTION TO CONTRAIL PARTICLES ACTIVATION IN

THE LOW-PARTICLE REGIME AND CONTRAIL FORMATION

FROM HYDROGEN AIRCRAFT
A highly relevant and recent area of research of aviation effects focuses on understand-
ing contrail formation and properties in the context of future propulsion technologies.
In Section 2.4, the conditions and mechanisms underlying the expansion and mixing of
exhaust plumes from conventional aircraft powered by kerosene were explained. The
primary precursors of ice particle formation in these contrails are non-volatile particle
matter (nvPM), predominantly soot particles typically ranging from 10 to 30 µm, which
are residues from fuel combustion (Kärcher, 1999). Additionally, volatile particles (vPM)
are present in the exhaust plume, primarily aqueous particles containing sulfuric acid
and nitrates nucleated from exhaust gases at an early stage in the plume (Kärcher, 1999).
The size of the volatile particles is only several nanometers, often referred to as liquid
ultrafine particles. The Kelvin effect, explained in Section 2.2.1, restricts particle activa-
tion into droplets based on the particle diameter, requiring high supersaturations for the
small vPM to become activated and nucleate homogeneously thereafter (Kärcher & Yu,
2009). Consequently, in the rich-soot regime, ice forms preferentially on soot particles,
which are abundant in kerosene combustion exhausts, and vPM can still nucleate on
soot particles, serving as coating.

Given the direct relationship between the climate impact of contrails and ice parti-
cle number concentrations, which in turn is connected to the number of soot particles,
reducing soot emissions can mitigate the climate impact of contrails and contrail cirrus
(Bock & Burkhardt, 2019). The adoption of alternative fuels, such as sustainable aviation
fuels (SAF), which have reduced fuel aromatic, naphthalene and sulfur contents, facil-
itates decreased non-volatile and volatile particle emissions and, consequently, reduce
ice number concentrations in contrails (Moore et al., 2015; Bräuer et al., 2021b; Voigt et
al., 2021; Märkl et al., 2024).

However, the ice number concentration reduction only occurs as long as the soot
emissions are within the soot-rich regime (emission index, E I > 1015 kg− fuel−1) (Kärcher
& Yu, 2009; Kärcher, 2018). If soot emissions are further reduced (E I < 1013 kg− fuel−1),
the ice nucleation in the soot-poor regime is no longer controlled by the soot parti-
cles, but by the emitted vPM (or ultrafine particles), or by the entrained background
tropospheric aerosol (Kärcher & Yu, 2009). The number of nucleated ice crystals in
this regime is determined to a significant extent by the ambient temperature and su-
persaturation reached in the plume. At colder ambient temperatures, the activation of
vPM is enhanced producing a high number of ice crystals, while temperatures closer to
the temperature threshold for the SAC might lead to the activation of only background
aerosol particles (Kärcher, 2018). This is currently associated to high uncertainties due
to the lack of measurements in this regime. Soot emissions of the current aircraft fleet
are still in the soot-rich regime, even when using SAF (Bräuer et al., 2021b; Voigt et al.,
2021; Märkl et al., 2024).

In the context of contrail formation in the low-soot regime, substituting kerosene
with hydrogen as fuel for engine combustion emerges as a promising technology. This
shift has a high potential for reducing the aviation climate impact, as combustion of
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hydrogen produces primarily water vapor, with no direct CO2 emissions. Nevertheless,
questions remain regarding the non-CO2 effects. While NOx emissions are still present
as inherent byproducts of the high temperatures reached in the combustion chamber,
it would be avoided in a fuel cell application. Moreover, the absence of carbon during
combustion means that no soot particles are expected to form, as they typically result
from the incomplete combustion of hydrocarbons contained in the conventional fuels.

As described in Section 2.4, the Schmidt-Appleman criterion (SAC) provides the con-
ditions for contrail formation primarily based on the thermodynamics of the plume mix-
ing process (Schumann, 1996), which remains applicable when hydrogen is used as fuel
(Schumann, 1996; K. Gierens, 2021). The different fuel and engine parameters for hydro-
gen compared to kerosene combustion give a different slope of the mixing line (Eq. (2.7)).
According to K. Gierens (2021) and Schumann (1996), the slope, G , increases by a factor
of 2.6 compared to kerosene under equivalent propulsion efficiency and ambient pres-
sure conditions. Consequently, the SA threshold temperature for hydrogen is estimated
to be approximately 10 K warmer than that for kerosene, implying that contrails could
form at lower altitudes when hydrogen is the fuel source. However, the ambient temper-
ature still needs to be below the droplet freezing temperature for the contrail ice crystals
to form and persist (see Figure 2.10). Moreover, even larger G values are anticipated for
fuel cells, allowing for warmer SA threshold temperatures and higher peak supersatura-
tions in the plume, due to cooler exhaust temperatures.

However, despite the theoretically favorable conditions for contrail formation, parti-
cles capable of becoming water-activated are necessary to initiate the process, since the
supersaturation level might not be high enough to trigger droplet homogeneous nucle-
ation from the gas phase alone. In the absence of soot particles, background aerosols
might play a crucial role in facilitating contrail formation from hydrogen propulsion, as
illustrated in Fig. 7.1 (Bier et al., 2024). The processes in the exhaust plume are expected
to be similar to those from kerosene combustion, with ambient aerosol particles being
activated in this case. The lower number of entrained ambient aerosol in the plume,
compared to the emitted soot particles from kerosene combustion, would lead to a re-
duction in the number of nucleated ice crystals but with larger crystal sizes due to the
high water vapor content in the plume.

A modelling study by Bier et al. (2024) compares the optical thickness of contrails
generated by kerosene combustion to those formed by hydrogen combustion under
varying concentrations of background aerosol. The results show a clear reduction in
contrail optical thickness when switching to hydrogen due to the higher concentrations
of soot typically found in kerosene combustion plumes. However, the variability in con-
trail optical thickness is expected to be high depending on the available concentration
of background aerosol. The size of the particles is only relevant for the contrail particle
number for particle radius smaller than 10 nm, which require higher water supersatura-
tions to become activated due to the Kelvin effect, as explained in Section 2.2.1. Aerosol
particles larger than 10 nm in radius are all activated.

The conclusive point is that accurate characterization of the aerosol background
concentration and size distribution is highly needed for improving predictions of ice
number concentrations in the soot-poor regime. However, existing measurements and
studies characterizing aerosol number concentrations are mainly in remote areas, which



7

136 7. BACKGROUND AEROSOL CONCENTRATIONS FROM OBSERVATIONS AND MODEL

combustion
Kerosene

combustion
Hydrogen Water vapor 

Ambient  

Soot 

+ NOx

<< Soot aerosol

Ambient  
aerosol

Particle activation
into water droplets

Droplet freezing and
ice crystal growth

Figure 7.1: Schematic illustration of the hypothesized processes during contrail formation from hydrogen
combustion (lower part) compared to kerosene combustion from conventional aircraft (upper part). (Based
on Fig. 2 of Kärcher (2018) and Fig. 2.9 of this thesis)

do not directly relate to actual air traffic routes (e.g., Borrmann et al. (2010) and Brock et
al. (2021)). Validation of the models assumptions on background aerosol using observa-
tional data from busy air traffic regions is key for improving predictions of the climate
impact of future technologies.

7.2. COMPARISON OF MEASURED AND MODELLED BACKGROUND

AEROSOL CONCENTRATION DURING CIRRUS-HL
The increasing relevance of characterizing background aerosol concentrations in order
to address current and future questions on contrail formation in low-particle-emission
scenarios has been highlighted in the previous Section 7.1. Motivated by this necessity
and taking advantage of the comprehensive data set obtained during CIRRUS-HL, which
includes aerosol measurements over key regions such as the North Atlantic and Western
and Central Europe, a comparison with the EMAC-MADE3 global aerosol model is con-
ducted and discussed in this section. This comparison focuses on total aerosol number
concentrations within the size range of D ⪆ 12 nm and D ⪆ 250. Additionally, the non-
volatile particle number concentration of D ⪆ 14 nm from the measurements is also
provided. Furthermore, the background aerosol concentrations are separated into mid-
and high latitudes, as in the analyses of Chapter 5, to assess the latitudinal differences in
aerosol concentrations and relate them to the observed differences in the cirrus micro-
physical properties.

7.2.1. OVERVIEW OF MEASUREMENT TECHNIQUES AND MODEL SETUP

The measurement data during the CIRRUS-HL campaign were collected and processed
by Daniel Sauer and Jennifer Wolf. As aerosol data evaluation was not a focus of this the-
sis, a brief overview of the measurement techniques is provided below, along with some
words on the model setup applied for this study and the validation approach employed.
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The measurements discussed below correspond to two distinct ranges within the
aerosol size range spectrum, as outlined in Section 2.3.3: particles with diameters greater
than approximately 12 nm, covering the Aitken mode, and particles ranging from 250 <
D[nm] < 3000, belonging to the accumulation mode and part of the coarse mode. The
measurement system utilized by DLR aboard the HALO aircraft is known as the Aerosol
Measurement System (AMETYST). Particles exceeding approximately 12 nm are mea-
sured using a Condensation Particle Counter (CPC; model Grimm SkyCPC 5.410), while
an Optical Particle Counter (OPC; model SkyOPC 1.129) is employed for larger particle
sizes (Minikin et al., 2012). Both instruments, manufactured by the company GRIMM
Aerosol, were adapted for aircraft applications and operate based on the detection of
forward scattered light from a laser beam, similar to the principle of forward scattering
cloud probes (see Section 3.1).

Not only does the OPC provide information on the total number of sampled parti-
cles, but it also allows for the derivation of particle sizes, with particle counts sorted into
various size channels (Walser et al., 2017). However, particles falling within the CPC size
range are not directly detectable. Instead, the instrument creates a highly supersatu-
rated environment using the vapor of a working substance, typically butanol, to activate
all particles and grow them to sizes detectable by the instrument’s optical block (Minikin
et al., 2012). A sigmoid function representing the counting efficiency dependent on size
enables the determination of the cut-off diameter, which represents the size of particles
counted with an efficiency of at least 50%. It mainly depends on the temperature differ-
ence between the saturator and condenser, adjustable through laboratory calibrations
accordingly (Walser, 2017). However, when using an aircraft as measurement platform,
the cut-off diameter is further influenced by losses in the pipelines from the inlet to the
instrument.

The AMETYST system comprises three CPCs. CPC0 and CPC3 for total aerosol, with
nominal cut-off diameters of ≈ 7 nm and ≈ 18 nm, respectively. However, the real cut-
off diameter of the CPC0 increases with decreasing pressure due to inlet losses. Andreae
et al. (2018) reported cut-off diameters of 11.2 nm at 500 hPa and 18.5 nm at 150 hPa
for the AMETYST system. The inlet system was improved for the CIRRUS-HL campaign,
and a smaller cut-off diameter of ≈ 12 nm is assumed for these measurements, based
on the PhD thesis by J. Wolf (2023). Additionally, CPC2 is dedicated to measuring non-
volatile particles larger than approximately 14 nm. Non-volatile particles can be mea-
sured by positioning a thermodenuder upstream of the CPC (Fierz et al., 2007). By ad-
justing the set temperature to the evaporation temperature of the volatile material, only
non-volatile particles are retained. The upper diameter limit of the CPC is governed by
the inlet characteristics (specifically, the HASI isokinetic inlet), estimated to fall between
1.5 and 3 µm. However, this upper limit is not particularly relevant as the lower particle
size mode dominates, offsetting the contribution of larger particle to the total number
concentration. For further details on the measurement techniques employed by both
instruments, consult literature sources such as P. Kulkarni et al. (2011).

The model used for the total aerosol concentration comparison is the EMAC-MADE3,
which has already been introduced and described in detail in Section 5.6.1. For the sim-
ulations performed for this study, the submodel Sampling in 4 Dimensions (S4D; Jöckel
et al. (2010)) was used, which is particularly suited for comparisons of observations with
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moving platforms, such as aircraft missions (Beer et al., 2020). The output of the model
is interpolated across the flight tracks, providing an output every 15 minutes. Given that
the altitude of the flight track can change within the 15 minutes and to take into account
this variability, the approach used was to consider not only the grid point at the flight
track pressure level, but also one pressure level above and below. This approach also in-
creases the statistics of the model, which is limited compared to the measurements due
to the corresponding temporal resolution.

7.3. ANALYSIS AND RESULTS

The comparison of the observations during the CIRRUS-HL campaign and the S4D sim-
ulations from the EMAC-MADE3 model for the same period, introduced in the previous
Section 7.2.1, adopts a statistical approach. Median values, along with the 25th, 75th, 1st,
and 99th percentiles are calculated across pressure levels of 40 hPa each, ranging from
900 hPa to 150 hPa.

Firstly, in Fig. 7.2, vertical profiles of measured background aerosol concentrations
are depicted for three distinct particle size modes, distinguishing between measure-
ments at mid- and high latitudes and the number of 1-second samples per pressure bin
of 40 hPa. The median number concentration of particles in the accumulation mode
(D > 250 nm) ranges from 4 to 70 cm−3. For total (non-volatile) particles in the Aitken
mode (D > 12 nm), median values fluctuate between 200 to 3000 cm−3 (50 to 1000 cm−3).
As discussed previously in Chapter 5, measurements at mid-latitudes were more numer-
ous, and the upper troposphere was sampled with higher frequency.
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Figure 7.2: Pressure profiles of background aerosol concentrations at high and mid-latitudes during CIRRUS-
HL for different size ranges: (a) diameters > 12 nm measured with the CPCs, (b) diameters > 14 nm measured
with the CPCs, and (c) diameters > 250 nm measured with the OPCs (see Section 7.2.1). Median profiles are
indicated with solid lines, the areas between the 25th and 75th percentiles are indicated within dashed lines.
The lightest shadowed areas represent from 1st to 99th percentiles. (d) Number of observations per pressure
bin of 40 hPa each. (Data provided by D. Sauer)
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In both cases of total and non-volatile particles in the Aitken mode (D > 12 nm), as
well as for particles in the accumulation mode (D > 250 nm), the median values across
pressure levels for HL and ML measurements exhibit negligible differences up to approx-
imately 500 hPa. Above this pressure level (at lower altitudes), concentrations at ML are
notably higher for the three cases. These differences are, in general, statistically signifi-
cant. This significance was confirmed through the application of the U-test according to
Wilcoxon, Mann and Whitney, as previously employed in Fig. 5.7 within Section 5.3.

Even though differences at lower altitudes are observed between mid- and high lati-
tudes in the three particle size modes, these differences are by factors of 2 to 4, and they
do not reach the almost one order of magnitude difference in the ice crystal number
concentrations between mid- and high-latitude cirrus observed in Fig. 5.6 in Chapter 5.
However, it should be noted that the data here represents total aerosol concentrations
and not directly ice nucleating particles. In addition, higher median ice crystal num-
ber concentrations at mid-latitudes compared to high latitudes were also attributed to
contrail and contrail cirrus formation.

In comparison to previous measurements, Borrmann et al. (2010) report lower con-
centrations across all altitudes for both the Aitken and accumulation mode compared to
these measurements, with the exception of their measurements from the "Test Cam-
paign" in Italy. Furthermore, the background aerosol concentration in the southern
hemisphere, as reported by Minikin et al. (2003), also displays lower values. In the north-
ern hemisphere, while the median concentrations from the Aitken mode are slightly
lower than the median values shown in Fig. 7.2, the median concentrations of the ac-
cumulation mode are higher, particularly in the upper troposphere. Contrasting the
concentration of the Aitken mode in the lower troposphere with measurements from
Brock et al. (2021) reveals lower concentrations compared to the CIRRUS-HL measure-
ments, which is likely due to a lack of anthropogenic ground emission sources over the
targeted remote areas over the oceans. The measurements of Fig. 7.2, therefore provide
a valuable addition to the existing data sets on background aerosol concentrations data
sets, which are available in the literature. The measurements from CIRRUS-HL might be
better suitable for contrail cirrus predictions due to the geographical region covered.

In the following analysis, the observations are compared with data from the EMAC-
MADE3 model. Even though the model is validated with data from only one campaign,
it is still a relevant insight since the data set includes different meteorological situations
and was conducted in a region were air traffic is widely present. This validation is of par-
ticular relevance for future studies investigating the properties of contrails formed from
background aerosol particles based on model simulations. To this end, Fig. 7.3 offers
a comprehensive comparison between the measurements (darker colors) presented in
Fig. 7.2 and the model output (lighter colors) for total aerosol number concentrations of
particles D > 12 nm and D > 250 nm. Specifically, the difference between the observa-
tions and the model across the pressure levels is shown in Fig. 7.2(d) and (e).

In general, higher variability is found in the observations when comparing the 25th-
75th percentiles and 1st-99th percentiles between the model and the observations for
both particle size modes. This is expected due to the higher resolution of the measure-
ments and the lower statistics of the model output (one data point every 15 minutes).
However, this variability is an important aspect to take into account when consider-
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Figure 7.3: Comparison of pressure profiles of background aerosol concentrations in two size ranges between
the observations and the EMAC model for (a) mid-latitudes and (b) high latitudes. Median profiles are indi-
cated with solid lines, the areas between the 25th and 75th percentiles are indicated within dashed lines. The
lightest shadowed areas represent from 1st to 99th percentiles. (c) Vertical profile of the temperatures from
observations and model with the freezing threshold (black dashed line) at −40 ◦C. Median difference in ratio
between observations and model for (d) D > 250 nm, and (e) D > 12 nm. (Observational data provided by D.
Sauer and modelling data by C. Beer)

ing, for example, best- and worst-case scenarios for contrail formation on background
aerosol and its climate impact.

A close agreement is observed for the larger particles mode (D > 250 nm), particu-
larly at mid-latitudes. Below 300 hPa, the increase in the median concentration from
the observation with decreasing pressure is not captured by the model, probably due to
local biomass burning events, which were encountered at those altitudes during several
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flights. At lower altitudes (> 600 hPa), the difference between observations and model
becomes highly variable (ranging from −0.5 to 0.5 in the difference ratio) for high lati-
tudes due to low statistics. In contrast, for mid-latitudes, the difference remains within a
range from 0 to 0.4 reaching the maximum difference at 760 hPa. For lower pressure lev-
els (< 400 hPa), the model tends to underestimate the concentration for both mid- and
high latitudes, with the largest difference exceeding 0.5 occurring at 280 hPa for high
latitudes.

In the Aitken mode (D > 12 nm), the sign of the difference between observations
and the model changes around 250 hPa. At lower pressure levels, the model tends to
overestimate the measurements, possibly due to an overestimation of the upward trans-
port or particle nucleation rate (Kaiser et al., 2019). At lower altitudes (> 300 hPa), the
model consistently underestimates the measurements for both mid- and high latitudes.
The difference progressively increases from 300 hPa reaching a maximum of 1 for mid-
latitudes close to the ground. The model underestimation of the smaller particles in the
lower troposphere is known from other studies, such as Kaiser et al. (2019). The compar-
ison of the model data with the INCA and ACCESS-2 campaigns reveals similar discrep-
ancies in the vertical profiles, which are attributed to a possible underrepresentation of
natural sources of aerosol in the model.

As discussed previously at the end of Section 7.1, precise data on the concentra-
tions of background aerosols are essential for accurately determining the resulting op-
tical thickness of contrails produced by hydrogen-powered aircraft and, subsequently,
its potential impact on the climate. In particular, the background aerosol mixed in the
plume acquires even more relevance when the ambient temperature is close to the freez-
ing threshold temperature. In this case, while a contrail from kerosene would not be
able to form at such high temperatures, the higher SA threshold temperature for hy-
drogen propulsion technologies could enable the formation of a contrail, if the condi-
tions for droplet freezing and persistence are also met (Bier et al., 2024). In this context,
panel (c) of Fig. 7.3 indicates that ambient temperatures below the freezing threshold
are found above approximately 300 hPa during CIRRUS-HL. A generally good agreement
from model and observations is observed around 300 hPa, but larger differences appear
for lower altitudes (above 400 hPa) at mid-latitudes. The data presented here correspond
to the summer period, and lower temperatures are expected during winter, potentially
shifting the interesting region downwards. However, these trends might differ for obser-
vations and simulation data in winter. Further intercomparisons should be undertaken
for verifying these findings across different regions, seasons, and altitudes. This would
help to extend the present analysis and improve the statistics and representativity.

7.4. SUMMARY
This chapter primarily offers an outlook on the ongoing process of understanding con-
trail formation from future technologies designed to mitigate CO2 emissions. Despite
the CO2 emissions reduction, these technologies still have non-CO2 effects, mainly from
contrail formation, whose implications remain uncertain. This uncertainty is attributed
partially to numerous unknowns surrounding the nucleation mechanisms involved and
the lack of measurements which validate the theories.

Understanding the mechanisms involved in contrail formation from future propul-
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sion technologies is urgently needed due to the unknown potential climate impact. De-
pending on the characteristics of the nucleation process taking place, various outcomes
can arise. Unlike conventional engines emitting high numbers of soot particles, which
serve as nuclei for contrail formation, contrail particle formation from hydrogen com-
bustion may initiate from background aerosols in the plume. Depending on the back-
ground aerosol concentration, the number of ice particles in the contrail varies, but
it is expected to be significantly lower compared to kerosene combustion (Bier et al.,
2024). However, very high values of peak supersaturation values might be achieved in
the plumes of contrails formed from fuel cells.

In order to investigate the background aerosol concentrations in relevant regions
for air traffic, the in situ measurements of aerosol concentrations performed during
CIRRUS-HL were analysed and used to evaluate the simulated aerosol concentrations
provided by the EMAC-MADE3 global aerosol model along the campaign flight tracks.
Differences in the measured aerosol concentrations were found between high and mid-
latitudes by a factor of 2 to 4, which is smaller than the difference in ice crystal number
concentration described in 5.

The model-observations intercomparison showed, in general, a good agreement,
particularly for the accumulation mode at mid-latitudes. Higher discrepancies were
found in the median number concentrations of particles in the Aitken mode for pres-
sures above 400 hPa (lower altitudes). This mismatch might affect the prediction of
ice crystal number concentrations in contrails from hydrogen-powered aircraft from re-
gional and short-range regimes. Unfortunately, no information on background concen-
trations in the nucleation mode (D > 3 nm) could be provided due to the size limita-
tions of the instrument and sampling line losses, but are expected to be higher than the
concentrations in the Aitken mode. Further studies should focus on characterizing this
aerosol size mode in air traffic regions to reduce the uncertainties in this regard.

Finally, in addition to background aerosol, vPM might also become relevant in a soot-
poor regime. Ultrafine volatile particles can still form from hydrogen combustion from
lubrication oils and NOx emissions inherent to combustion processes at high tempera-
tures. Even fuel cell-powered aircraft might avoid vPM from nitrates but can difficultly
avoid lubrication in the moving parts of the propeller. Jet engine lubrication oils have
been found to be a significant contribution to the ultrafine particle population near
airports due to their high efficiency in new particle formation (Ungeheuer et al., 2021;
Ungeheuer et al., 2022). Moreover, Ponsonby et al. (2024) showed that contrail particles
from vPM from lubrication oils would follow a similar microphysical path than for soot
particles, first by water activation and condensation and then homogeneous freezing.
Even though soot particles are more efficient cloud condensation nuclei and would ac-
tivate earlier (Kärcher & Yu, 2009), vPM from lubrication oil can compete and contribute
to ice nucleation in contrails in the soot-poor regime (Ponsonby et al., 2024).

Future investigations should focus on characterizing the emission indices of lubri-
cation oils for different engine concepts. Additionally, efforts on minimizing the nucle-
ation of oil particles in the engine exhaust, by improving the sealing or conceiving an
effective oil recovery system, should be done in parallel to the engine technological im-
provements. Already small fractions of oil contamination in the plume can lead to a
number of particles in the same order of magnitude as soot emissions. The future ques-
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tion will be on the competition for water vapor between vPM from lubrication oils, nvPM
and vPM of background aerosol, or homogeneous droplet nucleation.





8
CONCLUSION

In this chapter, the main conclusions and outcomes of the study are presented, provid-
ing a general overview in Section 8.1, along with their scientific and technical implica-
tions for society. The chapter concludes with a detailed description in Section 8.2 of how
the thesis addresses the research questions formulated at the beginning of this work,
explaining the answers in the form of scientific results.

8.1. OVERVIEW
While contrail cirrus and natural cirrus clouds share similarities in terms of their ap-
pearance and general properties, they follow distinct microphysical formation pathways
(see Chapter 2). In situ measurements of the microphysical properties of natural cirrus
clouds and contrail cirrus are essential for enhancing our understanding of atmospheric
processes and their climate implications. To investigate differences in microphysical
properties between natural cirrus clouds at different latitudes and contrail cirrus, the
CIRRUS-HL campaign was conducted and the obtained measurement data were evalu-
ated. This thesis employed a statistical approach to elucidate the extent to which natural
and anthropogenic aerosols, and aviation influence cloud formation.

The methodology employed in this research benefited from a variety of methods,
allowing an in-depth investigation of the properties and life-cycle of ice clouds. The
principal method involved in situ measurements by underwing cloud probes installed
on the HALO research aircraft. During the campaign, I operated, calibrated, and main-
tained these instruments, and participated in flight planning. My main work focused on
processing and evaluating this data to answer the research questions. Additionally, mea-
surements from other research groups were used to support the analyses, including wind
speed, GPS data, water vapor mixing ratios, nitrogen oxides, and aerosol data. Models
such as LAGRANTO (data provided by H. Wernli, ETH) and EMAC-MADE3 (data pro-
vided by C. Beer, German Aerospace Center) were also used to obtain more information
not covered by the measurements, including backward trajectories of air masses, aerosol
loads, and other meteorological parameters computed along the trajectories. The new
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ice nucleation origin classification that I introduced has already been adopted by other
research groups within the CIRRUS-HL project and is expected to be applied in future
publications, highlighting its valuable contribution to the scientific community.

The software developed to process and evaluate the data from the imaging probes for
this thesis was an important part of the work and represents a valuable contribution to
the research group. It addresses and resolves issues encountered with previously avail-
able programs and is already being used by other colleagues. This in-house software
provides independence from external tools, which may not be adequately maintained
or adapted to new instrumentation and applications. Furthermore, there are plans to
share it openly with the scientific community, enhancing its utility and promoting col-
laborative advancements in the field.

Microphysical properties of cloud samples below −38◦C (only ice clouds) were anal-
ysed using the data of 22 flights, including approximately 25 hours of in situ measure-
ments in cirrus clouds, within a latitude range between 38◦ N and 76◦ N. These data were
evaluated based on latitude, temperature, origin type and aerosol influence throughout
the cloud’s backward trajectories. The main conclusions can be summarized as follows:

• Data set scope: The CIRRUS-HL provided an extensive data set of cloud and
aerosol microphysical properties for investigating the differences in cirrus mi-
crophysical properties across a latitude range between 38◦ N and 76◦ N in the
Northern Hemisphere over Europe. Due to the large range covered, it proved to be
very suitable for model intercomparison.

• Latitude-based differences: Cirrus at high latitudes, compared to mid-latitudes,
were characterized by lower number concentrations, larger ice crystal sizes, and
higher supersaturations in an environment with less aviation influence and fewer
anthropogenic sources for ice nucleating particles.

• Mid-latitude influence on high latitude cirrus properties: An influence of mid-
latitude air masses on the formation of high-latitude cirrus was identified, leading
to differences in microphysical properties compared to cirrus formed directly at
high latitudes.

• Aviation effects: Aviation effects were investigated, revealing more frequent con-
trail formation at mid-latitudes compared to high latitudes and an impact on nat-
ural cloudiness potentially by reducing supersaturation at altitudes where cirrus
form.

• Aerosol influence: Altitude profiles of aerosol measurements showed smaller dif-
ferences in median aerosol concentrations between mid- and high latitudes com-
pared to those in ice number concentrations. These measurements were used
to validate simulated aerosol data from the EMAC-MADE3 model, showing good
agreement.

These findings highlight the importance of comprehensive in situ measurements
and advanced modeling to enhance our understanding of the complex interactions be-
tween aerosols, cirrus clouds, and aviation-induced cloudiness. The following section
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describes in more detail the main findings and how they provide answers to the research
questions established at the beginning of this thesis.

8.2. ANSWERS TO RESEARCH QUESTIONS
The four research questions which motivated and guided this study were stated at the
beginning of the thesis in Chapter 1. In the following, each question is followed by a
description of the related findings and to which extent could be answered.

• Do measurable differences exist in the microphysical properties of cirrus clouds
between high latitudes and mid-latitudes? If so, what are they?

The first research question was addressed in Sections 5.3 and 5.4, which required a
comprehensive data set of cirrus microphysical properties comprising the whole cloud
size spectrum across a wide range of latitudes in the Northern Hemisphere. Fig. 5.6 illus-
trates decreasing number concentration with latitude and increasing effective diameter
of ice crystals in cirrus at higher latitudes. The overall median number concentration
of mid-latitude cirrus (0.0086 cm−3) is higher than for high-latitude cirrus (0.001 cm−3)
by almost an order of magnitude. According to the measurement data, the median ef-
fective diameter in mid-latitude cirrus is 165 µm compared to 210 µm at high latitudes.
The vertical profiles of median number concentration and effective diameter for high-
latitude cirrus (≥ 60◦ N) and mid-latitude cirrus (< 60◦ N) over a range of temperatures,
as shown in Fig. 5.7, reveal a consistent offset between the two. Both cirrus types exhibit
similar temperature ranges. To ensure the comparability of cirrus samples, the altitude
of measurements relative to the tropopause was depicted in Fig. 5.8, showing that nearly
all measurements were conducted within the troposphere (2.6% in the stratosphere).

Using backward trajectories of the sampled air masses, cirrus samples were classified
based on their origin into liquid or in situ origin cirrus. The results presented in Fig. 5.9
indicate that liquid origin cirrus were more frequently observed at both mid- and high
latitudes, accounting for approximately 60% of the measurements. Furthermore, while
both cirrus origin types exhibited differences in ice number concentration and effective
diameter between mid- and high latitudes, these differences were more pronounced for
in situ origin cirrus. This finding is also derived from the mean and median particle size
distributions of the four groups, as displayed in Fig. 5.11.

The mean particle size distribution was compared between in situ and liquid ori-
gin cirrus at high and mid-latitudes. An enhancement by two orders of magnitude for
particles smaller than 10 µm was observed for in situ cirrus at mid-latitudes. The extinc-
tion coefficients of in situ origin cirrus also differed noticeably between mid- and high
latitudes, with higher frequencies of extinctions larger than 0.1 km−1 at mid-latitudes.
These findings indicated the presence of contrail cirrus samples within the measure-
ments and was further investigated in the context of the fourth research question in
Chapter 6.

Contributing to the expansion of knowledge on this topic helps to better understand
the cloud formation processes in the upper troposphere, which has relevant outcomes
for the society. One of the biggest challenges in climate science is the accurate repre-
sentation of clouds, in particular of cirrus clouds. The remaining unknowns of these
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processes also affect the predictability and impact assessment of contrails and contrail
cirrus.

• How do mid-latitude air masses influence cirrus at high latitudes? How do their
properties change?

This topic was investigated in Section 5.5, where a novel approach was applied to
classify cirrus measurements based not only on the latitude of the measurement point
but also on the latitude at their formation (Figs. 5.12 and 5.13). Cirrus were classified into
three types: those formed and measured at mid-latitudes (M-M), those formed at mid-
latitudes and later measured at high latitudes (M-H), and those formed and measured at
high latitudes (H-H).

Traditionally, all cirrus clouds observed at high latitudes were considered high-
latitude cirrus. The use of this new classification, however, reveals the importance of
accurately characterizing high-latitude cirrus and shows that mid-latitude air masses
significantly influence clouds at high latitudes, as represented by the M-H cirrus cat-
egory. The data show that 37% of cirrus were measured at high latitudes, with 26%
forming at mid-latitudes and only 11% being true high-latitude cirrus (H-H). The rest,
63% of the cirrus samples were measured at mid-latitudes. However, this might be bi-
ased by the latitude region covered in this campaign, and the portion of high latitude
cirrus formed at mid-latitudes might be smaller when sampling beyond 76◦ N.

Distinct characteristics were observed between M-M cirrus and H-H cirrus, as de-
picted in Fig. 5.14. M-M cirrus typically exhibited higher ice crystal number concentra-
tions (0.0086 compared to 0.0004 cm−3), smaller diameters (164 compared to 225 µm),
and lower relative humidity with respect to ice (107 compared to 125%) compared to H-H
cirrus. The M-H cirrus displayed a combination of these characteristics, reflecting their
formation at mid-latitudes —where higher concentrations of ice nucleating particles are
available— and subsequent growth at high latitudes, where supersaturation levels are
higher. This results in more numerous ice crystals than in H-H cirrus but larger than
those found in M-M cirrus. Moreover, 90% of M-H cirrus were of liquid origin, forming
at lower altitudes and thus encountering higher concentrations of ice nucleating parti-
cles. Meanwhile, 86% of the H-H cirrus were of in situ origin. These findings are linked
with the following question on the role of aerosols, which was investigated in Section 5.6.

These conclusions need to be further validated through future campaigns covering
also a broad range of latitudes (see further discussions in the Outlook in Chapter 9).
This extended research will help determine whether the observed patterns are consis-
tent across different regions of the globe. Additionally, it remains to be seen whether
M-H cirrus are predominantly of liquid origin or if this observation is specific to the syn-
optic situation prevailing during the summer months of 2021. A similar question arises
for H-H cirrus, which were mainly of in situ origin in this study. Investigating whether a
larger contribution of liquid origin cirrus to H-H cirrus could alter their overall proper-
ties would be an important aspect to consider for future research.

• What role do aerosols play in shaping the properties of high-latitude cirrus in
comparison to those at mid-latitudes? How does simulated aerosol concentra-
tions compare to measurement data in air traffic relevant regions?
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The effects of aerosols on the microphysical properties of cirrus were primarily ex-
amined in Section 5.6, with additional analyses in Section 7.2. Information on the con-
centrations of ice nucleating particles (INPs) was derived from model simulations (pro-
vided by C. Beer, German Aerospace Center) using the EMAC-MADE3 model by means
of calculating the INP concentrations and newly formed ice crystals along backward tra-
jectories from the LAGRANTO tool (provided by H. Wernli, ETH), starting from the mea-
surement points.

The results presented in Fig. 5.16 suggest a higher influence of INPs from dust,
black carbon from aviation, and black carbon from other anthropogenic sources at mid-
latitudes compared to high latitudes. However, this does not necessarily correlate with
the number of nucleated ice crystals, which also depend on ambient supersaturation
and the fraction of INPs that can be activated. Nevertheless, analyses of newly formed
ice crystals along the trajectories in Fig. 5.19 indicated slightly higher number concen-
trations of INPs for M-M cirrus compared to M-H and H-H cirrus. Interestingly, the
absolute frequency of ice crystal nucleation events on INPs from black carbon in H-H
cirrus is very limited compared to nucleation events on dust or black carbon from avi-
ation. In contrast, black carbon has a higher relevance in M-M and M-H cirrus than in
H-H cirrus, likely due to the in situ origin of H-H cirrus forming at high altitudes where
less black carbon is present. Future measurements of ice nucleating particles at the cold
temperatures typical of the cirrus regime will help validate the conclusions derived from
the model and the approach applied here.

The number of newly formed ice crystals, resulting from either heterogeneous nu-
cleation on INPs or homogeneous nucleation, shown in Fig. 5.19, indicated a limited
role of homogeneous nucleation in the cirrus formation processes observed during the
CIRRUS-HL campaign. This finding suggests that the number of ice crystals in the sam-
pled cirrus clouds was primarily controlled by the concentration of INPs, together with
the ambient supersaturation, and the fraction of the INP population that can be acti-
vated. No significant difference in the influence of homogeneous nucleation was found
between mid- and high latitudes. However, it should be noted that orographic waves
were not an objective of the campaign, and flights targeting convective systems were ex-
cluded from this analysis. Consequently, despite encountering some isolated convective
events during the return legs, the campaign’s sampling strategy might be biased toward
a limited number of observations of homogeneous nucleation events.

Regarding total aerosol number concentrations, both observations and model sim-
ulations agree on slightly lower concentrations at high latitudes, as shown in Fig. 7.3.
This difference is smaller than the one observed for ice crystal numbers. However, it is
important to note that total aerosol concentration is not a direct indicator of the cirrus
particles precursors, as not all aerosol particles have the ability to nucleate ice. Addi-
tionally, a slight discrepancy between the model and observations for altitudes below
400 hPa was identified, which might influence the formation processes of contrails from
low-particle-emitting propulsion technologies.

• How does aviation influence the microphysical properties of natural cirrus?

Chapter 6 focuses specifically on the effects of aviation, analyzing its influence using
the presented data set of natural cirrus. From all measurements presented in Chapter 5,
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NO and NOy mixing ratios were analyzed in Fig. 6.1. An enhancement was found in a
group of samples with high number concentrations (> 0.1 cm−3) and small effective di-
ameters (< 40 µm), compared to the overall mean values. These samples were identified
as aged contrail and contrail cirrus, and various atmospheric parameters were investi-
gated in this group. The values of relative humidity over ice for this group were close to
100%.

These measurements are mostly present in the in situ origin cirrus group at mid-
latitudes (as shown in the lower right corner of Fig. 5.9(c)), indicating a higher influence
of contrail formation within this group. In contrast, contrails and contrail cirrus are less
likely to form and develop within liquid origin cirrus due to the lower altitudes at which
these clouds typically form. Contrail cirrus samples were observed not only during tar-
geted flights in predicted contrail outbreaks (as in Fig. 5.3(d)), but also over several days
of the campaign period.

Although only 2.4% of all ice cloud measurements were classified as aged contrail en-
counters, this likely underestimates their actual occurrence. This underestimation arises
from two main factors. First, the identification method was conservative, detecting only
samples distinctly different from natural cirrus by enhanced NO and NOy mixing ratios,
reduced effective diameter, and increased number concentration. These properties di-
lute with the surroundings over time, and older samples or already dissipated contrails
are not identifiable by this method. Consequently, such undetected contrail cirrus are
also part of aviation effects but are not considered here. The second aspect is the non-
representativity of the air traffic load in 2021 compared to usual levels, as it was still
nearly half of pre-COVID-19 levels. Therefore, fewer contrails were expected during the
CIRRUS-HL campaign.

Contrail cirrus impact natural cloudiness by precipitating and sublimating ice crys-
tals at lower altitudes and reducing humidity at upper levels. As shown in Fig. 6.4, su-
persaturation levels at mid-latitudes are significantly lower than at high latitudes in the
CIRRUS-HL region and time period, demonstrating the potential local effect of con-
trails. Consequently, it could be interpreted that the reduced relative humidity at mid-
latitudes, coupled with a relatively high abundance of ice nucleating particles, results in
the formation of cirrus clouds with higher number concentrations and smaller ice crystal
diameters than those found at high latitudes, which are less affected by anthropogenic
emissions, particularly aviation.
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In this chapter, an outlook on the research is provided, critically examining its limita-
tions and open questions, and outlining future lines of investigation. While this study
has made valuable contributions to understanding the microphysical properties of cir-
rus and contrail cirrus, and has advanced methodologies for addressing these questions,
several areas might require further exploration. This forward-looking discussion high-
lights the potential for new insights, as well as technical and methodological improve-
ments, building upon the findings of this work.

9.1. PROSPECTS OF CLOUD MEASUREMENT TECHNIQUES
Various sources of uncertainty are associated with the measurements of the lower size
range of the ice particle spectrum conducted with the CDP in this work. The primary
issue presented in Chapter 3 was related to the discrepancy between the CDP and CAS
particle size distributions under certain cirrus conditions. Despite different analyses,
together with the study from McFarquhar et al. (2007), indicating a potential oversam-
pling of shattered particles in the CAS measurements and a higher confidence in the
CDP measurements, this issue remains an open problem to be solved, and the analyses
provided are indicative, but require further evidence. While McFarquhar et al. (2007) re-
ported similar behavior of the CAS and CDP for aspherical particles, these experiments
were conducted in a laboratory setting, leaving open the possibility of the CDP miss-
ing ice crystals of particular habits at the aircraft speeds in real atmospheric conditions.
Replicating the required conditions of a variety of ice crystal habits passing through the
instrument’s sample area at speeds of 150−200 m/s while obtaining accurate reference
values of the particle’s concentration poses a significant challenge. However, this clarifi-
cation would be highly valuable for the scientific community.

Another source of uncertainty relates to the forward scattering technique employed
by the CDP and CAS. This technique involves translating the measured scattered light
into particle diameters, typically accomplished using Mie theory. However, this theory
assumes spherical particles, valid only for liquid clouds. The T-matrix calculations are
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an alternative to Mie theory, but are also restricted in their application, since they as-
sume rotationally symmetric particles (Borrmann et al., 2000). This assumption does
not accurately represent the complex forms of ice crystals found in cirrus clouds. The
dual-wavelength technique commonly used in the radar field (Tetoni et al., 2022), which
utilizes two laser sources with different wavelengths, can improve the size and shape re-
trieval based on Mie theory. It has been employed already for aerosol measurements in
the range of 0.1− 10 µm (Nagy et al., 2007), and could potentially be applied to char-
acterize aspherical ice crystals in cirrus or contrails, especially considering the smaller
particle size spectrum of the latter.

A further approach is the discrete dipole approximation (DDA), which offers poten-
tial solutions for particles of diverse shapes. This method divides the scatterer object
into small volumes (dipoles), solving linear equations defined by the interactions be-
tween the dipoles and the incident light, providing a solution for the scattering cross-
sections of different forms such as spheres, columns, or ellipsoids, including different
orientations (Yurkin & Hoekstra, 2007). A recent study by Jang et al. (2022) utilized an
open-source implementation in C called ADDA (Yurkin & Hoekstra, 2011) to evaluate
the sizing error of current scattering probes by applying Mie theory. The study com-
pared ADDA calculations for spherical particles and columns with different aspect ra-
tios. This approach could be further explored to assess the variability in the scattering
cross-section function for diverse ice particles shapes in cirrus. However, it is impor-
tant to note that this method also has limitations due to the high computational time
required, particularly as particle sizes increase. Moreover, it may not adequately address
the inherent challenge of applying a one-to-one correlation of scattering cross-sections
to particle size when dealing with cirrus measurements that include a variety of different
ice crystal shapes and orientations.

The optical array probes (OAPs) (see Section 3.2 and Section 4.2) have become a ref-
erence in measuring larger particles, especially the complex forms of ice crystals, over
the past decades. Despite their advantages, such as high sampling rates and large sam-
ple areas due to the simplicity of concatenating 1D image slices, which provide robust
statistical data, they also suffer from drawbacks such as limited image resolution and
sizing errors due to the depth-of-field effect. Neuronal networks (NN) offer a promising
solution to enhance data processing from OAPs. Already, NNs have been employed to
predict the diameter of spherical particles for the 2D-S (Schollmayer, 2021) and demon-
strate good applicability for ice particle shape classification (S. J. O’Shea et al., 2016; Jaf-
feux et al., 2022). Further research into using NNs for analyzing grayscale images from
the CIPG could be beneficial. However, generating a comprehensive training set that
considers various ice crystals habits and potential deformations due to depth-of-field
effects presents a significant challenge. Nevertheless, taking advantage of NNs in this
context could substantially improve ice crystal sizing, since no depth-of-field correction
for these measurements is available up until now.

Regarding alternative techniques to the OAPs, the HALOHolo instrument, based on a
prior version (Holographic Detector for Clouds, HOLODEC) (Fugal et al., 2004), employs
holographic technique, which captures images from the interference pattern of a refer-
ence wave and a wave diffracted or scattered by an object (Schlenczek, 2018). Unlike
the conventional OAPs, this technique does not provide continuous measurements but
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allows for obtaining the 3D coordinates of particles within a snapshot. Additionally, in-
struments like the Particle Habit Imaging and Polar Scattering (PHIPS) probe, developed
and operated by the Karlsruhe Institute of Technology, which has been already operated
on board the HALO aircraft during the CIRRUS-HL campaign, offers high-resolution ice
particle images. PHIPS combines a Polar Nephelometer (Gayet et al., 1997; Crépel et
al., 1997) and a stereo-microscopic imaging system, enabling acquisition of not only 3D
images of the particles, but also their scattering properties (Abdelmonem et al., 2016;
Schnaiter et al., 2018).

Further interesting developments are being made by companies like Artium with the
High-Speed Imager (HSI) and the PI: Ice Crystals. These instruments rely on multi-beam
illumination and a digital CMOS camera to capture images at a frame rate of 300 Hz, ef-
fectively detecting out-of-focus particles and mitigating depth-of-field effects (Esposito
et al., 2019). In addition, compared to the 4 grayscale levels of the CIPG, they retrieve
images at 256 grayscale levels, with increased pixel resolution ranging from 1 to 6 µm.
This leads to higher quality images, enabling better habit classification. A significant ad-
vantage is the robust and high quality software developed for image processing, which
does not require a further processing by the user and might help to a higher standard-
ization of processing methods among different users and research groups. However, in-
struments with high-resolution images have reduced sampling efficiency due to smaller
sample areas and lower camera frame rates. Nonetheless, considering the low particle
concentrations typical of cirrus clouds, these instruments can complement OAPs effec-
tively. Further research could concentrate on wind tunnel measurements and airborne
campaigns utilizing both types of instruments to validate their performance or explore
methods to integrate and exploit the strengths of each system.

In situ observations of atmospheric phenomena are crucial to understand the dif-
ferent factors and processes involved, and to enable the design and validation of mod-
els simulating those phenomena. However, organizing flight campaigns is complex and
costly. Research aircraft flight hours are expensive, and planning the overall mission re-
quires years in advance. Furthermore, there is a limited selection of research aircraft
available, each suited for specific types of missions. Schedules are tight, and new ideas
for future campaigns often face a waiting period of several years before realization. Ad-
ditionally, aircraft measurements are limited to sampling one air mass at a time, al-
though this can be expanded to two or three air masses if multiple aircraft are employed
for the mission (e.g., the ACTIVATE campaign (Sorooshian et al., 2020) or the HALO-
(AC)3 campaign (Wendisch et al., 2024)). This implies a considerable limitation in the
number and variety of in situ observations. Unmanned aerial vehicles (UAVs) could
be an excellent complement of aircraft research missions, offering maneuvering flexi-
bility, automated operation, and potentially lower costs compared to research aircraft.
In addition, swarms of UAVs could extend the horizontal and vertical resolution of in
situ measurements improving the understanding of small-scale processes and phenom-
ena. An example of the application of UAVs in atmospheric measurements is demon-
strated in the CLOUDLAB experiment, which investigated the seeding of lower stratus
clouds. This experiment involved one UAV for cloud seeding and another equipped
with a Portable Optical Particle Spectrometer (POPS) for aerosol measurements (Hen-
neberger et al., 2023; Miller et al., 2024). High-Altitude Long Endurance (HALE) UAVs,
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such as the NASA Global Hawk, can fly at altitudes higher than 15 km, which makes them
very suitable for cirrus measurements (Loegering, 2002). However, limitation on maxi-
mum take-off weight can hinder the integration of heavy payloads. More importantly,
extreme weather conditions encountered during atmospheric measurements, such as
turbulence, thunderstorms, fog or very cloudy conditions, pose significant challenges to
ensuring safe and reliable UAV operation. Small and medium-altitude UAVs could still
serve as a valuable complement for lower-altitude tasks, such as sampling of air mass
origins.

9.2. FURTHER RESEARCH ON CIRRUS AND CONTRAIL CIRRUS
A key aspect in the study enabling direct qualitative comparison between mid- and
high latitude cirrus is the simultaneous exploration of both regions during the same pe-
riod of the year using consistent instrumentation and analysis methodologies across all
measurements. However, one might question the representativeness of the conclusions
drawn from a single campaign covering a one-and-a-half-month period. Integrating
these measurements with data from other campaigns might help to improve the statis-
tics, but is worth noting that involving different instruments or analysis techniques
could potentially yield misleading conclusions. Future HALO campaigns, in which
DLR’s cloud physics group is participating, will employ the same suite of cloud probes
(CDP-CIPG-PIP and CAS-DPOL), allowing a direct comparison with the current study.

However, it is crucial to acknowledge that advancements in cloud particle measure-
ment technology are imminent, potentially leading to the replacement of current probes
and complicating the integration and comparison with older campaign data. Nonethe-
less, this transition will require time due to the certification process of the newer instru-
ments on the research aircraft. With this I want to emphasize the importance of the stor-
age of raw instrument data, which is crucial to facilitate reprocessing in light of evolving
knowledge about specific methods or corrections over time. While newer instruments
hold promise for improving measurement accuracy and reduce sizing and counting un-
certainties in future data sets, it is imperative to prioritize consistent upgrades to existing
campaign data. This includes addressing biases inherent in older cloud probe suites and
incorporating new findings to ensure data quality and reliability.

An open question that has not been addressed in this work is the derivation of the
radiative effects of the measured clouds. High-latitude cirrus have larger crystals, which,
according to Zhang et al. (1999), would result in a higher net cloud radiative forcing com-
pared to cirrus with smaller particles, such as the mid-latitude cirrus in the data set.
However, other parameters, such as the ice water content, cloud thickness, and surface
also affect the net radiative effect. Further work could focus on evaluating the different
climate impacts exerted by the diverse cirrus groups identified during the CIRRUS-HL
campaign, as a follow-up to the study by Marsing et al. (2023). In that study, the lack of
direct measurements of effective diameters required parameterization. This limitation
could be addressed using the data from this work.

The upcoming HALO South campaign (The interplay of Clouds, Aerosols and Radia-
tion above the Southern Ocean), scheduled for the spring season of the southern hemi-
sphere in 2025 in Wellington, New Zealand, presents an excellent opportunity to extend
this study to the Southern Hemisphere (HALO-South, 2024). This campaign will employ
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the same set of cloud probes and focus not only on liquid and mixed-phase clouds but
also on cirrus clouds, with an emphasis on investigating aerosol-cloud interactions in
the pristine Southern Ocean. While various studies have examined mixed phase cloud
processes in this region, such as the recent SOCRATES campaign (McFarquhar et al.,
2021), existing climatologies based on in situ observations lack information on cirrus
clouds in this area (Krämer et al., 2016; Heymsfield et al., 2017a; Krämer et al., 2020). It
would be intriguing to ascertain whether the lower anthropogenic influence, including
aviation, in the Southern Ocean results in cirrus microphysical properties comparable
to those observed at high latitudes in the Northern Hemisphere. Additionally, applying
the new cirrus classification introduced in this study to the HALO South campaign mea-
surements could reveal potential influences of air masses from different latitudes.

One of the challenges encountered in this work was assessing the aerosol-cloud in-
teraction of the measured cirrus clouds and linking differences in the ice microphysi-
cal properties to the nucleation processes along their lifetime driven by varying aerosol
load depending on the cirrus types. This challenge was partially attributed to lack of
ice nucleating particle (INP) measurements at cold cirrus temperatures (< −40 ◦C) due
to temperature limitations of the onboard instrument HERA (Grawe et al., 2023). While
airborne measurements of INPs are predominantly available for the mixed-phase tem-
perature regime, the upcoming HALO South campaign presents an opportunity to im-
prove this statistical study with the inclusion of a novel instrument, the Portable Ice Nu-
cleation Experiment (PINE) (Möhler et al., 2021). PINE is expected to measure INPs at
cirrus cloud temperatures down to −65 ◦C with a time resolution of 6 minutes, which
will significantly improve our understanding in this area.

Moreover, the Earth-CARE (Cloud, Aerosol and Radiation Explorer) satellite promises
important advancements in the understanding the role of clouds and aerosol in the cli-
mate by incorporating new high-performance instruments. Much work will be dedi-
cated in the coming years to the validation of the satellite data, where in situ measure-
ments will play a key role.

However, the utilization of novel measurements should be complemented by appro-
priate flight strategies to enhance the insights of this study. This work aimed to correlate
measured cirrus microphysical properties with cloud formation and influencing factors
throughout their lifecycle. Limited to one-time samples of the targeted clouds and air
masses, this approach posed challenges and necessitated the use of modeling data com-
bined with backward trajectories, introducing considerable uncertainty given the dif-
ferent resolution of the in situ measurements and the two different modeling data sets.
An interesting approach to gain insights into cloud evolution involves quasi-Lagrangian
sampling, as applied during the HALO-(AC)3 campaign in 2022 (Wendisch et al., 2024).
This method consists of performing forward instead of backward trajectories to predict
the trajectory of an air mass parcel and plan flight routes accordingly to sample the air
mass several times. This approach could be performed either within one flight or within
consecutive flight days, enabling the sampling of a cloud in its formation region and at a
later stage, providing insights into the evolution of cirrus microphysical properties from
an in situ perspective.

The Lagrangian sampling strategy could also be an effective approach for capturing
the evolution of cirrus properties as contrails develop within a cirrus deck. This method
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would allow for cirrus clouds to be sampled both before and after interacting with con-
trails, potentially providing new insights that, to date, have only be modeled or observed
through satellite retrievals. Additionally, while numerous measurements of the initial
stages of contrail formation are available in the literature, the aged contrail encounters
included in the CIRRUS-HL data set are particularly valuable. Future campaigns should
aim to expand this data set to further enhance our understanding of contrail evolution
and their impacts.

Finally, the focus of contrail measurements is expected to shift in the coming years
with the development and introduction of novel aircraft prototypes and technologies,
such as hydrogen combustion, fuel cells, 100% SAF or lean-burn engines. These alterna-
tive propulsion technologies aim to reduce the climate impact of aviation. As discussed
in Section 7.4, specific questions about the microphysical processes of contrail forma-
tion under conditions of reduced or nonexistent soot particles emissions, or higher su-
persaturations, diverge from our current understanding of contrail formation from con-
ventional propulsion technologies. In order to validate theories and simulations, ded-
icated measurements are required to understand the conditions under which sponta-
neous homogeneous nucleation, heterogeneous nucleation on background aerosol, or
heterogeneous nucleation on lubricant oil particles might occur.



ACRONYMS

1D one-dimensional
2D two-dimensional
2D-S 2D-S (Stereo) Probe

AD Analog-to-Digital
AIC aviation-induced clouds
AMETYST Aerosol Measurement System

BC black carbon from surface sources
BCav black carbon from aviation

CAS Cloud and Aerosol Spectrometer
CAS-DPOL Cloud and Aerosol Spectrometer with Depolariza-

tion
CCN cloud condensation nuclei
CCP Cloud Combination Probe
CDP Cloud Droplet Probe
CGS Centrimeter-Gram-Second
CIPG Cloud Imaging Probe Grayscale
CIRRUS-HL Cirrus in High Latitudes
CPC Condensation Particle Counter
CPI cloud particle imager

DDA discrete dipole approximation
DLR German Aerospace Center, Deutsches Zentrum

für Luft- und Raumfahrt, in german
DMT LLC Droplet Measurement Technologies
DoF depth of field
DU mineral dust

ECMWF European Centre for Medium-Range Weather
Forecasts

ERA5 fifth generation ECMWF atmospheric reanalysis of
the global climate

ERF effective radiative forcing

FSSP Forward Scattering Spectrometer Probe
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H-H formed and measured at high latitudes
HALO High Altitude and LOng range
HERA high-volume flow aerosol particle filter sampler

IAT interarrival time
INP ice nucleating particle
IPT interparticle time

M-H formed at mid-latitudes and measured at high lat-
itudes

M-M formed and measured at mid-latitudes

NN neuronal network
nvPM non-volatile particle matter

OAP Optical Array Probe
OPC Optical Particle Counter

PADS Particle Analysis and Display System
PAS probe air speed
PbP particle-by-particle
PIP Precipitation Imaging Probe
PSD Particle Size Distribution

RF radiative forcing
RQ research question

SAC Schmidt-Appleman criterion
SAF sustainable aviation fuel
SODA System for OAP Data Analysis

TAS true air speed

UAV unmanned aerial vehicle
UTC Coordinated Universal Time

vPM volatile particle matter



SYMBOLS

Ap mean projected area within a size interval
A density of projected area

c constant for DoF calculation
Cp specific heat of air at constant pressure
CO2 carbon dioxide

D particle diameter
Deq area equivalent diameter
Dmax maximal diameter
Dx diameter parallel to the photododiode array direc-

tion
Dy diameter parallel to the flight direction
∆t sample interval

ED effective diameter
E IH2O emission index of water vapor
ε ratio of gas constants of air and water vapor
η overall propulsion efficiency

IW C ice water content

λ wavelength
Leff effective array width
LW C liquid water content

mice,i ice mass per size bin i

N particle number concentration
n number of diodes in the diode array of the OAPs
Ni particle number concentration per size bin i
ni number of particles sampled per size bin i
NOx nitrogen oxides

p ambient air pressure

Q specific heat of combustion
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Qext extinction efficiency

r es pixel resolution of the OAPs
RHi relative humidity with respect to ice
ρice ice density

S A sample area
SV sample volume

Zd distance from the object plane
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APPENDIX: ADDITIONAL FIGURES

A.1. CDP AND CAS-DPOL INTERCOMPARISON

Figure A.1: Interarrival time (IAT) histograms showing the interarrival times for the CAS (upper panel) and
CDP (lower panel) during flight F03. The color code indicates the frequency of occurrence. The red rectangles
highlight the sequences where a second mode in the CAS IAT histogram appears, which contrast with the CDP.
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Figure A.2: Same as Fig. A.1 but for flight F14.
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Figure A.3: Analysis of example cirrus sequences from the flight F03, where the upper row represents a case of
bad agreement and the lower row a better agreement. Particle Size Distribution (PSD) of the CDP (red), CAS
(blue) and CIPG (purple) with the number of samples in parenthesis (a, d). Interarrival time (IAT) histograms
of the CDP (red) and CAS (blue) from the particle-by-particle information (b, e). Phase plots of () as a function
of of the combined size spectrum (CDP-CIPgs-PIP) (c, f). Dashed lines indicate the limits of the criterion
definition, and the critical area is shaded in red. Green dots indicate points outside the critical area (good
agreement), and red dots indicate points inside (bad agreement).
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Figure A.4: Same as Fig. A.3 but for flight F14.
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Figure A.5: Extracts of the set of particle images from the CIPG corresponding to the sequences shown in
Fig. A.3.

Figure A.6: Same as Fig. A.5 but for sequences in Fig. A.4 of flight F14.
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A.2. EXTINCTION COEFFICIENT OF HIGH AND MID-LATITUDE

CIRRUS
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Figure A.7: Normalized frequency distribution of the extinction coefficient (βext) from the observations as a
function of latitude of the measurement during CIRRUS-HL. Latitude bins are 1ř wide and vertical bins are
logarithmic. The colour code indicates the frequency of occurrence in percent per 1 degree latitude bins,
normalized by the total counts per latitude bin. The vertical dashed line marks the threshold of 60◦ N for the
differentiation of ML and HL cirrus. Triangular markers are medians per latitude bin (β̃ext). The top and right
panels are histograms of the corresponding variables. See a similar representation for N, ED and IWC in the
main text.
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A.3. IN SITU AND LIQUID ORIGIN MEASUREMENTS PER DAY
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Figure A.8: Summary of the 2-s observations frequency of cirrus origin (in situ, light blue and liquid origin,
darker blue) per day during the CIRRUS-HL flights. The frequency is represented by the total number of counts.

A.4. SENSITIVITY STUDY OF LATITUDE THRESHOLD 60°N
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Figure A.9: Sensitivity study of the latitude threshold selection. The relative frequency of the variables N (left-
hand side), ED (center) and RHi (right-hand side) are represented for the H-H cirrus (blue), M-H cirrus (green)
and M-M cirrus (orange) depending on the specified latitude threshold: 55, 57.5, 60, 62.5 and 65 řN. See Fig. 6
in the main text for further details on the relative frequency distributions.
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A.5. ADDITIONAL ANALYSES FOR AEROSOL-CLOUD INTERAC-
TION

A.5.1. EXTRA ANALYSES WITH CLIMATOLOGICAL DATA
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Figure A.10: Same analysis as Fig. 5.16 but for a climatological mean of the June-July months between 2014 and
2021.

A.5.2. SENSITIVITY STUDY OF SIMULATIONS INCLUDING AMMONIUM SUL-
FATE AND GLASSY ORGANICS

The simulations used in Section 5.6 were repeated to include ammonium sulfate (AmSu)
and glassy organic particles (glPOM) with the freezing properties detailed in Table A.1
from Beer et al. (2022). The objective of this sensitivity study was to determine whether
the inclusion of these additional INP types would affect the conclusions drawn in Sec-
tion 5.6 for mineral dust, black carbon from aviation, and black carbon from other
ground sources. The same graphs presented in Figs. 5.16, 5.18 and 5.19 are shown here
in Figs. A.11 to A.13 for the new case and reveal negligible changes in the relative fre-
quency distributions of the studied parameters.

Table A.1: Freezing properties (critical supersaturation Scrit and activated fraction fact) of the additional ice
nucleating particles (INPs) as in Beer et al. (2022).

Property AmSu glPOM
Scrit 1.25 1.3
fact 0.001 0.001
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Figure A.11: Same analysis as Fig. 5.16 but with simulations including ammonium sulfate and glassy organic
particles as INPs.
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Figure A.12: Same analysis as Fig. 5.18 but with simulations including ammonium sulfate and glassy organic
particles as INPs.
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Figure A.13: Same analysis as Fig. 5.19 but with simulations including ammonium sulfate and glassy organic
particles as INPs.

A.5.3. SENSITIVITY STUDY FOR YEARS 2020 AND 2019
In this study, further simulations were conducted using emissions data for the years 2020
and 2021 (see details on the model setup in Section 5.6.1). It is important to note that
the emissions data are based on predicted scenarios from the year 2015 and therefore
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do not account for the emission reduction effects observed in 2020 due to the COVID-19
pandemic (Voigt et al., 2021). The main insight from this sensitivity test is that the few
cases of homogeneous nucleation observed for the real campaign period of 2021, are not
a particularity of that year, but it is also observed for the same period in 2019 and 2020.

d e f

g h i

20
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20
20

20
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Figure A.14: Same analysis as Fig. 5.19 but with additional simulations of the years 2020 and 2019 as compari-
son for 2021.
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APPENDIX: IMAGE DATA

DECOMPRESSION

This appendix offers a detailed description of reading and interpreting the binary data
format used by DMT LLC for both monoscale and grayscale OAPs. It covers details about
the data structure, compression algorithms, and provides specific information of the im-
age pre-processing implementation in Python.

As commented at the end of Section 3.2.1, two types of files are generated, one con-
taining 1D sizing data in 1-s time resolution, and a second one with compressed 2D im-
age data. While the 1D sizing data provides counts per second and classifies them into
size bins, these retrievals can only be used to monitor the measurement during flight
and obtain a rough idea of the statistics. The 2D image data is essential for operating
directly with the images, detecting possible pixel errors and artifacts, filtering them, and
performing an accurate sizing by considering the two dimensions of the images. How-
ever, before the image data can be processed, it needs to undergo decompression. The
algorithm’s development was guided by the instructions on image data storage and com-
pression provided by DMT LLC (DMT, 2011), and it was based on the available decom-
pression algorithms in my group for the monoscale 2D-S imaging probe (Kirschler, 2023;
Schollmayer, 2021).

The 64-diode array state is stored at high frequency and the shadow intensity of a
diode is translated into a digital signal with a 1-bit number for monoscale probes: "1" if
illuminated, or "0" if shadowed; and 2-bit number for grayscale probes: "11" if illumi-
nated, "10" if at least 25% shadowed, "01" if at least 50% obscured, and "00" if at least
75% shadowed. This concept is sketched in Fig. B.1 and represents the conversion of an
ice crystal shadow slice into electronic data. Since the array is composed by 64 diodes,
an image slice of a monoscale probe is translated into 64 bits, while an image slice of a
grayscale probe needs 128 bits. This is the first and main difference between the data
structure of both instruments.

An image consists of a series of slices stored one after the other. Once the current
particle has moved out of the laser, the data recording of that particle stops and the next
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Figure B.1: Schematic of an example of an ice crystal shadow state of the diode array in monoscale and
grayscale modus.

particle recording starts. Accompanying the image slices, there is further information
about each particle, which makes it identifiable among the whole images in the stream.
This information is comprised in a so-called particle header. In addition, there is a row
of bytes with a certain format (1010’s in monoscale and 1’s in grayscale) to indicate the
ending of a particle and the beginning of the next one. Bytes of image data and particle
headers are recorded successively forming a stream of bytes. Since many of these bytes
are usually repeated (e.g. particle background of all ones), the data is compressed fol-
lowing different patterns of run-length encoding for monoscale and grayscale probes,
which will be explained later.

4096 bytes of compressed image data defines a buffer and each buffer has its corre-
sponding buffer header, what makes it a total of 4112 bytes per buffer. Buffers are written
in an Imagefile until it reaches the size of ≈ 80 MB (20000 buffers) and then a new Im-
agefile is started. Important to note is that every file starts with a buffer header followed
by 4096 bytes of compressed image data. The structure of the image data described here
is summarized in the diagram of Fig. B.2. Note that the buffers in monoscale probes are
organized in sets of 8 bytes (64 bits) while the grayscale probes are composed by 128-bit
slices.

I developed two distinct Python scripts for processing image data from monoscale
and grayscale DMT probes. The bitstring module from Python made the manipula-
tion of binary data quite easy and mainly the BitArray and ConstBitStream classes were
used. The program has been strongly optimized using the cProfile module for Python
and SnakeViz (browser-based graphical viewer of the output). The amount of data being
processed is large (specially for our CIPgs) and thus, a good program performance with
reduced computation time is key. Computation in a cluster is recommended for pro-
cessing flights with several Imagefiles. It takes about 15 minutes to read a complete PIP
Imagefile with parallel computing with 8 cores (2 minutes in a cluster with 128 proces-
sors). The time increases for an Imagefile of the CIPG up to 45 minutes (6 minutes in a
cluster with 128 processors).
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Figure B.2: Diagram of the data structure of the image data from a DMT imaging probe. Colored squares
indicate the type of information included in the particle headers and the buffers structure is indicated for
monoscale (left side) and grayscale (right side) option.

The flow chart depicted in Fig. B.3 shows the main working principle of the algo-
rithm. It is important to differentiate between the original stream, directly read from
the Imagefile, and the decompressed stream resulting from the original stream’s decom-
pression. The switch function verifies the position in the whole stream and remits to the
functions read_buffer, if it is the beginning of a buffer, or to read_image, if the position
is inside the buffer. The read_buffer function reads first the buffer header, then decom-
press the buffer (following 4096 bytes) and finally finds the particle boundaries within
the decompressed stream. Besides that, the read_image is called as many times as parti-
cles are in the decompressed stream. It reads the particle header (read_partheader) and
as many slices of image data as the particle has (get_image_slices). The particle header
together with the reconstruction of the image itself is the information that is saved and
written in a file for particle analyses and post-processing. When the end of the decom-
pressed stream is reached, the position in the original stream shifts to the beginning of
the next buffer (next 4112 bytes) and the same process is repeated until the end of the
original stream is met. The following is a more detailed explanation of the steps pre-
sented here.

BUFFER HEADER

Each buffer is preceded by a header of 16 uncompressed bytes, which contains a times-
tamp, as depicted in Fig. B.2. Every 2 bytes correspond to a unit of the timestamp begin-
ning with the year and following the month, day, hour, minute, second, millisecond and
weekday. Each pair of 2 bytes in the byte stream is written in reversed order. Therefore,
it should be read as as a byte-wise little-endian unsigned integer. For example, if the two
bytes for year are "E707" in hexadecimal format, one needs to swap the bytes as "07E7"
to obtain the number 2023.
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Figure B.3: Flow chart of the Imagefile data processing algorithm structure and main functions. The structure
is the same for monoscale and grayscale probes, the functions itself are internally different.

The structure and format of the buffer header are the same for both monoscale and
grayscale probes. Following the buffer header, there are 4096 compressed bytes that
require decompression using different schemas for monoscale and grayscale probes,
which are explained below.

COMPRESSION ALGORITHM MONOSCALE

Monoscale data is compressed following a schema controlled by run-length encoding
header bytes (RLEHB). These bytes serve as indicators of the format and repetitions of
the next bytes and follow the structure indicated in Fig. B.4. In this structure, each byte is
separated into bits, where the relevant bits are Z , O, and D . The remaining 5 bits, which
should be interpreted as an unsigned integer, provide the count. This count indicates
the number of bytes +1 of a certain type that follows. If Z is 1, the subsequent bytes
(count +1) are all zero bytes; if O is 1, the next bytes (count +1) are all bytes of ones. If
D is 1, the current RLEHB is a dummy byte that should be ignored, and the next byte
should be read, which will be a new RLEHB. If all three flags are 0, the next (count +1)
bytes are data bytes and should be added to the decompressed byte stream as they are.
An example of bytes decompression is shown in Fig. B.4.

The decompression of a buffer (consisting of 4096 subsequent bytes) begins after
reading the buffer header. The algorithm starts by examining the first byte in the buffer,
which is always a RLEHB since every buffer starts with one. It reads the first 3 bits of
the RLEHB separately and the next 5 bits together as an unsigned integer. Depending
on the flags, it appends either count +1 zero bytes or bytes of ones to the decompressed
stream. If all three flags are zero, it reads the subsequent count +1 bytes from the stream
and adds them to the decompressed stream. If D = 1, it proceeds to interpret the next
byte as another RLEHB.

The algorithm continues to read bytes from the original stream as long as the byte
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Z   O   D    XXXXX 
zeros lag ones lag dummy lag

count

00000010    11010101    10011011    00101100   

11010101    10011011    00101100    00000000 

00000000    11111111    11111111    11111111 

 00100110    10000001    01000010

Compressed

Decompressed

2+1

1+1 2+1dummy

Figure B.4: Format of a run-length encoding header byte (RLEHB) for monoscale data and an example of de-
compressed data. The RLEHBs are shaded in gray and the data bytes in blue.

position is 4112 times the number of buffers read +1.

COMPRESSION ALGORITHM GRAYSCALE

The best way to understand the grayscale data is to keep in mind that the pixel state
is translated into a 2-bit quantity, so the compression schema processes the data in a
stream of 2-bits. Analog to monoscale data decompression, the grayscale decompres-
sion algorithm starts reading bytes after processing the buffer header. Bytes in the com-
pressed stream can take different formats: either as data bytes or count bytes:

• Data byte (6 bits): 01xxxxxx → The 6-bit data following the "01" pair is directly
added to the decompressed stream.

• Data byte (4 bits): 0001xxxx → The 4-bit data following the "0001" group is directly
added to the decompressed stream.

• Data byte (2 bits): 000001xx → The 2-bit data following the "000001" group is di-
rectly added to the decompressed stream.

• Count byte: 1xxxxxxx → The 7 bits following the "1" indicate the number of times
to repeat the last 2-bit data added to the decompressed stream.

In processing each byte of the available 4096 in the buffer, the algorithm checks
whether the most significant bit of the byte is a 1. If it is not, the algorithm checks for
the other three formats, adds the corresponding data pairs, and saves the last pair for
the next round in case a count byte comes, and the last 2 bits have to be repeated and
added to the decompressed stream.

PARTICLE BOUNDARIES

I employ the same approach to identify particles in the decompressed stream of monoscale
and grayscale data, despite the differently coded indicators for particle boundaries. The
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key is to leverage the useful findall() function of the ConstBitStream class, which gen-
erates a list of positions in the stream, where the specified group of bytes (or bits) is
found.

For monoscale data, the algorithm searches for a byte-aligned sequence of 8 consec-
utive bytes of "10101010" (or "aa" in hexadecimal). As the function provides the starting
position for that group of bytes, the beginnings of particles are shifted by 8 bytes from
the obtained positions. These shifted positions are saved in a list and are utilized by the
read_image function to determine where to start reading an image each time, regard-
less of the previous image. Since the image data in a buffer may not necessarily start at
a particle header and more frequently begins in the middle of a particle, it is crucial to
consistently use particle boundaries to navigate the stream.

For grayscale data, 16 consecutive non-byte-aligned bytes of all ones indicate the
particle boundary. A similar procedure is applied as for monoscale data.

PARTICLE HEADERS

After a particle boundary, the image data starts with the particle header, which contains
crucial information about the particle (see Fig. B.2). The most important information
stored in the particle header include the particle counter and the timestamp. The times-
tamp signifies the time (in 125 ns resolution) at which the particle ends, and the particle
counter is a number ranging from 1 and 65535 generated by a counter that increments
each time the probe hardware detects a particle. Although the counter theoretically
progresses continuously without jumps, in practise, electronics limitations can result
in missed recordings when the particle rate exceeds the system’s capabilities. If the dif-
ference between the counter of one particle and the previous one exceeds one, there are
particle lost in between, and the number of them is designated as missed particles. The
method for interpreting the information in the particle header, differentiating between
monoscale and grayscale versions, is detailed below.

For monoscale data, once aligned at the beginning of a particle header, reading the
first two bytes in reversed order (with the most significant byte written after the least
significant byte) as an unsigned integer provides the particle counter. The next 5 bytes
correspond to the timestamp and are also reversed. After reversal, they are treated as
a row of bits, read in specific groups as unsigned integers. The first 5 bits denote the
hour, the next 6 signify the minutes, the seconds are obtained from the subsequent 6
bits, milliseconds from the next 10, and the last 13 bits represent the unit of minimum
resolution. This unit must be multiplied by 125 · 103 to obtain the microseconds. The
next 7 bits in the decompressed stream provide the slice count, indicating the number of
image slices +1 forming the particle image. The final bit is the depth-of-field flag, set to
1 if at least one pixel of the image is shadowed by 2/3, meaning that the particle is more
centered in the depth of field, reducing the overestimation of the particle size.

The documentation of DMT LLC (DMT, 2011) lacks reliability and is quite confusing
regarding grayscale decompressed data. Extensive testing was conducted to ascertain
the actual format. After positioning at the beginning of the particle header, the entire
particle header (128 bits) must be read in 2-bits pairs, and the order of pairs reversed
(e.g., 11−01−00−10 → 10−00−01−11). Subsequently, the following information can
be extracted from the slice by reading the specified number of bits as unsigned integers
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in the given order: slice count (first 8 bits), hour (5 bits), minute (6), second (6), millisec-
ond (10), microsecond (10) added to the minimum resolution (3) multiplied by 125 ·103,
particle counter (16) and TAS (8). The last 56 bits are all zeros.

The information of the particle header is crucial, without the correct timestamp, par-
ticles can not be correctly ordered, and any attempt to calculate particle concentration
will yield inaccurate results. If the particle header is incorrectly read, for instance, the
particle counter is negative or the timestamp is implausible (e.g. hour greater than 24),
there is a misalignment in the decompressed stream, leading to incorrect interpretation
of image data. It is highly recommended to verify the particle header to ensure accurate
data reading. For this reason, the information in the particle header is saved together
with the image data itself.

IMAGE SLICES

After assuring the alignment at the particle boundary was successful and the particle
header was correctly interpreted, the remaining bytes until the next particle boundary
are image data bytes. In the monoscale version, each 64-bit slice should be read byte-
wise and the order of the bytes reversed (B0 B1 B2 B3 B4 B5 B6 B7 → B7 B6 B5 B4 B3 B2

B1 B0). The slices are added one after the other in a row and saved in binary format for
writing out the data together with the particle header. If one wants to visualize the image,
it is enough to rearrange the slices in a matrix of nslices ×64.

In the grayscale variant, the 128-bit slices are read in pairs of 2-bits instead of byte-
wise. To allow for a conversion into a nslicesx64 matrix representing the actual particle
shape, the 2-bit quantities defining the state of the diodes are converted into integer
from 0 to 3: 3 for "11" (background), 2 for "10" (at least 25% obscured, first shadow level),
1 for "01" ( at least 50% obscured, second shadow level), and 0 for "00" (at least 75% ob-
scured, third shadow level). After the conversion, the 64 elements of the slice are reversed
and the image data is stored analogously to monoscale data.
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