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Zusammenfassung

Eiswolken, befinden sich in der oberen Troposphére, sind kalt und vergleichsweise dinn und
bestehen aus Eiskristallen. Sie spielen eine wichtige Rolle in der Erdatmosphére, vor allem indem
sie den Strahlungshaushalt beeinflussen. Aufgrund ihrer einzigartigen Eigenschaften unter den
Wolken, verursachen sie weltweit eine jahrliche Nettoerwarmung und tragen so zu Phédnomenen
wie der globalen Erwarmung und der arktischen Verstarkung, d. h. der beschleunigten Erwarmung
der Arktis, bei.

Ihre makrophysikalischen und optischen Eigenschaften sowie ihre Strahlungseffekte sind stark von
ihren mikrophysikalischen Eigenschaften abhéngig. Diese wiederum, werden grofitenteils bereits
wahrend ihrer Entstehung festgelegt, konnen sich aber im Laufe der Entwicklung der Wolke
andern. Der Prozess, der bei der Bildung von Eiswolken stattfindet, wird seinerseits durch die
Lage der Wolken und die meteorologischen Umgebungsbedingungen beeinflusst.

Die relative Luftfeuchtigkeit iiber Eis (RHi) ist ein Parameter, der die makrophysikalischen mit
den mikrophysikalischen Eigenschaften verbindet. Je nach Umgebungsfeuchte bildet sich ein
Eiskristall auf verschiedenen Wegen, was zu Wolken mit unterschiedlichen mikrophysikalischen
Eigenschaften fithrt. Die vertikale Struktur und Verteilung von RHi innerhalb einer Eiswolke
andert sich mit der Entwicklung der Wolke und kann als Indikator fiir ihr Alter verwendet werden.

Die Auswirkungen unterschiedlicher Umgebungsbedingungen auf die Bildung und Entwicklung
von Eiswolken und die kleinrdumigen mikrophysikalischen Prozesse, die wahrend ihrer Bildung
ablaufen, sind noch nicht vollstandig verstanden, was auch zu Problemen bei ihrer Modellierung
fihrt. Dartiber hinaus sind auch ihre Strahlungseffekte noch nicht genau quantifiziert, obwohl
anerkannt ist, dass sie eine Erwarmung verursachen. Eiswolken sind auch in vielen globalen
Vorhersagemodellen haufig unterreprasentiert, da diese einfache Parametrisierungen verwenden,
die haufig keine hohen RHi-Werte zulassen, die fiir ihre Bildung erforderlich sind.

In dieser Arbeit wird der RHi-Wert innerhalb und in der Ndhe von Eiswolken analysiert, der mit
Hilfe von luftgestiitzten Lidar-Messungen tiber den mittleren und hohen Breiten gemessen wurde.
Untersucht wird seine Abhangigkeit von Standort, Umgebungsbedingungen und Wolkenalter. Es
zeigt sich, dass Eiswolken, die sich iiber der Arktis gebildet haben, haufiger hohe RHi-Werte
aufweisen, was auf einen Unterschied in ihrem Entstehungsprozess hinweist. Nach der
Untersuchung von Fallen iiber den mittleren Breiten wird festgestellt, dass Wolken in
verschiedenen Entwicklungsstadien eine deutliche RHi-Signatur aufweisen.

In Bezug auf den Entstehungsprozess wird festgestellt, dass Wolken, die sich in-situ iiber den
mittleren Breiten gebildet haben, im Allgemeinen kéalter und héufiger untersittigt sind als
Eiswolken die aus einer Flussigen Wolke stammen. Eiswolken iiber der Arktis werden in
Abhéangigkeit von den Umgebungsbedingungen untersucht. Wolken, die wéhrend des Eindringens
von Warmluft aus den mittleren Breiten in die Arktis gemessen wurden, waren im Vergleich zu
Wolken, die unter ungestorten arktischen Bedingungen gemessen wurden, geometrisch und optisch
dicker und haufiger iibersattigt. Eine Untersuchung der mikrophysikalischen Eigenschaften ergab
ebenfalls Unterschiede zwischen den beiden Wolkentypen.
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ITepAmn

Ta végpn méyov, Ppioxovtat oV avedTepn TPOTOTPAP, elvat PuXpd, AETTTA KO ATTOTEAOVVTOU XTTO
mayokpvotdMovg. Ilailovv onuavtikd pélo oOT0 CVOTHPHX TNC YNIVIG  ATUOTPAIPAC,
emnpedlovTag kupleg To 1oolVylo NG akTVOPOANG. Adyw TV HOVASIKMV XAPAKTNPIOTIKGOV TOUG
METOED TV VEPWV, TPOKOAOVV BEppavoT og TaykOo Lo eTimed0, CUMPAANOVTAC £TOL O PALVOHEVXL
OT®C 1 VTEPBEPUOVOT) TOL TAXVITN KA 1) apKTIKY| evioxvor, SnAadn) n emiToyvvopevn Bépuavon
™C¢ ApKTIKNC.

Tal HoKPOPLOTKA KO OTITIKA X XPAKTNPLOTIKA TOVG, KXOC Kot OL €TEPATEIC TOVG OTNV AXKTIVOFOAI
eCapTOVTAL Og HeydAo PaOpd amd TIC MKPOPLOtkéC TOve 1810 Tec. AvTéC pe TN Oelp& TOUG
kaBopiCovtat oe peydro Pabpod 1dn xatd tov oXNPATIONS TOug, 0AA& evdéxeTat var cAA&EovY
kB¢ To Vépog etehiooetar. H Stadikaoia mov Aapfdvel x@dpa KATE TO OXNUATIOUS TV VEQOV
mé&yov, emnpedletan amd Tn B€0m TOUC KAl TIC HETEWPOAOYIKEG TLVOTKEC.

H oyetkn vypaoia cw¢ mpog tov méyo (RHi) efvat puat Tap&peTpog mov ouvOEel TIC HAXKPOPUOIKES
Me TIC Hkpo@uotkéc 180t Tec. Avahoya pe v RHi tov mepipdAiovtog, évac maryokpOoTaAAog
oxnuatiCetar ooAovbwVTaC StaxpopeTikéc Sadikaaiec mov odnyolv oe VEQN He SlaPOPeTIKEC
pkpo@uaotkég 8o Tec. H kataxopven dour xau ) karavour] tne RHi péoa oe éva vépog méyov
OANG&Cet pe v eEEMEN Tov VEPOLG kau pmropel vau xpnotpotomBel ¢ deliktnc ¢ nAkiag Tov.

op& ta TpoavaepBevTa, 1 KATAVONOT) TOL TPOTTOL HE TOV OTTOLO Ol SIAPOPETIKEC TTEPIPOANOVTIKEC
ovvOnkeg emnpedCovv TO OXNUATIOUS KAt TNV eLEAIEN TV VEQPOV TAYOL KOl Ol HKPOPUOIKEC
Stepyaoiec pxpric KApaKkoc mov AapBEVOLY XWPA KXTX TO OXNUATIONO TOvg, Sev elvat ardun
TANPXC KATAVONTEC, Yeyovoc TTov odnyel emtionc oe mpoxAjoelc o povrehomoinor| tovg. EmmAéoy,
1 axpPrc emidpaot) Tovg oTo 10oLVYlo axTivoPfoAiag dev elvar ATOAVTA TOGOTIKOTOHEVT], AV KAl
elvat amodextd 611 TpokohoUV avénomn ¢ Bepuokpaciac. Taw vépn T&yov vToekTPOTOTOVVTAL
emione ovxv& oe MOMA& TAYKOOHA TPOYVWOTIKA HOVTEAX, TA OTOIX XPTNOIHMOTOLOVV ATAEC
mapapeTpomomjoelc mov ovvijbwe dev emrpeémovy vnAéc mwéc RHi, amapaimtec yia To
OXNHATIONS VTV TV VEQRV HETKD OA®V TRV TOAVEV 080V.

2Ze owt) TV gpyaoia avodvetat 1 RHi evtog xau mAnoiov TV ve@ov méyov mov petprinkav pe
aepopeTa@epduevo lidar méve amd Ta peoaia ko VYPNA& yewypa@ik& mA&T. AtgpevvaTan 1)
eC&pton ¢ amd m Béom, Tic mepParovTikeég oLVONKEC Kat TNV NAKIX TOV VEQOUC. AlATIOTAOVETAL
OTL TAX VEQT) TTAYOL TOV OXNHUATIOTNKAY TAV® aTtd TNV APKTIKY) KVIXVEDOVTAL OLXVOTEPX e VPNAEC
Tiuéc RHi, yeyovoc mov vmodnAcdvel Sagpopd ot Sadikaoia oxnuatiopod Touve. A@ov
MEAeTHONKAV TEPITTAOOEIC TAVR ATO TA HETAUA YEDYPAPIKA TAXTT, SIXTIOTOONKE OTL VEQN OF
StapopeTikd e€eAKTIK& OTASI £XOVV pia EeXWPLOTT, XapaKTnpLoTky) vToypopr) RHi.

‘Ooov agopd ™ Sadikaoiot oXNUATIONOV, SlamoTOVETAL OTL TA VEQT OV OXMUaTioTnKOoY €Tl
OOV MAV® AT T Heoaia TAGT elvan yevik& PuxpoOTEPA KA CLXVOTEPA VTOKOPECUEVA O
oUYKpLOT) He Ta VEQN TT&yov Ttov TponAfay amd vyp& véen. Ta vépn Tayov T&ve amd v ApKTikr)
peketdvTan pe B&on tic mepBodiovTikéc ovvOrkec. Ta ovvvepa Tov peTpridnkay katd ) Sidpkela
eloPoAr|c Oeppov aépa oV ApKTIKY] AT TA HECTK YEWYPAPIKA TTAKTH HTAV YEWUETPIKK KAL OTTTIKK
TAXVTEPA O€ CUYKPLOT| He TX OVVVEQX OV HETPiONKaV oe adlat&pakTe apkTikég ouvOrkee kot
ovxvoTepa vrepkopeopéva. H peAém) TV pikpo@uotkaV Slomtey amokdAve emione Siapopéc
METAED TV SV0 TOTTWV VEPOULC.
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Abstract

Ice-clouds, found in the upper troposphere, cold, comparably thin and made up of ice crystals,
play a significant role in the earth’s atmosphere system, mainly by affecting the radiation budget.
Due to their unique characteristics among the clouds, they cause a net annual warming globally,
thus contributing to phenomena like global warming and arctic amplification, i.e. the accelerated
warming of the arctic.

Their macrophysical and optical characteristics, as well as their radiative effects are strongly
dependent on their microphysical properties. These are in turn largely decided already during their
formation, but might change as the cloud evolves. The process that takes place during the
formation of ice clouds is itself steered by the location of the clouds and the ambient meteorological
conditions.

The relative humidity over ice (RHi) is a parameter that connects the macrophysical to the
microphysical properties. Depending on the ambient RHi an ice crystal forms following different
pathways leading to clouds that have different microphysical properties. The vertical structure
and distribution of RHi within an ice cloud changes with the clouds evolution and can be used as
an indicator of the clouds age.

Despite the abovementioned, the understanding of how different ambient conditions affect the
formation and evolution of ice clouds and the small-scale microphysical processes that take place
during their formation are not yet completely understood, which also leads to challenges in their
modelling. Moreover, their exact radiative effects are also not perfectly quantified, although it is
accepted that they cause warming. Ice-clouds are also frequently underrepresented in many global
forecasting models, which use simple parametrizations, frequently not allowing high RHi values
necessary for ice-cloud formation via all possible pathways.

In this work the RHi within and in the vicinity of ice-clouds measured by means of airborne lidar
over the mid- and high latitudes is analyzed. Its dependence on location, ambient conditions and
cloud age is investigated. It is found that ice-clouds that formed over the arctic are more frequently
detected with high RHi values, indicating a difference in their formation process. After studying
two cases over the midlatitudes, it is found that clouds at different evolutionary stages have a
distinct RHi signature.

Regarding the formation process, it is found that clouds that formed in-situ over the midlatitudes
are generally colder and more frequently subsaturated compared to ice-clouds with a liquid
predecessor cloud. Ice-clouds over the arctic are studied depending on the ambient conditions.
Clouds that were measured during intrusions of warm air into the arctic from the midlatitudes
were geometrically and optically thicker compared to clouds measured in undisturbed arctic
conditions and more frequently supersaturated. A study of the microphysical properties also
revealed differences for the two cloud types.
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Chapter 1

Introduction

1.1 Ice clouds

cirrus noun (2)

/'stros/
1. literal: A curl-like tuft, fringe, or filament.
2. meteorology: A form of cloud, generally at a high elevation, presenting the

appearance of diverging filaments or wisps, often resembling a curl or lock of hair
or wool. Particular varieties are known as cat's or mare's tails.

(Oxford English Dictionary, 2023)

Figure 1.1: Cirrus clouds with their characteristic bright white color and wispy features captured
over Mount Pangaion, Central Macedonia, Greece. Photo: Georgios Dekoutsidis,
20/12/2023.



2 Introduction

Ice clouds, despite being arguably one of the most intriguing, unique and beautiful cloud types,
were considered omens of bad weather in ancient Greece. Aristotle was the first to grasp the
process of cloud formation as the transformation of water vapor at colder temperatures and higher
altitudes:

“uevovonc 6¢ Tijg yijg, TO mepl av TNV VypOov VO TAOV AKTIVWY Kal UTO TH¢ dAANG Ti¢ dvwBev
OepuoTnTOC ATULSOVUEVOV PEPETAL AVw: TG 6 OEPUOTNTOC ATOALTTOUONS THS dvayovons
auTo, Kal TG UEV SlaokedSavvuuévns TPog ToV dvw TOmoV, TG 8¢ kal afevvuuévng dia to
UETEWPI{eoOaL TOPPWTEPOV ELG TOV UTEP THGC YIS AEPQ, OUVIOTATAL TAALY 1) ATUIC PUYOUEVN
oL Te TNV amoAetv Tob Oepuol kal TOV TOomOV, Kal yiyvetar Udwp €€ aépog- [ | Eoti & 1) uev
& vdarog avaduuiaoic atuic, n & €€ aépog eic U6wp vVEpog-”

346 b 24 - 31 & 32 - 34 (Aristotle, 340BC).

“while the earth remains, the moisture surrounding it is evaporated by the rays and the heat from
above and rises. Once the heat that was rising it is diminished, by scattering to the higher realm
and by weakening after rising higher over the earth, the vapor is cooled again because of the
missing heat and the cold surrounding, and water is formed from air. [ ] then the transformation
to gas from water is vapor and the transformation from air to water is cloud.” (Unofficial
translation by the author).

Aristotle’s successor Theophrastus of Eresus as well as Aratus of Soli, already in the 3' century
BC, described clouds appearing like fleece of wool, sometimes plucked and mottled and defined
them as a sign of bad weather. (Aratus of Soli, 3rd century BC; Theophrastus of Eresus, 3rd
century BC). Without knowing it, what they described were different groups (genera) and species
of ice clouds.

Back then clouds were described and defined based solely on their visual properties. Over the
millennia this has not changed drastically. In modern times the World Meteorological Organization
(WMO) is responsible for the definition of clouds and comprises the international cloud atlas
(WMO-No. 407). The clouds are grouped there based on their characteristic forms.

At high levels above the earth’s surface, three cloud genera are defined, cirrus, cirrocumulus and
cirrostratus, each with its own species and varieties. All three cloud genera are found at high
altitudes and are described as being thin, nearly transparent and comprised almost exclusively of
ice crystals (WMO International Cloud Atlas, 2017 Edition, 2024).

From a scientific point of view the common properties of the three cloud genera listed in the cloud
atlas are more important than their appearance. Especially the fact that they are made up of ice
crystals, distinguishes them from all others and implies that they have different characteristics,
since ice crystals have different properties and interactions to water droplets. Thus, for academic
purposes it is meaningful to group cirrus, cirrocumulus and cirrostratus together and characterize
them as ice clouds (Lynch et al., 2002).

Commonly for this whole group of three genera the term cirrus is used as a synonym for ice clouds.
Henceforth also in this thesis the term cirrus will be used to described cold, high-altitude, optically
thin clouds, comprised of ice crystals, not taking into account their appearance, as is common also
in bibliography (Lynch et al., 2002).
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Figure 1.2: Map of the global, annual, mean cirrus cover. Calculated with the global climate model
CAM3 (Community Atmosphere Model), including aerosol-cloud interactions and ice
supersaturation for cirrus. Values calculated based on (Wang and Penner, 2010).
Figure adapted from Schumann et al. (2015), their Figure 11 (a).

Starting from the global scale and Fig. 1.2, which contains the annual mean cirrus cover, it is
obvious that cirrus clouds are an important part of the earth’s atmosphere. Using model
calculations, Schumann et al. (2015) find a mean global cirrus cover of 40 % annually. This value
is close to the cirrus cloud cover of 40 % - 50 % reported by Stubenrauch et al. (2013), who used
a range of satellite observations. Sassen et al. (2008) on the other hand also performed a study
based on satellite measurements and found a mean, global, annual cirrus cloud cover of 16.7%.
The difference, according to Stubenrauch et al. (2013), might be explained by the fact that the
instrument they used was less sensitive and might not have detect thin subvisible cirrus.

The high frequency with which cirrus are detected globally is a first indication of their importance
to the earth’s atmosphere and climate system. Due to the large cirrus cloud cover, even if each
cirrus has a small contribution to a certain atmospheric process, as a whole this effect might
become significant in the larger scale.

Another characteristic of cirrus clouds becoming evident from Fig. 1.2, is that they are not evenly
distributed over the globe. The highest frequency of occurrence is found over the tropics and the
Intertropical Convergence Zone (ITCZ), with some hot spots also being evident. Additionally,
both the Arctic and Antarctic regions also appear with a high annual cirrus cover, while the oceans
of the midlatitude southern hemisphere are rather cirrus cloud free.

The non-uniform distribution of cirrus cloud cover over the globe, might stem from differences in
meteorological conditions, weather patterns and pollution levels over certain areas. These factors
can alter the conditions under which cirrus clouds form and affect the processes that take place
during their formation, which as a result might lead to cirrus clouds having different characteristics
over different regions.



4 Introduction

It has been established, that cirrus clouds are an important part of the earth’s atmosphere and
climate system, but how do they affect it? Part of the answer is given by Gasparini and Lohmann,
(2016), and is shown in Fig. 1.3. In this figure the cirrus Cloud Radiative Effect (CRE) at the
Top of the Atmosphere (TOA) is presented. The CRE is a parameter showing how the radiation
balance of the atmosphere changes when clouds are introduced in the system compared to clear-
sky conditions. The net CRE at TOA due to ice clouds is split up into the effects of cirrus on the
longwave (LW) radiation emitted from the earth and the shortwave (SW) radiation reaching the
earth from the sun.

Cirrus clouds cause an all-year net warming globally, although their exact radiative effects are
still not well quantified (Hong and Liu, 2015; Gasparini and Lohmann, 2016; Hong et al., 2016).
More precisely, Gasparini and Lohmann, (2016) performed a modeling study and detected a
positive net global mean ice cloud CRE of 5.7 W/m? Hartmann et al. (1992) used satellite data
and found a mean global CRE of 2.4 W/m?and 2.3 W/m?induced by high thin clouds for summer
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Figure 1.3: (Top Right) Map of the global distribution of annual average cirrus Cloud Radiative
Effect (CRE) at the Top of the Atmosphere (TOA) for clouds at temperatures lower
than —35°C. (Top Left) Zonally averaged values for annual (black), June July August
(JJA) (red), and December January February (DJF) (blue) means. (Bottom Left) CRE
due to interaction of cirrus with the outgoing thermal longwave (LW) radiation.
(Bottom Right) solar shortwave (SW) radiation component of ice CRE. Calculated
using the general circulation model ECHAMS6 (Stevens et al., 2013) coupled with the
two-moment microphysical and aerosol Hamburg Aerosol Module (HAM2) (Zhang et
al., 2012). Reprinted from Gasparini and Lohmann, (2016), their Figure 2.



and winter respectively. Chen et al. (2000) also used satellite data and found a mean global annual
CRE of 5.4 W/m? caused by cirrus at TOA. For cirrostratus, which are generally optically thicker,
they found a negative CRE at TOA but still a positive one for the whole atmosphere. A more
recent satellite study by Hong et al. (2016) yielded a net cirrus CRE of 5.1 W/m? Shi et al. (2024)
performed a modeling study and found a positive ice cloud net CRE of 6.53 W/m?. Gasparini et
al. (2020) used two different models and found a net cirrus CRE of 6.8 W/m? and 4.8 W/m? from
each.
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Figure 1.4: Schematic representation of the interaction of cirrus clouds with the incoming
shortwave radiation from the sun and the outgoing longwave thermal radiation from
the earth.
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Regarding the geographical distribution of cirrus CRE at TOA, and comparing Fig. 1.2 and
Fig. 1.3 it is evident that regions with a higher cirrus occurrence frequency also have a stronger
cirrus CRE. Nevertheless, this is not the case on all occasions as for example in the polar regions.
Thus, cirrus that form over different regions like the mid- and high latitudes, might have different
effects on the radiation budget, which could stem from their different properties.

Despite there still being uncertainties on the exact CRE of cirrus, it is generally accepted that
they cause a warming of the atmosphere (Hartmann et al., 1992; Chen et al., 2000; Boucher et
al., 2013; Gasparini and Lohmann, 2016; Hong et al., 2016; Gasparini et al., 2020; Shi et al., 2024).
Fig. 1.3 also hints to the reasons behind this observation. Ice clouds appear to have a cooling
effect with respect to the incoming shortwave radiation from the sun, but a much stronger
warming effect with respect to the outgoing thermal radiation from the earth (Gasparini and
Lohmann, 2016; Shi et al., 2024). The next question to be asked is why does this happen and how
do individual clouds interact with the LW and SW radiations?

In Fig. 1.4 the answer to this question is presented. It has already been established that cirrus
clouds are found at higher altitudes, higher than the other cloud types, and are most commonly
optically thin and made up off ice crystals. Due to these properties, they only reflect a small part
of the incoming SW radiation from the sun, and let a big part of this incoming energy through.
Thus, they contribute only a little to the solar albedo effect, contrary to lower level water clouds.
On the other hand, they are very efficient in absorbing and reemitting the LW thermal radiation
emitted from the earth. A part of this radiation is reemitted downwards in the atmosphere back
towards the earth’s surface, thus it is like this, otherwise outgoing, energy is trapped in the system
due to the cirrus clouds (Manabe and Strickler, 1964; Cox, 1971; Ramanathan et al., 1983; Liou,
1986; Stephens et al., 1990; Chen et al., 2000; Lynch et al., 2002; Hong and Liu, 2015; Gasparini
and Lohmann, 2016; Hong et al., 2016; Gasparini et al., 2018; Campbell et al., 2021; Marsing et
al., 2023).

While the processes described above generally hold true for ice clouds viewed as a group, the
effects may vary from cloud to cloud or clouds over different regions, potentially also resulting in
the geographical distribution of ice cloud CRE shown in Fig. 1.3.

The macrophysical and optical properties of individual clouds might differ drastically depending,
among others also on their location and formation process. For example, convective outflow cirrus
commonly found over the tropics and subtropics are usually thicker. Thus, they can contribute
more to the solar albedo effect and have a similar SW cooling and LW warming leading to a net
zero CRE (Boucher et al., 2013; Gasparini and Lohmann, 2016). On the other hand, as seen also
in Fig. 1.3, the ice cloud CRE is very high over the maritime continent and other tropical regions
where optically thin and subvisible cirrus, i.e. thin clouds hardly detectable with the naked eye,
commonly with an optical depth below 0.03, are frequently detected. These clouds allow a big
part of the incoming SW radiation to penetrate through them, only minimally contributing to SW
cooling, but still have a significant LW warming effect leading to a strong overall warming at
TOA (McFarquhar et al., 2000; Haladay and Stephens, 2009; Martins et al., 2011; Henderson et
al., 2013; Hong and Liu, 2015).

The smallest scale in the study of ice clouds are the microphysics, looking at the individual ice
crystals from which the cirrus clouds are formed. Fig. 1.5 showcases the great variability of ice
crystal shapes and sizes found in cirrus clouds. The different ice crystals also have different



interactions with the LW and SW radiation. Thus, it is the microphysical properties that define
the radiative effects of the clouds. Also evident from Fig. 1.5, is the importance of the ambient
conditions on the resulting ice crystals. Depending on the ambient conditions, such as temperature,
ice supersaturation and available INP, a different formation process takes place resulting in
different ice crystal number, shape and size (Stephens et al., 1990; Lynch et al., 2002). This in
turn highlights the importance of this thesis. The microphysical properties are the defining
parameter for the effects of cirrus clouds on the climate system, but they are themselves dependent
on the ambient conditions, such as the relative humidity and can change as the cloud ages. Hence,
understanding the characteristics of relative humidity in ice clouds and the dependence on cloud
type, age and location, is a prerequisite to better understand, model and predict cirrus clouds and
their effects.

In conclusion, the radiative effects of cirrus clouds strongly depend on their microphysical
properties, such as ice crystal shape, size and concentration (Stephens et al., 1990; Haag and
Kércher, 2004; Fusina et al., 2007). These are in turn altered as the cloud ages and are largely
determined by the initial ice nucleation process, which can for example affect ice crystal size and
number concentration. Ice nucleation itself strongly depends on the ambient conditions and
location of the clouds (e.g., temperature, available aerosol, turbulence) (Heymsfield, 1977;
Khvorostyanov and Sassen, 1998; Karcher and Lohmann, 2003; Seifert et al., 2004; Gensch et al.,
2008; Kramer et al., 2016; Luebke et al., 2016). Thus, it has been highlighted that location,
ambient conditions and evolutionary stage of a cirrus have a strong correlation to the cloud’s
macro- and microphysical, as well as radiative properties.
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Figure 1.5: Top: Diagram showcasing the different ice habits that form for different temperature

and ice supersaturation. Results from laboratory studies (Bailey and Hallett, 2004)
and pictures from the Cloud Particle Imager (CPI), gathered during various field
campaigns, predominantly the Second Alliance Icing Research Study (AIRS II).
Adapted from Bailey and Hallett, (2009), their Figure 5. Bottom: Photographs of
various snow crystal habits as captured by Prof. Kenneth G. Libbrecht at the
California Institute of Technology (Caltech). Permission to use after personal
communication with Prof. Libbrecht, who holds all rights to the images
(SnowCrystals.com, 2024).



1.2 The importance of cirrus

It has been established, that cirrus clouds alter the radiation budget at TOA causing a net
warming. They can be characterized as the thermal blanket of the atmosphere (Lynch et al., 2002).
Their importance is enhanced by the fact that they are responsible for a big part of the earth’s
total cloud cover. As shown in Fig. 1.6, the temperature of the earth’s surface is steadily rising.
Global warming, as this phenomenon is labelled, is a well-studied and generally accepted fact and
cirrus clouds with their warming effect play a significant role in it (e.g. Hansen et al., 2010; IPCC,
2021).

As shown in Fig. 1.3 there is a strong seasonal and geographical variation in the radiative effects
of cirrus clouds, altering their importance in space and time. Depending on the region and season
in which they form, cirrus clouds interact with different conditions and systems, which can result
in them having a stronger or weaker effect.

1.2.1 Over the midlatitudes

The midlatitudes are a very active, ever-changing region. Many different weather systems (e.g.
frontal systems, Warm Conveyor Belts (WCB), ridges, jet streams, convection and others), strong
and frequent meridional transports, land-ocean contrasts, elevated natural, as well as strong
anthropogenic aerosol emissions, due to the industrialization and dense air traffic are
characteristics of the midlatitudes.

Cirrus clouds cover about 30 % of the midlatitudes (Wylie and Menzel, 1999). They form in this
very variable environment, are affected by the abovementioned and might also be part of feedback
mechanisms. The high level of complexity present over the midlatitudes, due to the great amount
of dynamic mechanisms that interact and affect the formation and properties of cirrus clouds, as
well as the general difficulty to measure these clouds due to their high altitude, results in a
suboptimal representation of cirrus in weather prediction models and an introduction of
uncertainties regarding climate sensitivity (Stevens and Bony, 2013; Bauer et al., 2015; Voigt et
al., 2017).

As mentioned above, the very high density of air traffic, is a characteristic of the midlatitudes.
Over Europe for example around 30000 flights are conducted daily. Under favorable conditions,
cruising airplanes might induce the formation of condensation trails (contrails). Contrails are
anthropogenic ice clouds with a linear shape that form behind airplanes. They are considered to
be a major contributor to the climate impact of aviation. Despite this, still many uncertainties
remain regarding their microphysical and radiative properties and their effects on the climate
(Heymsfield et al., 2010; IPCC, 2021; Dekoutsidis et al., 2023b).

Under certain ambient conditions contrails can survive over longer periods of time and evolve into
so-called contrail cirrus. These anthropogenic cirrus clouds are indistinguishable from natural ones
on many aspects, but they form in regions and times where no ice clouds would form naturally.
Thus, they artificially increase the cirrus cloud cover over the midlatitudes and might induce a
warming due to the cirrus CRE. They are expected to have different properties and effects but
their distinction and thus study are challenging, leaving many open questions.
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1.2.2 Over the high latitudes
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Figure 1.6: Time series of annually averaged near-surface air temperature anomalies relative to
the 1951-1980 average. Four time series presented for the Arctic (60°-90°N),
midlatitudes (30°-60°N), tropics (20°S-20°N), and global. Solid lines represent a 5-
year running average. From Wendisch et al. (2023), their Fig. SB1.

In the past couple of decades an extraordinary change has been observed in the arctic climate, as
is evident also in Fig. 1.6. Notably, the average near-surface temperature of the arctic has been
increasing at a rapid rate, much faster than the global average. The term Arctic Amplification
has been coined to this phenomenon (Serreze and Francis, 2006; Graversen and Wang, 2009;
Hansen et al., 2010; Wendisch et al., 2023). The exact mechanisms and feedback processes of
arctic amplification are a matter of ongoing research (e.g. Graversen and Wang, 2009; Pithan et
al., 2018; Stuecker et al., 2018; Wendisch et al., 2019, 2023; Winton, 2006).

Given the role of cirrus clouds in the Earth's energy budget and their considerably large occurrence
in the Arctic, it is also likely that they play a role in the feedback processes involved in arctic
amplification, which also remains to be identified (Winton, 2006; Graversen and Wang, 2009;
Pithan et al., 2018; Stuecker et al., 2018; Wendisch et al., 2019, 2023; Dekoutsidis et al., 2024).



Except for their effect on the radiation budget at TOA, cirrus clouds are one of the important
factors in the regulation of water vapor uptake and distribution in the upper troposphere. This is
important since water vapor is on its own a strong greenhouse gas. Ice nucleation removes water
vapor from the system and binds it into ice crystals while also releasing latent heat in the process.
Due to their weight and under weak updrafts the formed ice crystals will eventually start falling
which will also result in less water vapor being available in the system for new ice formation
(Kéarcher, 2012; Zhao and Shi, 2023).

1.3 Challenges

Interestingly, the unique characteristics of cirrus clouds, such as their high altitude and small
optical thickness, are the ones creating the challenges in their study. Satellite remote sensing of
cirrus clouds commonly suffers from deficits in the detection and recognition especially of thin,
subvisible cirrus, particularly when they are accompanied by lower level clouds below them (Lynch
et al., 2002). Unfortunately, it is these thin cirrus that cause the largest amount of warming and
are thus useful to be studied. On the other hand, cold clouds that are not necessarily ice clouds,
such as supercooled liquid phase clouds, are also frequently misinterpreted due to the lack of
information regarding the microphysical properties of the measured clouds.

Ground-based remote sensing measurements via lidar and radar are an improvement on the aspect
of detection and recognition of cirrus but have the drawback of lacking versatility and targeted
measurements. As technology has improved, new, light and easily transportable ground-based
lidar instruments have become available so that clouds can be measured at different location but
the limitations are still present.

Airborne measurements seem to be the best option, although they also face challenges. First and
foremost, in order to take full advantage of an airborne platform a good prediction of cirrus
formation location and altitude is necessary. This is hindered by the fact that many models still
commonly use simple parametrizations and many still do not allow high supersaturations, which
are necessary for cirrus formation (Kércher and Lohmann, 2002, 2003; Haag et al., 2003; Lohmann
et al., 2004; Liu et al., 2007; Comstock et al., 2008). Additionally, the high altitudes and cold
temperatures at which cirrus are found, present a challenge, as only few research aircraft are
capable of reaching these regions safely, in order to perform airborne measurements (Grof§ et al.,
2014).

Airborne measurements can be either in-situ or remote sensing. In-situ measurements are very
useful for measuring parameters such as ice crystal and aerosol shapes, but they have the drawback
of providing information only on a single level through the cloud at a time. This leaves airborne
remote sensing measurements via lidar and/or radar. These might frequently be not as accurate
as in-situ but they have the advantage of providing information on a second dimension, most
frequently in the form of a vertical curtain.

It is not only the measuring but also the modelling of cirrus clouds that is challenging. As has
been mentioned previously, the macrophysical and radiative effects of cirrus are strongly
dependent on the microphysical properties and processes. Modeling these is not always easy
(Burkhardt, 2012; Karcher, 2017). The simple parametrizations and approximations commonly
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used, can lead to inaccuracies in the prediction of cirrus formation, evolution and effects (Liu and
Penner, 2005; Kércher et al., 2006; Phillips et al., 2008; Wang and Penner, 2010).

In order to accurately and reliably model cirrus clouds and their exact effects and interactions and
be able to also predict all the above, a better understanding of the micro- and macrophysical
properties of cirrus clouds is a prerequisite (Haag et al., 2003; Di Girolamo et al., 2009; Grof} et
al., 2014).

1.4 Why relative humidity and supersaturation?

Relative humidity and more specifically Relative Humidity over ice (RHi) is the main parameter
used in this thesis. The RHi essentially describes the rates at which water transitions from its
gaseous state, water vapor, to its solid state, ice and vice versa. An RHi of 1 or 100 % indicates
that deposition, the transition from water vapor to ice, occurs at the same rate as sublimation,
the transition from ice to water vapor. An airmass with RHi = 100 % is described as being in ice
saturation.

Ice supersaturation, RHi>100%, is a common occurrence inside cirrus clouds but also in cloud-
free areas of the upper troposphere (Ovarlez et al., 2002; Spichtinger and Gierens, 2009; Kréamer
et al., 2016; Gierens et al., 2020; Dekoutsidis et al., 2023a, 2024). Ice supersaturation is a
prerequisite for ice nucleation and cirrus formation for both nucleation paths, HOM and HET.

As already shown in Fig. 1.5 and briefly discussed in Sect. 1.1, the RHi is closely related to the
nucleation process that will take place and thus the resulting ice crystal properties. For example,
at very high supersaturations, HOM nucleation can take place, which leads to clouds with a large
number of small ice crystals.

On the other hand, HET nucleation commonly produces cirrus with fewer, but bigger ice crystals.
This in turn can alter the radiative properties of the resulting cloud (Heymsfield and Miloshevich,
1995; Koop et al., 2000; Comstock et al., 2002; Kéarcher and Lohmann, 2002, 2003; Haag et al.,
2003; Strom et al., 2003; Kramer et al., 2009; Spichtinger and Gierens, 2009; Sakai et al., 2014;
Urbanek et al., 2017; Dekoutsidis et al., 2023a, 2024).

It is now clear that the RHi is the deciding factor regarding the nucleation process that takes place
during the formation of a cirrus cloud, which then also defines the microphysical properties of the
cloud, which are further responsible for the radiative effects. Moreover, RHi is also an important
parameter on the evolution and life cycle of cirrus. As the clouds age and evolve, their internal
structure and distribution of supersaturation are changing. Thus, the RHi can be used as a
signature of the clouds age.

In summary, the Relative Humidity over ice (RHi) is a parameter that can describe the connection
between the macro- and microphysical realms, and holds information on the processes taking place
in the formation and evolution of cirrus.



1.5 Objectives and structure of this thesis

In this thesis the properties and distribution of relative humidity within and around ice clouds
over the mid- and high latitudes are studied. More specifically, the effects of the ambient
conditions, formation process and the evolutionary stage are investigated. The main objective is
to characterize ice clouds based on the relative humidity over ice (RHi) inside them and in their
vicinity. An additional objective is to use this versatile parameter to extract information on the
nucleation processes that took place during their formation, thus connecting their macrophysical
and optical with their microphysical properties.

To achieve these objectives, airborne lidar measurements of water vapor concentration from two
field campaigns are used. More specifically measurements performed by the combined water vapor
differential absorption lidar (DIAL) and high spectral resolution lidar (HSRL) system WALES
(from Water vapour Lidar Experiment in Space (Wirth et al., 2009)) during the ML-CIRRUS
(Voigt et al., 2017) and the HALO-(AC)? (Ehrlich et al., 2023; HALO AC3, 2023) campaigns are
analyzed. ML-CIRRUS was conducted over the midlatitudes and HALO-(AC)? over the arctic,
thus being suitable for the purposes of this thesis. For both campaigns the German High Altitude
and Long-range research aircraft (HALO) was used as the platform (Krautstrunk and Giez, 2012).
WALES is capable of providing measurements of water vapor concentration and aerosol and cloud
particle properties, on a 2D grid including information also on the vertical structure of the clouds
and the atmosphere. These measurements are analyzed with the aim of answering the following
scientific questions (SQ):

S.Q. 1: What are the characteristics of ice supersaturation in cirrus clouds at
mid- and high latitudes depending on the meteorological conditions, their
formation process and their evolutionary stage?

S.Q. 2: What are the differences of cirrus clouds between the mid- and high
latitudes?

To approach these questions, first the cirrus clouds are identified in the datasets of the two
campaigns, by applying a cirrus cloud mask based on various parameters. Then, the RHi is
calculated from the measured water vapor mixing ratios, combined with model temperatures.
Cirrus clouds over the midlatitudes are further split into two groups in order to study the effects
of the formation process on their characteristics. Similarly, the arctic cirrus are split into two
groups based on the ambient meteorological conditions. To study the effects of cloud evolution on
the properties of the ice clouds, two cases are selected over the midlatitudes and analyzed.

In Chapter 2 the theoretical background necessary for this study is presented. The basic working
principles and main techniques of lidar for atmospheric measurements are described in Sect. 2.1.
Sect. 2.2 contains a description of the ice nucleation pathways that are possible during the
formation of a cirrus cloud. In Chapter 3 the instruments, methods and data used in this study
are presented. The WALES instrument, its components, capabilities and products are presented
in Sect. 3.1, followed in Sect. 3.2 by a brief presentation of the characteristics and capabilities of
the HALO research aircraft. Sect. 3.3 contains a description of the scopes, flight strategies and
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Missions of the ML-CIRRUS campaign. Sect. 3.4 is the respective description of the HALO-(AC)?
campaign. In Sect. 3.5, 3.6, 3.7 and 3.8 the focus is on the methodology and more precisely,
calculation of products and their respective uncertainties, setting of the RHi regimes used
throughout the thesis, cirrus cloud masking strategies and cirrus cloud classifications depending
on their formation process (Sect. 3.8.1) and ambient meteorological conditions (Sect. 3.8.2).

The results of the analysis are presented in Sect. 4.1 and 4.2 for the midlatitude and high latitude
cirrus respectively. In Sect. 4.1 first the general characteristics of RHi within and around the
measured midlatitude cirrus clouds are presented, followed by an analysis of the two groups with
different formation processes in Sect 4.1.3. The results regarding the changes in the distribution
of RHi during the evolution of the clouds are shown in Sect. 4.1.4. Sect. 4.2 contains a similar
analysis for the cirrus clouds measured in the arctic. The findings on the comparison of clouds
measured under different meteorological conditions are presented in Sect 4.2.3. In Chapter 5 the
results are discussed, and compared to other studies. Conclusions are drawn and implications are
discussed. The thesis concludes with a summary of all presented findings and a discussion of open
research questions that could be addressed in future studies, in Chapter 6.

1.6 Data sources

At the core of this thesis are airborne measurements performed by the WALES lidar system during
the ML-CIRRUS and HALO-(AC)? campaigns (Wirth et al., 2009; HALO database, 2023).
WALES data are used for the calculation of cirrus RHi and the construction of cirrus clouds
masks. For the ML-CIRRUS missions, WALES was operated by Martin Wirth, Silke Grofi and
Andreas Fix. The initial processing and quality analysis of the raw data as well as the preparation
of products, was carried out by Martin Wirth. For the HALO-(AC)? campaign, WALES was
operated by Martin Wirth, Silke Grofl, Manuel Gutleben and Georgios Dekoutsidis. Initial
analysis, quality assessment and product calculation were once again performed by Martin Wirth.

For both campaigns, backwards trajectories were calculated based on the respective measurements.
They were used in order to define the origin and properties of the airmasses in which cirrus clouds
formed and classify them accordingly. Calculation of the trajectories was performed by Christian
Rolf and Martina Krédmer using the CLaMS-Ice model (McKenna et al., 2002). For the
HALO-(AC)? campaign additional backwards trajectories were calculated by Andreas Schéfler,
using the Lagrangian model LAGRANTO (Sprenger and Wernli, 2015).

Data retrieved during the HALO-(AC)® campaign by the optimal estimate retrieval VarCloud,
which combines radar and lidar measurements to calculate microphysical properties of ice clouds
are also used in this thesis in the discussion of the microphysical properties of cirrus over the arctic
(Delanoé and Hogan, 2008; Ewald et al., 2021; Aubry et al., 2024). Application of the retrieval,
calculation of products and quality analysis were performed by Florian Ewald and Clemantyne
Aubry.

Finally, throughout this thesis data fields from the ERA-5 reanalysis dataset are also used in
various applications, such as characterization and classification of ambient conditions (Hersbach
et al., 2018).



Chapter 2
Theoretical background

In this chapter, theoretical principles that will aid to the understanding of the methods and results
are presented. First a brief introduction on the general characteristics and basic principles of
atmospheric lidar is provided (Sect. 2.1.1). It is followed by a more in-depth description of lidar
techniques and measuring methods, namely the High Spectral Resolution Lidar (HSRL) in Section
2.1.2, the Differential Absorption Lidar (DIAL) in Section 2.1.3 and the depolarization lidar in
Section 2.1.4. The chapter closes with a detailed description of the theories surrounding the ice
nucleation processes in Section 2.2.

2.1 Atmospheric Lidar

Lidar instruments today emit pulsed laser light of various frequencies into the atmosphere and
measure the properties of the backscattered light after its interaction with the particles and
molecules found along its path. The use of light as a means to perform measurements of the
atmosphere was already introduced in the early 1930s. Scientists back then used searchlight beams
and distant telescopes to determine air density profiles of the upper troposphere and cloud-base
altitudes (Synge, 1930; Tuve et al., 1935; Hulburt, 1937; Johnson et al., 1939; Elterman, 1951).
Soon after, the continuous light of the searchlight beams was replaced by light pulses (Bureau,
1946; Friedland et al., 1956; Curcio and Knestrick, 1958; Horman, 1961). This allowed for the
cloud-base height to be determined, by the time between emitting and receiving pulses. Since this
technique was similar in nature to the, then already known, principles of the radar (radio-wave
detection and ranging) the term lidar was coined for this type of measurement by Middleton and
Spilhaus in 1953. In that and future studies the term was used either as a combination of the
words light and radar or as an acronym from light detection and ranging.

Lidar instruments kept steadily improving and a big leap forward in their development came in
the early 60’s with the invention of the laser, the world’s first coherent light source (Maiman,
1960) and especially the giant-pulse or Q-switched laser (McClung and Hellwarth, 1962). Scientist
immediately recognized the importance of this invention and started to conceptualize and propose
its use for atmospheric measurements (Goyer and Watson, 1963; Clemesha et al., 1965; Collis,
1966). The rapid evolution of the laser technology immediately impacted lidar instruments as well.
They became smaller enabling for airborne and spaceborne instruments, more efficient and more
accurate. Soon cirrus clouds were also measured (Collis, 1966; Evans, 1968). Advanced techniques
such as the high spectral resolution lidar (HSRL) (Fiocco and Dewolf, 1968) and the differential
absorption lidar (DIAL) for water vapor (Browell et al., 1979) were important milestones allowing
scientists to characterize and quantify the optical and macrophysical properties of aerosols and
clouds and measure the concentrations of atmospheric gases.
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2.1.1 Basic setup and the lidar equation

Lidar has come a long way since the invention of the laser and the construction of the first
instruments. Nowadays lidar instruments are found ground-based, aboard ships, airborne and
spaceborne and are used in almost every branch of atmospheric physics. They employ many
different techniques (elastic-backscatter lidar, differential-absorption lidar, Raman lidar,
fluorescence lidar, Doppler lidar) targeted to measuring a rich number of parameters in the
atmosphere. Despite that, they all share a common basic structure and operating principle shown
in Fig. 2.1 and described in the following based mainly on Weitkamp, 2005 and Gimmestad and
Roberts, 2023.
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Figure 2.1: Schematic representation of a basic lidar setup and its working principle. Short light
pulses are generated by a laser, get modified to fit particular applications and are
emitted into the atmosphere. There, they react with the atmospheric constituents,
aerosols, cloud particles and gas molecules. A part of the emitted light gets scattered
back to the lidar where it gets collected by the telescope, fed through filters and
detectors and finally the generated electrical signal is stored in a data acquisition

(DAC).



Lidar systems are active remote sensing instruments, meaning they both emit and receive signals.
Thus, every lidar consists of two main parts, a transmitter and a receiver. In the transmitter the
heart of the instrument is found, the laser. It produces short light pulses of a certain frequency
depending on its type. For example, the very commonly used Nd:YAG (Neodymium-doped
Yttrium Aluminum Garnet) lasers produce light with a wavelength of 1064 nm. In many cases,
depending on the intended use of the lidar the characteristics of the initially created light pulses
might need to be altered. For this, in most modern lidar systems, the light from the laser passes
through the transmitter optics where, for example, its frequency can be converted and the
polarization set. In some instruments a beam expander is also applied. The light pulses are then
released into the atmosphere, they interact with the particles and molecules, a part of the light
gets backscatter and is collected by the receiver.

The receiver of a lidar consists of a telescope, the receiver optics and the data acquisition computer
(DAC). The telescope collects the photons that were backscattered from the atmosphere. These
photons are then fed through the receiver optics, where specific wavelengths and/or polarizations
are filtered out depending on the applications of the instrument. The filtered photons are then
captured by detectors such as photomultipliers and avalanche photo diodes. These detectors
convert, the optical signal into an electrical signal i.e. the photons to electrons, which then gets
stored in the DAC.

The backscattered signal detected from the lidar is described by the lidar equation. In its simplest
form the lidar equation can be written as:

PR=KGRBRTR 2.1

The power P of a signal received from a distance R, P(R), depends on four factors. The first two,
K and G, are determined solely by the set-up of the lidar instrument and can thus be calculated
and even set by the ones building and using the instrument.

In more detail K is the system factor and can be written as:
— An 2.2

where P, is the average power of an emitted pulse, t its duration and ¢ the speed of light. The
parameter: A, corresponds to the surface area of the telescope receiving the backscattered light
and n is the overall efficiency of the instrument. Finally, the factor % is necessary since the light
covers the same distance twice, from the lidar to the target and back.

The second factor G(R) is the so-called geometric factor and can be written as:

OR
R2
O(R) is the laser-beam receiver-field-of-view overlap function. It defines how much of the laser
beam is within the field of view of the receiver at a certain distance. There are two possible lidar
designs on that matter. In coaxial systems, the laser beam is emitted along the field of the receiver.
In biaxial systems the laser beam is emitted from a distance of at least one receiver radius, next
to the receiver. In both cases, close to the instrument the laser beam cannot be completely imaged
on the receiver. The overlap increases with distance and is described by O(R). The term R*
denotes the quadratic decrease of the signal intensity with distance. When the laser pulses reach

G R = 2.3
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a scattering volume, they are scattered in all directions. The relative intensities for each direction
are given by the phase function and are strongly peaked in forward and backward directions for
lager particles. The area of the receiver telescope is a part of this sphere. The greater the distance,
the bigger the sphere, the smaller part of its surface is covered by the telescope, the less intensity
is received.

The last two factors 8 and T are the atmospheric parameters of the lidar equation. B(R,A) is the
backscatter coefficient. It describes the amount of light from the emitted laser pulses that gets
scattered into the backwards direction i.e. towards the receiver. In the atmosphere the laser light
can be scattered by molecules of various gases as well as aerosol and cloud particles. Thus, the
backscatter coefficient has two components:

BRA = Bo BoA + B BoA 24

The final factor of the lidar equation is the transmission term 7' (R, A). It describes the amount
of light that was extinct while being transmitted through the atmosphere. In more detail it is
given by:

R
T R\ =exp {—2/ a R, dr] 2.5
0
The factor 2 denotes the two-way transmission path from the lidar to the backscattering volume
and back. The sum of all losses along the transmission path of the light pulses is described by the
term: light extinction, and o (R, A) is the extinction coefficient. Extinction of the emitted light
occurs because of absorption and scattering. Both phenomena can once again happen by molecules
and particles. Thus, the extinction coefficient is written as:

a R\ =a R X +a R +a

mol,abs Rv A +a R, A 2.6

mol,sca par,sca par,abs

The extinction coefficient is dependent on the wavelength. For most applications where particle
properties are measured, such as the HSRL technique described in the following section, the
wavelength of the emitted light is carefully chosen so that the absorption by atmospheric molecules
Olmotabs CaN be assumed to be zero. Absorption and scattering by particles both lead to extinction,
thus the two can be combined into one term of particle extinction including both processes:

Apar R? A= Apar,sca R? A+ Apar,abs R? A 2.7

Finally, by combining the terms from Equations 2.2 — 2.7 into Equation 2.1, a more common form
of the lidar equation is produced:

R
EAUO—§ [Bmol R7 A+ Bpu,'r R’ A ]61‘]9 |:_2/ [amal R7 A+ apu,'r R7 A ]d?“ 2.8

PR\ =P
R 0
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In Equation 2.8 we find four unknown atmospheric parameters. The backscatter coefficients and
the extinction coefficients from molecules and particles respectively, Bumo, Qumol, Bpar @nd . This
makes the lidar equation in this form impossible to solve.

The molecular backscatter coefficient, B..., however, depends on ambient conditions, as it is
proportional to atmospheric density, and the wavelength and can be determined by Rayleigh
scattering (McCartney, 1976; Young, 1982; Bucholtz, 1995; Bohren and Huffman, 2008; Seinfeld
and Pandis, 2016; Gimmestad and Roberts, 2023). At standard temperature and pressure (STP),



which is usually determined as a temperature T,=273,15 K or T,=288,15 K and pressure
P;=101,325 kPa, and a wavelength of 0,55 um, Collis and Russell, 1976, for example, calculate:

2.9

4
ﬁmols =1.39 x 1076 x (550 nm> m—Lsr—1

If ambient temperature and pressure are known i.e. from measurements or models, the molecular

backscatter coefficient B...(h) at any altitude can also be calculated from the STP value with the
following equation, based on the ideal gas law:

PhT,

BT h 2.10

[3m0l h = ﬁ

Molecular scattering in the atmosphere also results in extinction of the emitted laser light. The
molecular extinction coefficient, o is thus related to the backscatter coefficient and can also be
calculated. The two coefficients are linked by the so-called molecular lidar ratio:

o R 8m
S _ Zmol =" o 2.11
mol 571],0[ R 3
Despite providing a way to calculate the molecular backscatter and extinction coefficients,
Equation 2.8 is still underdetermined, since the particle backscatter and extinction coefficients
remain unknown. One way of overcoming this problem is to define a correlation between the two
unknowns. Similar to the molecular, a fixed lidar ratio can be defined also for particles:
a,,. R
S = _kar 2.12
par Bl)ar R
Thus, the number of unknowns in the lidar equation (Eq. 2.8) is reduced to one and the equation
can be solved (Klett, 1981). Nevertheless, there is a downside. Contrary to the molecular, the
particle lidar ratio is in most cases not a constant. It is dependent on the microphysical, chemical
and morphological properties of the particles. Despite lidar ratios being well studied and defined
for most aerosol and cloud types this can still introduce errors and uncertainties in the
measurements (e.g. Grof3 et al., 2011).

Another way of overcoming the problem of having two unknowns in the lidar equation would be
to have two independent atmospheric signals. This method is applied among others in the High
Spectral Resolution Lidar (HSRL) and Raman Lidar techniques

2.1.2 High Spectral Resolution Lidar (HSRL)

The High Spectral Resolution Lidar (HSRL) technique provides direct measurements of aerosol
and cloud particle transmission and backscatter without the need of a lidar ratio. It takes
advantage of the different spectral broadening of the signal backscattered by particles and
molecules. Due to their much smaller mass, molecules have a much higher thermal velocity. This
leads to a spectral broadening of the backscattered laser light, of ~1 GHz, due to the Doppler
effect. The movements of aerosol and cloud particles, on the other hand, are determined
predominantly by the wind and turbulence and produce much smaller doppler shifts of ~30 MHz
and ~3 MHz respectively, while the spectral broadening due to their thermal velocity is much
lower due to their bigger mass. Thus, when the frequency distribution of the backscattered light
is plotted, it consists of a narrow spike centered around the frequency of the emitted laser light,
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which is caused by particle scattering, combined with a much wider near-Gaussian distribution
caused by molecular scattering (Fig. 2.2).

As discussed in Sect. 2.1.1, in order to calculate the particle extinction and backscatter coefficients
using the lidar equation, two independent atmospheric signals are necessary. For the HSRL
technique, the backscattered signal is split into two channels. In one channel a narrow bandpass
optical filter is used in order to cut the central peak out of the backscattered signal, allowing only
photons from molecular scattering to pass through. In the other channel, the total signal is
detected. For each channel a separate lidar equation can be written:

ol Fs N+ Boar B R
Brol - Py exp {—2/ (o1 RBoA 4 0y RN ]dr] 2.13

0
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for the channel with the total backscatter. And:

A\ R
R\ = O7TL()ZMe$p {—2/ (s RoA + 0y RN ]dr} 2.14
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for the channel including only the molecular backscatter. Ci; and C,. are the instrument
parameters. C,,also accounts for the fact that part of the molecular backscatter signal is rejected
by the filter. Since Bmo and ome can be calculated with good accuracy from, usually, readily
available data (see Sect. 2.1.1), the only unknown in Eq. 2.14 is the particle extinction coefficient
oer Which can thus be calculated. Introducing the calculated o, to the lidar equation of the total
signal (Eq. 2.13) the particle backscatter coefficient, B,.., can then also be calculated.

Apart from the backscatter coefficient, the backscatter ratio, BSR, is another useful parameter
that can be calculated via the HSRL method. It is defined as the ratio of the total backscatter
over the molecular backscatter:

ﬁf,ot — Bpar + Bmol
/5 mol /5 mol

On the challenges of this method, in order to separate the particle from the molecular signal, a

BSR = 2.15

very narrow filter is required which must also be perfectly centered to the emitted laser light,
which in turn also needs to have a high spectral purity. HSRL lidars are therefore technically very
demanding to construct. On the other hand, they provide a very strong signal, compared to Raman
lidars, making them suitable also for measurements during the daytime when the background light
is strong. This, in combination with a very small integration time of only a few seconds required,
makes HSRL suitable also for airborne measurements (Grof et al., 2012).

As briefly mentioned at the end of the previous section, the Raman lidar technique is another way
of determining the lidar equation for measurements of particle extinction and subsequently
backscatter coefficients. Similar to the HSRL technique, Raman measures two signals in order to
distinguish between molecular and particle contribution. One is the elastic backscatter by
molecules and particles and the other the inelastic or Raman backscatter by an atmospheric gas,
commonly nitrogen and/or oxygen.
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Figure 2.2: Idealized representation of the frequency broadening of a backscattered signal that
interacted with particles and molecules (dashed line). For the HSRL method, the
backscattered signal is fed through a narrow-bandwidth optical filter (red line)
allowing only the frequency-broadened molecular part of the signal to pass through
(solid black line).

2.1.3 Differential Absorption Lidar (DIAL)

The Differential Absorption Lidar (DIAL) method, also uses two signals, but instead of aerosol
and cloud particle extinction it is used to detect atmospheric trace gases such as Oz, NO,, NO,
CH, and others. While for the HSRL method wavelengths are chosen so that molecular absorption
can be considered zero, DIAL uses specific wavelengths aimed at determining the molecular
absorption of an atmospheric gas by disregarding the contributions by particles. Importantly for
this thesis, DIAL is also commonly used to measure water vapor in the atmosphere.

The central idea behind the DIAL technique, is that atmospheric gases have certain absorption
lines, i.e. wavelengths at which they absorb light. DIAL instruments emit at least two laser pulses
with two different but neighboring wavelengths, one of which coincides with an absorption line.
The difference in the molecular absorption coefficients of the backscattered signals from the two
wavelengths can be measured and from it the number concentration of the selected gas can be
determined (Fig. 2.3)(Schotland, 1965, 1966; Browell et al., 1979; Ehret et al., 1993; Bosenberg,
1998).

In more detail, let’s consider an atmospheric trace gas of interest and a lidar system emitting laser
pulses in two neighboring wavelengths A, and Ay The first wavelength is on an absorption line
of this gas i.e. it has a greater molecular absorption cross section Guus(2Aa) compared to the off-line
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wavelength, cus(Ao). In that case the signals from the two wavelengths measured by the lidar
would be:

OR n
‘Po'n R7)‘o'n = R’)[o'n]gAniﬁon R’ )\()'n erp _2/ [a()'n R? )‘()'n ]dT‘
2 2 ¥ 2 2 R2 2 2 O 2 2
2.16
ctr . OR R
Poff(RvAuff) = Po[uff] 5A77F61)ff(R7)‘uff)exp [—24 [%ff(R? )‘off)]dr]

In an idealized scenario, we can assume that the atmospheric backscatter coefficients g(R,A) are
identical for the two wavelengths, because they are selected close to each other, as are the

instruments parameters. Thus, combining the two equations results in:

exr
‘Poff<R7>‘()ff) ‘P(')[()ff]

From Eq. 2.6, for the same reason, it can also be extracted that the difference in atmospheric
extinction coefficients or.-oy for the two wavelengths, is a result only of the molecular absorption
Amotabs(R,2) of the selected trace gas. That is:

Aa = NAo 2.18

P, R\ Poon r
on R7 on _ 0[ ] ,p |:_2/ [aon R, AOH — aOff('R’ AOff)]dT:| 2.17

0

where N is the molecule number density of the trace gas and Ao the difference between the
absorption cross sections of the selected gas at the two emitted wavelengths. Introducing this into
Eq. 2.17 and performing some algebraic transformations, the so-called DIAL equation is produced:

1 d R)ff(R’ /\off>
T 240 [ﬁl” ( P, R.\ 219
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The molecular absorption cross sections oas for various gases and wavelengths, are well studied
and documented by laboratory measurements. Thus, by inputting the power of the backscattered
signals from both wavelengths in the DIAL equation (Eq. 2.19), the number concentration N of a
trace gas can be determined.

Interestingly the DIAL equation (Eq. 2.19) doesn’t contain any instrument parameters making
DIAL a self-calibrating measurement technique. A source of uncertainties lies in the fact that the
atmospheric backscatter coefficient B(R,A) and the atmospheric extinction coefficient due to
scattering o (R,A) are generally not exactly the same for the on-line and off-line signals, as
previously assumed. This uncertainty can become bigger if the on-line and off-line wavelengths
are separated by more than a few nanometers, or a line is too close to an absorption line of another
gas. Thus, while for an H:O DIAL in the near infrared, for example, this error is negligible, it is
different for an O3 DIAL where the on-line and off-line wavelength cannot be chosen close together.
Another potential source of uncertainty stems from the Rayleigh-Doppler broadening. The light
scattered back by air molecules is Doppler broadened, as described above for the HSRL. After
being scattered back, the spectrum of the light is changed at least for the part scattered by
molecules. For an accurate determination of H,O for example, as is the case herein, this has to be
taken into account, as the absorption line has a width comparable to the broadened spectrum. If
not considered, this can lead to errors of 10%-20%.



This being said, the biggest challenge when constructing DIAL instruments, especially for the
measurement of water vapor, whose absorption lines are very narrow, is the very high stability
and spectral purity required. The most important systematic error sources are: uncertainties in
the absorption cross sections of gases from lab measurements (2%-3% or even 5% for small lines),
uncertainty of the laser wavelength (should be better than 0.2 pm to cause less than 1% error),
uncertainty of the laser spectral shape and especially the intensity of side modes.

Idealized DIAL method
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Figure 2.3: Idealized representation of the DIAL method. Lidar pulses with two different
wavelengths are emitted into the atmosphere from the transmitter with the same
power Py. One wavelength is selected at a strong absorption line of a desired gas Ao
and the second one at a neighboring wavelength at which the gas has a smaller
absorption cross section, A Light of both wavelengths gets backscattered and
collected by the receiver. The difference in the power of the backscattered signals for
the two wavelengths can be used to determine the number concentration of the
selected gas.
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2.1.4 Depolarization lidar

Light is an electromagnetic wave consisting of an electric and a magnetic field, which oscillate
perpendicular to each other and to the direction in which the wave propagates. At any time, the
oscillation of these fields has a specific orientation or polarization. If the orientation does not
change with time, the light is considered to be polarized and more specifically have a linear
polarization at a specific plane. The lasers used in lidar applications most commonly produce
linearly polarized light (Weitkamp, 2005).

When this linearly polarized laser light is scattered by homogeneous spherical particles, such as
water droplets, the backscattered light remains linearly polarized and maintains the orientation
of its polarization according to the Lorenz-Mie theory. Scattering on non-spherical particles,
however, such as ice crystals in cirrus clouds, can result in different polarization states being
present in the backscattered light. This phenomenon is called depolarization.

The depolarization lidar technique involves first the transmission of linearly polarized laser pulses
on a specific plane into the atmosphere. The polarization state of the backscattered light is then
detected and the level of depolarization determined. This way the atmospheric particles that
reacted with the laser pulses can be characterized.

More specifically, polarization optics, commonly polarizing beam-splitter (PBS) cubes, are
employed at the receiver of the lidar and the incident backscattered light is split into its co and
cross polarized components with respect to the plane of polarization of the emitted linearly
polarized light. The powers P and P, of the co- and cross-polarized components of the
backscattered light respectively are expressed by the lidar equations:

P :ﬂb’ T? 2.20
= 2~ :
and
PL :%ﬁLTQ 2.21

where 3 and 3, are the co- and cross-polarized components of the total backscatter coefficient
respectively, C” and C'| are the system constants and 7” the atmospheric transmittance. It is
technically possible for the transmittance to also be different for the two polarization components,
however these instances are rare in the real atmosphere (Weitkamp, 2005).

In some cases, the plane at which the PBS splits the signal, might not be exactly aligned to the
planes of polarization of the emitted laser light (see Fig. 2.4). In that case after the PBS, the
power of the parallel P, and perpendicular Py signal contains parts of both the co- and cross-
polarized light. Depending on the angle ¢, they can be written as:

Py = PHcos2 © + P sin® ¢ 2.22
and
P, = PHsm2 © + P cos® ¢ 2.23

These two components are transmitted and reflected by the PBS according to its transmittances
(Tp, Ts) and reflectances (Rp, Rs) (see Fig. 2.4). Subsequently they are amplified based on the



amplification factors (Vz, Vr) into two channels, one reflected with power Py and one transmitted
with power Pr, given by:

Pp=[Pp ¢ Rp+ Pg ¢ RglVp
2.24

Pr=[Pp ¢ Tp+ Py o Tg|Vr

Figure 2.4: Schematic representation of the measurement process in a depolarization lidar with a
PBS cube. The incident light with a co- and a cross-polarized power component (P”,
P, ) with respect to the polarization plane of the emitted laser light reaches the
receiver. Pp and Pg are the power components oriented parallel and perpendicular to
the plane of the PBS, each containing part of the co and cross polarized components.
According to the transmittances (Tp, Ts) and reflectances (Rp, Rs) of the PBS part of
the incident light is transmitted and part reflected. After the corresponding
amplifications ( Vi, Vr) the power of the reflected and transmitted signals (Pg, Pr) are
split into two channels and measured. Picture from, Freudenthaler et al. (2009), their
Figure 1.
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From these measured components, first the volume depolarization ratio &,, can be determined. It
describes the depolarization of the total light backscattered from molecules and particles. For an
alignment of =0, it is given by:

LR R— 2.25

5’1: - ,(P—
b Pp

However, for common commercial PBS, Ry is typically much closer to 1 compared to the Tp. Thus,
in order to reduce cross-talk of the strong parallel-polarized signal onto the weaker cross-polarized
signal, an alignment of p=90" is commonly used and the &, is calculated by:

5 _PJ__PP
TR TR

© = 90° 2.26

Introducing for convenience the signal ratio 5* and the relative amplification factor V* calculated
as:

= 7 = 2.27
Pr ¢ Vr
The volume depolarization ratio can be calculated as:
P Ry — % Ty
5, =L = 2.28

Using the volume depolarization ratio &, and the backscatter ratio R (see Eq. 2.15) the particle
linear depolarization ratio &, can then be calculated. It is a useful parameter as it provides
information about the shape and thus potentially also the nature, of aerosols or aerosol mixtures.
It can be calculated according to (Biele et al., 2000):

1+ 5m Rév — 1+ 5’0 5m

6, = - 2.29
p 1+0, R— 1+0,

m

Where &,,is the is the linear depolarization ratio resulting from molecules. It is dependent on the
ambient temperature of the atmosphere and can be determined with high accuracy (Behrendt and
Nakamura, 2002).

For the calibration of a depolarization lidar as described above, the V* needs to be defined.
Different methods are available. Freudenthaler et al. (2009), propose performing subsequent
measurements at o= 445 ° and p=-45°, by rotating the receiver unit, e.g. via mechanical stops.
Then V*can be calculated by:

V= Tp+Tg

= &% +45° - o* —45° 2.30
RP+RSV

This way the calibration is independent of &, and the calibration errors due to a potential
misalignment of the PBS with respect to the laser polarization plane are compensated very well
according to Freudenthaler et al. (2009).



2.2 Ice nucleation

Cirrus clouds are made up of ice crystals. The formation of ice crystals is called ice nucleation. Ice
nucleation can occur via two possible phase transitions. Either freezing of a liquid droplet or
deposition of water vapor (Yau and Rogers, 1996). The nucleation process is largely dependent on
the ambient conditions and RHi and can affect the macro- and microphysical characteristics of
the resulting cirrus. In order to better understand these mechanisms, let us first consider an air
parcel at surface temperature and pressure of the standard atmosphere (see Sect. 2.1.1). This
parcel has a certain water content resulting in a certain water vapor pressure e. At a given
temperature if this vapor pressure is low enough, freezing/deposition of water droplets/vapor is
suppressed whereas melting/sublimation can occur at a higher rate. If this air parcel rises, it
expands and cools adiabatically. This leads to an increase in the probability of freezing/deposition
occurring, while the rate of melting/sublimation reduces. At any given temperature there is a so-
called saturation vapor pressure e; at which the rates of freezing/deposition and
melting/sublimation are equal. Just over this saturation vapor pressure, supersaturation occurs.
The freezing/deposition processes happen at a faster rate than melting/sublimation. Thus, new,
stable ice crystals can form, persist and grow.
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Figure 2.5: Possible pathways for ice nucleation, based on Hoose and Mohler, 2012.
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The relative humidity over ice (RHi) of this air parcel is defined as the ratio between the parcel’s
vapor pressure and saturation vapor pressure:

e

% RH, = — %100 2.31

esi

At saturation RHi is 100 % and any value larger than this is considered supersaturation.

Both phase transitions: freezing of water droplets or deposition of water vapor, can occur either
homogeneously (HOM) or heterogeneously (HET) (Fig. 2.5). In the following a detailed description
of these processes is provided.

HOM: During HOM nucleation, new ice crystals form from pure water droplets, aqueous solutions
or water vapor.

Homogeneous freezing of pure water droplets or more commonly aqueous solution droplets
occurs when stochastic fluctuations of their molecules, happen to locally arrange into an ice-like
structure which then serves as an ice nucleus allowing the rest of the droplet to freeze (Yau and
Rogers, 1996). High supersaturations and low temperatures are necessary for this process to take
place, but it is commonly observed. It is generally accepted that HOM freezing occurs at
temperatures < 235 K and RHi > 140 % (Kércher and Lohmann, 2002; Lynch et al., 2002; Strom
et al., 2003; Kéarcher and Seifert, 2016).

Homogeneous deposition on the other hand occurs when water vapor molecules randomly
collide with each other to form a stable ice nucleus. This process, while theoretically possible for
extremely high supersaturations, is difficult to be experimentally tested and is not expected to
take place for the conditions and clouds studied herein. Henceforth the term HOM nucleation shall
refer to homogeneous nucleation by freezing of water droplets or aqueous solution droplets (Yau
and Rogers, 1996; Koop et al., 2000).

HET: HET nucleation requires the presence of a solid foreign material, called an Ice Nucleating
Particle (INP). The morphology of an INP needs to resemble the structure of ice. Similar to HOM
nucleation, it serves as an ice nucleus but without depending on rare chance collisions. Thus, the
high supersaturations of the HOM process are also not necessary allowing for formation of ice
crystals at temperatures warmer than 235 K. The more an INPs structure resembles an ice crystal
plane, the easier it will become activated, i.e. be used in the formation of an ice crystal. Larger
INPs are also more likely to lead to stable crystals. HET nucleation is possible for temperatures
up to 273 K and RHi reaching down to 100 % (Yau and Rogers, 1996; Kéarcher and Lohmann,
2003).

Heterogeneous freezing of water droplets can occur in three different ways. During contact
freezing an ice crystal forms directly after the INP comes into contact with the surface of a water
droplet. Immersion freezing happens by INP which first become immersed in a water or solution
droplet and then lead to the initiation of freezing. Condensation freezing INP first promote
condensation to a water droplet and then its freezing.

Heterogeneous deposition from water vapor is readily possible if suitable deposition INP are
available. Henceforth, HET nucleation shall refer to all abovementioned processes (Yau and
Rogers, 1996). A visual representation of the potential ice nucleation pathways is presented in
Fig. 2.5.



Chapter 3
Methods and data

The HSRL, DIAL and depolarization lidar techniques described above, are all employed by the
WALES lidar system. WALES is a central part of this thesis, since the scientific findings presented
here are predominantly extracted from data collected by WALES during the ML-CIRRUS and
HALO-(AC)? campaigns. The WALES lidar system is presented in Section 3.1. In Section 3.2 the
HALO research aircraft is presented. The goals, flight planning and instrumentation for the
ML-CIRRUS and HALO-(AC)? campaigns are presented in Sections 3.3 and 3.4 respectively. In
Section 3.5 I describe the calculations I perform on the collected data and introduce schemes used
throughout this thesis. In Section 3.6 I present the uncertainties in the calculated RHi, which is
the main parameter. Section 3.7 contains all the parameters and description of the applied cirrus
cloud masks. Finally, in Section 3.8 cirrus classifications based on their formation process and
ambient conditions, which I use for the analysis over the mid- and high latitudes are introduced.

3.1 WALES lidar system

WALES (WAter vapor Lidar Experiment in Space) is a lidar system developed at the German
Aerospace Center (DLR). It is a combined water vapor differential absorption lidar (DIAL) and
high spectral resolution lidar (HSRL) system (see Sect. 2.1.2 and 2.1.3). As such, it is capable of
providing synchronous measurements of water vapor concentration, and particle extinction.
WALES is also capable of measuring the depolarization ratio between emitted and received signals.
This, in combination with the HSRL technique allows for improved definition of aerosol and cloud
optical properties as well as characterization of atmospheric aerosols. It was conceptualized as an
airborne instrument and still operates as such (Fig. 3.1 & 3.4).

For the water vapor measurements with the DIAL technique a four-wavelength /three-absorption
line scheme was selected, with online frequencies in the water vapor absorption band found around
935 nm. This scheme allows for airborne measurements that can cover the whole troposphere and
lower stratosphere. The three on-line frequencies have different absorption cross sections, from
stronger to weaker, and can thus be used for measurements at different altitudes. More specifically,
an emitted laser pulse at a frequency coinciding with a strong absorption line can provide more
precise measurements, especially in dry conditions, due to the larger Ao (see Eq. 2.19), but will
also be completely extinct at a distance closer to the instrument. The other two on-line frequencies
coincide with progressively less strong water vapor absorption lines; thus, they travel deeper into
the atmosphere before becoming completely extinct and provide measurements at further distances
to the instrument.

Depending on the ambient conditions, the online wavelengths can be adjusted. While remaining
in the 935 nm absorption band of water vapor, the online wavelengths are selected in such a way
that they provide measurements with the best possible precision and coverage. For example,
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wavelengths at stronger absorption lines can be selected at the relatively drier high latitudes,
compared to the moister tropics where the same wavelengths would become extinct already at
high altitudes due to the larger amount of water vapor.

For the measurement of aerosol extinction and backscatter coefficients via the HSRL technique,
laser light with a frequency of 532 nm is used. The required suppression of the backscattered signal
due to particles (see Sect. 2.1.2), occurs via an iodine, I, vapor cell.

WALES is a central element of this thesis as the data analyzed herein stem predominantly from
this instrument. In the following the systems design and set-up are described in more detail,
focusing on the two basic parts, the transmitter and the receiver (see Sect 2.1.1). Finally, its
capabilities, performance parameters and measurement errors are presented. For an in depth
description of the system, see Esselborn et al. 2008, Wirth et al. 2009 and Fix et al., 2019.

Detector Box

48 cm Telescope

Figure 3.1: Graphic of the WALES instrument rack conceived for integration of the instrument
inside DLR’s Falcon F20 and HALO research aircraft. Graphic from Wirth et al.,
2009.
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Figure 3.2: Schematic of the WALES transmitter. Two identical laser chains are in place, each
with a pump laser and two non-linear conversion stages. Light pulses with four
wavelengths around 935 nm are created for the measurement of water vapor via the
DIAL method. Each chain alternates between generating two wavelengths. The pump
laser radiation at 1064 nm and the frequency-doubled at 532 nm are also emitted to
the atmosphere for aerosol measurements and the HSRL method respectively.

The pump laser: The transmitter of WALES consists of two identical pump laser systems,
shown in Fig. 3.2. The beating heart of the instrument, are the two Q-switched monolithic
Nd:YAG ring lasers found in each of the systems. These master oscillator lasers produce light
pulses at 1064 nm with a repetition rate of 4 kHz. Each pulse has a length of 7.7 ns full width at
half maximum (FWHM) and an energy of 40 ulJ.

The exact frequency of the laser is temperature- and stress-tunable. The tuning schemes are used
to stabilize the lasers to the iodine (I,) absorption line used for the suppression of the particle
signal for the HSRL technique (see Sec. 2.1.2 & 2.2).

The master oscillator laser in each system is followed by a three-stage amplifier chain, side-pumped
by diodes to increase the pulse energies. The amplifiers are pumped at a repetition rate of 100 Hz.
The timing of the pulses of the master laser is synchronized to the power amplifying stages via a
phase-locked loop, so that every 40™ pulse is amplified. The signal of the master laser is amplified
by a factor of 10* resulting in an energy output of more than 400 mJ, per pulse.

The non-linear conversions: The pulses generated by the pump lasers are fed through two
nonlinear conversion stages, both using potassium titanyl phosphate (KTiOPO, or short KTP) as
the nonlinear material. First the frequency of each pump laser is doubled by a second-harmonic
generator (SHG) from 1064 nm to 532 nm. The conversion has an efficiency of up to 55% at full
laser power resulting in an output energy from the SHG of up to 220 mJ. Subsequently, the laser
light is converted by an optical parametric oscillator (OPO) to wavelengths close to 935 nm. As
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described in Sect 3.1, WALES uses four wavelengths in the 935 nm absorption band of water
vapor for the DIAL method (see Sect. 2.1.3).

The OPO has a four-mirror ring-oscillator configuration. Two KTP-crystals mounted on a
common rotation stage are responsible for a coarse setting of the wavelengths (£10 nm). Each
crystal is also mounted on a piezo-transducer-driven flexure stage. This set-up allows on the one
hand for fine tuning of the wavelengths with a tuning range of + 0.5 nm and on the other hand
for rapid switching of the phase matching angle allowing the wavelength to be set on a shot-by-
shot basis.

Both OPOs achieve their narrow-band operations using injection seeding. To seed the OPOs, four
independent distributed feedback (DFB) diode lasers are used. Each DFB laser is tuned to exactly
one of the four frequencies used in the water vapor DIAL technique. To assure high accuracy of
the measurements, one of the DFB lasers is absolutely stabilized to a strong water vapor
absorption line within the 935 nm band. The other DFB lasers are then stabilized using a wave-
meter which is continuously re-calibrated relative to the first one. This way a frequency stability
of 20 MHz can be achieved for all seed lasers.

Each OPO generates two DIAL frequencies. The output is switched between the two with a rate
of 50 Hz. By having two identical systems, pulses with four different wavelengths are emitted with
a total pulse rate of 200 Hz and a repetition rate of 50 Hz for each wavelength. The 1064 nm
radiation from the pump laser and the 532 nm radiation from the SHG are fed through high-power
polarizers allowing for measurements of depolarization. Finally, all beams: 1064 nm from Nd:YAG
laser , 935 nm from OPOs and 532 nm from SHG, are combined onto the same optical axis and
released into the atmosphere (Fig. 3.2).

3.1.2 The Receiver

The receiver of WALES features a 48 cm Cassegrain telescope and a detector box in a monostatic
set-up, as well as a data acquisition computer. The telescope collects and guides the incoming
radiation towards the detector box. There, dielectric beam splitters separate the different
wavelengths and create three channels at 1064 nm, 935 nm and 532 nm. Inm band width
interference filters are used to suppress the solar background radiation (Fig. 3.3).

All four wavelengths for the water vapor DIAL method at 935 nm are fed to one detector. The
aerosol channels at 1064 nm and 532 nm are guided through double polarizing beam splitters
which separate the cross-polarized light from the parallel-polarized light allowing for the
measurement of the depolarization ratio. For the calibration of the depolarization measurement
the whole detector box can be rotated +45° around the axis of the telescope (Freudenthaler et al.,
2009). Finally, for the HSRL method, part of the 532 nm channel is fed through an iodine (I,)
vapor cell. The strong I, absorption line close to 532 nm, results in the suppression of the particle
backscatter signal to more than 10, allowing for the retrieval of the aerosol extinction coefficient.

The received light signals in every channel are translated to electrical currents in order for the
information to be saved in the data acquisition unit. For the infrared signals at 1064 nm and 935
nm avalanche photo diodes (APD) are used, whereas for the 532 nm channels photo-multipliers
(PM). In 2020 this original design was modified. The depolarization channel at 1064 nm was
replace by a low sensitivity channel at 532 nm.
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Figure 3.3: WALES receiver layout. Light is collected by a Cassegrain telescope. The different
wavelengths are separated into three channels by polarizing dielectric beam splitters.
Interference filters are used to suppress the solar background radiation. For the HSRL
method part of the 532 nm channel is fed through a 40 ¢cm I, cell. For the calibration
of the depolarization measurements the whole detector unit can be rotated £45° about
the axis of the telescope.

3.1.3 Measurement attributes and error estimates

WALES is an airborne lidar system capable of providing 2D measurements from the aircraft to
the ground along the flight path with high accuracy, temporal and spatial resolution. Using the
HSRL method at 532 nm, the particle extinction and backscatter coefficients can be measured.
Depolarization ratios can be determined at 1064 nm and 532 nm. The DIAL technique at ~935 nm
provides measurements of the water vapor mixing ratio. The aerosol and cloud particle
measurements have a vertical resolution of 15 m and time resolution of 1s. The water vapor DIAL
measurements have a vertical resolution of ~300 m and time resolution of 12s. Details regarding
the performance of the transmitter are shown in Table 3.1. An overview of the attributes of the
products from WALES is presented in Table 3.2.
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For this thesis, several products are used, either directly or for the calculation of secondary
products and creation of masks. Specifically, I use the backscatter ratio (BSR), the particle linear
depolarization ratio (PLDR), the water vapor volume mixing ratio (WVMR) and the two-way
optical transmission. An example of the products provided by WALES and used in this thesis is
shown in Figure 3.5.

For the water vapor retrieval, Kiemle et al. (2008) estimated the statistical error of the
measurements to be about 5 %, although the exact value is dependent on various parameters that
differ for individual measurements. Especially for the study of cirrus clouds, errors that arise due
to the high spatial inhomogeneity of the backscatter within these clouds are kept below 5 % by
filtering. Additionally, the Rayleigh—Doppler effect is corrected in the retrieval algorithm, leaving
an error of less than 2 % (Grof et al., 2014). Grof et al. (2014) compared water vapor DIAL
measurements from WALES, taken during a flight of the HALO TECHNO mission with
simultaneous in-situ measurements taken from an aircraft flying below HALO (their Fig. 4). They
found the measurements to be in a good agreement with a deviation of < 1 % for the time periods
where the two aircraft were on close horizontal distances. They also note the capability of the
WALES-DIAL measurements to resolve even small-scale features. For the measured backscatter
and extinction coefficients via the HSRL method at 532 nm relative uncertainties of less than 5 %
and 10 % to 20 % must be considered, respectively (Esselborn et al., 2008).

Detector
Unit
Data Acquisition
Telescope Seed Laser

System

Cooling Unit
coting Vi Pump Lasers

Figure 3.4: Picture of WALES integrated inside the German research aircraft HALO.



As described in Sect. 2.1.1, the intensity of the backscattered signal reaching a lidar is strongly
dependent on the distance. Clouds in the near field of the lidar can lead to an overload of the
detectors (APDs and PMs) as well as the data acquisition resulting in the cloud not being properly
measured. For cirrus clouds a minimum distance of around 2 km above the cloud top is required
to avoid this problem. On the other hand, the emitted light pulses from the lidar might also
become completely attenuated before reaching the base of a cloud, resulting once again in an
incomplete measurement of the vertical extent of a cloud. Maintaining sufficient sensitivity during
measurements without overloading the detectors is a delicate balance which can be achieved by
adjusting the voltage of the detectors.

Table 3.1: WALES transmitter performance parameters.

Parameter Value

Repetition rate per laser 100 Hz
Beam Divergence 1 mrad
Pulse length @ 1064 nm 8 ns (FWHM)
Pulse length @ 935 nm 5.5 ns (FWHM)
Pulse length @ 532 nm 7.5 ns (FWHM)
Frequency stability @ 1064 nm <1 MHz
Frequency stability @ 935 nm <30 MHz
Spectral purity @ 935 nm >99.9%
Spectral purity @ 532 nm 299.995%

Table 3.2: Characteristics of WALES DIAL and HSRL measurements.

DIAL HSRL
Raw vertical resolution 7.5 m
Effective vertical resolution 286 m Averaged vertical resolution 15 m
Raw time resolution 0.2s
Averaged time resolution 12's Averaged time resolution 1s
Retrieval error ~5 % Retrieval error < 5% for p

10 % -20 % for o
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Figure 3.5: Example of WALES products used in this thesis from Research Flight (RF) 17 of the

HALO-(AC)? campaign. a) The backscatter ratio (BSR) from the HSRL technique at
532 nm. b) The particle linear depolarization ratio (PLDR) at 532 nm. ¢) The water
vapor mixing ratio (WVMR) from the DIAL technique using four wavelengths
~935 nm. d) The two-way aerosol optical transmission at 532 nm. Also included on

each panel are the parameters of a cloud-mask used for the identification of cirrus
clouds in the HALO-(AC)? dataset.



3.2 HALO research aircraft

R =

Figure 3.6: The German research aircraft HALO on the apron of the Kiruna airport during the
HALO-(AC)? campaign. Research Flight 04, 14/03/2022.

In the beginning of the 21* century the need for a research aircraft capable of carrying heavier
payloads and having a greater flight ceiling and range became evident among the German and
international atmospheric research community. The High Altitude and LOng-range research
aircraft (HALO) project was conceptualized and initiated due to this need. Soon after the German
Aerospace Center (DLR) proceeded to purchase a Gulfstream G550 business jet, which was then
modified and adapted to function as a platform for airborne measurements of the atmosphere
(Fig. 3.6). Among the modifications were the creation of apertures in the fuselage (Fig. 3.7),
reinforcements, a belly pod to house instruments (Fig. 3.6), a noseboom with sensors, cooling
systems and others (Krautstrunk and Giez, 2012).

Figure 3.7: Aperture and window in the fuselage of HALO allowing for measurements with the
WALES lidar system. HALO-(AC)? campaign, Research Flight 12, 01/04/2022.
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After a lengthy process of construction, certification and testing, the German research aircraft
HALO came to be. With a maximum range of 12500 km, a flight ceiling of 15540 m, a cabin
volume of 47.3 m* and a maximum payload of 3 tons it is capable of housing a great number of
instruments and personnel and transporting them to remote regions e.g. the arctic and oceans,
while also reaching high altitudes (Krautstrunk and Giez, 2012). The WALES lidar system
(Sect. 3.1) can also be integrated into HALO via a special flight module (Fig. 3.1, 3.4 & 3.7). This
makes it overall an ideal platform for the study of cirrus clouds over the mid- and high latitudes
(Grof et al., 2014). A list of some characteristics of HALO is presented in Table 3.3.

Table 3.3: Characteristics of the research aircraft HALO.

Parameter Value

Exterior

Length 29.4 m

Height 7.9 m

Wingspan 28.5 m
Interior

Cabin length 15.3 m

Cabin Height 1.88 m

Cabin Width 2.24 m

Cabin Volume 47.3 m?
Performance

Max. range 12500 km

Max. cruise altitude 15540 m

Max. payload 3t

The HALO research aircraft was used as the platform for to perform airborne measurements,
among others, also during the ML-CIRRUS and HALO-(AC)? campaigns. On both occasions the
WALES lidar system was aboard HALO performing measurements. Among the goals of both
campaigns was the study and characterization of ice clouds over the mid- and high latitudes
respectively. The details about the aims, instrumentation and flight strategies of the two
campaigns are presented in the following.



3.3 The ML-CIRRUS campaign

The ML-CIRRUS campaign was conducted during March and April of 2014. The primary goal of
this campaign was to study the properties of cirrus clouds under meteorological conditions
typically occurring at the midlatitudes. More specifically, the macro- and microphysical, optical
and radiative properties of cirrus clouds -both natural and anthropogenic (contrails)- were
investigated.

As already mentioned, the midlatitudes showcase a variety of different dynamical weather systems
(frontal systems, Warm Conveyor Belts (WCB), jet stream etc.) especially during spring. Strong
aerosol emissions as well as dense air traffic, are also affecting the atmosphere over the
midlatitudes, leading to increased formation of contrails and contrail cirrus. The many open
questions and uncertainties resulting from this multitude of conditions detected over the
midlatitudes highlight the importance of the ML-CIRRUS campaign.

ML-Cirrus Campaign
All Lidar Legs

55°N

50°N

45°N

Mean in-cloud RHi [%]

40°N

10°W  0° 10°E

Figure 3.8: Map containing the flight tracks of the lidar measurement segments (legs) conducted
during the missions of the ML-CIRRUS campaign. The color scale represents the
average Relative Humidity over ice (RHi) from cloud base to cloud top on each time
step. The white color signifies a mean RHi below 70 % or absence of cirrus clouds.
Background map tiles, borders and coastlines from Natural Earth. License: Public
domain.
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To conduct this research campaign, the German Research aircraft HALO was employed (see
Sect. 3.2). It was equipped with a unique suite of remote sensing as well as in-situ instruments,
including WALES, which provided measurements of many different parameters, allowing for an
all-round characterization of the targeted clouds and their environment. The aircraft
measurements were also complimented by satellite data from various instruments and platforms.

A total of 16 flight missions were performed covering an area over central Europe and the NE
Atlantic (Fig. 3.8). Each flight was meticulously planned, normally two days in advance. The
flight planning was largely guided by operational forecasts of the European Centre for Medium-
Range Weather Forecasts (ECMWF). From these forecasts cirrus formation could be predicted
(Schumann, 2012; Schumann and Graf, 2013) and cirrus cloud systems of interest could be selected
to be probed. Overpasses of satellites and overflights over ground-based stations were also
considered and favored during flight planning. After a clear target was selected for a certain date,
the mission would be planned and a flight plan submitted. Furthermore, each research flight was
separated into different legs. During remote sensing or lidar legs, HALO was flying over the
selected cirrus clouds. One of HALO's notable features is its high flight ceiling, which ensured that
a minimum distance of around 2 km above the cloud tops could be maintained, aiding to accurate
lidar measurements by WALES (see Sect. 3.1). The in-situ legs, were conducted at lower altitudes
at cloud level. The data collected during the lidar legs were frequently used during the flights in
order to verify and better define the predicted cirrus cloud locations and cloud top and base
altitudes for the in-situ measurements.

In order to study contrails and especially newly formed ones, HALO was frequently given clearance
by air traffic control to enter air traffic corridors with high airplane densities, as well as restricted
airspaces. A highlight mission was conducted on 11/04, during which a quasi-Lagrangian flight
path following the outflow of a warm conveyor belt (WCB) system was flown. This mission is also
used in this work, to study the evolution of cirrus cloud life cycles. A description of the 16 missions
with additional details is presented in Table 3.4. An in-depth presentation of the ML-CIRRUS
campaign can be found in Voigt et al. (2017).
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3.4 The HALO-(AC)? Campaign
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Figure 3.9: Map containing the flight tracks of the research flights (RFs) from the HALO-(AC)?
campaign. The color scale represents the average relative humidity over ice (RHi)
from cloud base to cloud top. White color is representative of a mean RHi value below
70 % or parts where no cirrus clouds were detected. Background map tiles, borders
and coastlines from Natural Earth. License: Public domain.

The arctic region of the earth is warming at a much faster rate in the past few decades, compared
to other regions or the global average. This phenomenon has been named arctic amplification
(Serreze and Francis, 2006; Graversen and Wang, 2009; Hansen et al., 2010; Wendisch et al., 2023)
(Sect. 1.2.2). Arctic cirrus clouds are speculated to play a significant role also in the arctic-specific
feedback processes involved in arctic amplification, especially during polar day and night (Winton,
2006; Graversen and Wang, 2009; Pithan et al., 2018; Stuecker et al., 2018; Wendisch et al., 2019,
2023; Dekoutsidis et al., 2024).

Meridional transport of airmasses into the arctic has also been speculated as one of the culprits of
arctic amplification (Park et al., 2015; Binder et al., 2017; Dahlke and Maturilli, 2017). During
Warm Air Intrusion (WAI) events, as they are called, warm, water-vapor- and aerosol-rich
airmasses from the midlatitudes are transported into the arctic (Doyle et al., 2011; Stramler et
al., 2011; Woods and Caballero, 2016; Liu et al., 2018; Pithan et al., 2018; Hartmann et al., 2019,



2021; Beer et al., 2022; Dada et al., 2022). These WAI events transfer sensible heat and great
amounts of water vapor -a strong greenhouse gas- into the arctic and thus can lead to an increased
cloudiness and alter the characteristics of the cirrus clouds that form in the arctic. Studies have
also shown that WAI events are becoming more frequent and long-lasting, making the study of
their effects more important (Woods and Caballero, 2016; Graham et al., 2017; Henderson et al.,
2021). Despite the abovementioned, the arctic remains a region where atmospheric measurements
are sparser than at lower latitudes especially in the upper troposphere and lower stratosphere
(UTLS). Direct measurements of WAI events in the arctic and especially of cirrus during these
events are also lacking (Wendisch et al., 2019).

The HALO-(AC)? campaign was conducted during March and April of 2022 aiming to fill part of
this observational gap and provide insights regarding the role of clouds and airmass
transportations into the arctic on arctic amplification (Wendisch et al., 2024; HALO AC3, 2023).
Early on in the planning of the campaign it became clear that the best way of studying airmass
transformations into the arctic, including WAI, would be in a quasi-Lagrangian approach i.e.
following the evolution of an airmass over long periods of time as it was unfolding. The research
aircraft HALO, with its high flight ceiling, long range and heavy payload was perfectly suited as
a platform (see Sect. 3.2).

HALO was equipped with state-of-the-art, active and passive remote sensing instrumentation as
well as dropsondes and was stationed in Kiruna, Sweden (Ehrlich et al., 2023; Wendisch et al.,
2024). Part of the instrumentation for this campaign was also the WALES lidar system (see
Sect. 3.1). HALO performed a total of 17 research flights (RFs) and launched over 300 dropsondes,
collecting data over a vast area in the arctic (Fig. 3.9). Flights were performed at high altitudes
allowing for measurements of cirrus clouds and also providing 2D data covering the whole
atmospheric column along the flight track under favorable conditions.

In order to provide the most comprehensive measurements possible, HALO was accompanied by
two more research airplanes by the Alfred Wegener Institute (AWI), POLAR 5 and POLAR 6
(Herber et al., 2008). Due to their shorter range they were stationed further north at
Longyearbyen, Svalbard and performed remote sensing (Polar 5) and in-situ (Polar 6)
measurements in the lower troposphere over the Fram Strait. The tethered balloon BELUGA
(Balloon-bornE moduLar Utility for profilinG the lower Atmosphere) was also stationed at Ny-
Alesund, Svalbard and provided vertical profiles of the atmospheric boundary layer (Egerer et al.,
2019). Two more research aircraft with in-situ instrumentation, the FAAM (Facility for Airborne
Atmospheric Measurements) a modified BAE-146-301 (www.faam.ac.uk), and the ATR42 of the
SAFIRE (Service des Avions Francais Instrumentés pour la Recherche en Environnement)
(www.safire.fr) were performing measurements out of Kiruna the same period.

Products from ECMWEF and ICON (Icosahedral Nonhydrostatic) Model, specially calculated
atmospheric indexes, such as the Marine Cold Air Outbreak (MCAO) index (Paprtiz and Spenzler,
2017), along with surface analysis products by DWD (German weather service) were used for the
flight planning. Forecasts were carried out at least two days in advance, areas of interest were
noted and potential flight plans were discussed. Central goal in the planning was to identify and
measure airmass transformation over a period of 2-3 days. Circular flight patterns were also
introduced in several flights in order to obtain measurements of large-scale vertical motion via
dropsondes.
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Collocated flights between the available aircraft were preferential with HALO providing a large-
scale overview of the atmosphere along the transported airmasses from the upper troposphere,
POLAR 5 focusing on clouds and precipitation in the lower troposphere and Polar 6 providing in-
situ measurements at even lower altitudes in the boundary layer. Coordinated flights with the
FAAM and the SAFIRE ATR42 were also planned and performed. The big number of airborne
means, the various instruments aboard each and a careful, coordinated flight planning resulted in
achieving the goals of the campaign and creating a detailed all-around database of remote sensing
and in-situ measurements of numerous parameters of CAO (Cold Air Outbreaks) and WAI events,
arctic cirrus clouds and others. A detailed description of the RFs performed during HALO-(AC)?
is presented in Table 3.5.

3.5 Calculation of products

In this thesis, predominantly data collected by the WALES lidar system are used. Different
products are used for different aspects of the analysis, such as the backscatter ratio (BSR), the
particle linear depolarization ratio (PLDR), the two-way optical transmission (), and the water
vapor mixing ratio (WVMR).

As described in Sect 1.4, the relative humidity over ice (RHi) is a parameter controlling ice
formation as well as growth and melting/sublimation within cirrus clouds, and thus can be used
to characterize them. The RHi can be calculated if ambient temperature and water vapor
concentration are known.

In this thesis the RHi for each ML-CIRRUS mission and HALO-(AC)? research flight is calculated
from the retrieved water vapor mixing ratio by WALES and model temperature from the 6-hourly
analysis data by the Integrated Forecasting System (IFS) of the European Centre for Medium
Range Weather Forecasts (ECMWF) (Esselborn et al., 2008). More precisely, operational analysis
and short-term forecast fields from the atmospheric high-resolution model (HRES, 0.125x0.125
grid, 137 model levels) are interpolated in space and time in order to match the locations of the
measurements. More details regarding the used data and the interpolation process can be found
in Schéfler et al. (2020).

The first step to retrieve the RHi, is to calculate the saturation vapor pressure of water vapor
over ice for the whole temperature range. Here a formula by Huang (2018) is used:

eap (43.494 — 2438

0 + 278 °
= 6 <0°C 3.1
% 6 + 868 2 -

e

with a mean relative error (MRE) of 0.006 % compared to a reference dataset from experimental
data of the International Association for the Properties of Water and Steam (IAPWS). @denotes
the temperature in °C.

Then, the RHi is calculated by:

RHI — T’ru’lypkBT 3.9
e

Si
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where 1, is the water vapor mixing ratio, p is the volume number density of air, kz the Boltzmann
constant, ey the saturation vapor pressure for water over ice and T the temperature.

Knowing the RHi supersaturation within and around a cloud allows to estimate not only how the
already existing ice crystals formed, but also how new ice crystals might form, and which parts of
a cloud are more likely to facilitate new ice formation or rather sublimation. In this work, in an
effort to provide a detailed characterization of the studied cirrus clouds, three temperature-
dependent thresholds are calculated, two for heterogeneous nucleation (HET) and one for
homogeneous nucleation (HOM). They are used along with the ice and water saturation thresholds
and are shown in Fig. 3.10.

The ice saturation threshold RHi = 100 % denotes the point over which ice crystal formation is
possible and under which ice crystals melt or sublimate. The water saturation threshold is the
limit above which water droplet formation is favored instead of ice crystal formation. It is
calculated using a formula by Huang (2018). For RHi between the ice and water saturation
threshold, ice nucleation is possible via the abovementioned pathways of HET and HOM
nucleation (Fig. 2.5).

The HOM nucleation threshold, signifies the limit over which HOM nucleation is possible. It is
calculated based on the findings and formula presented by Koop et al. (2000), and also described
by Urbanek et al. (2017). Between the HOM nucleation threshold and the water saturation
threshold, the HOM regime is defined (red color in Fig. 3.10). It contains RHi values, which would
allow HOM nucleation to take place under favorable conditions. Between the HOM nucleation
threshold and ice saturation threshold the HET regime is defined (yellow and green color in
Fig. 3.10). RHi values in this regime would suffice for HET nucleation to take place on different
INP. As is shown in Fig. 3.10 the HET regime covers a rather wide range of RHi supersaturation.
Within this regime a wide variety of different INP can become activated with different activation
thresholds. For a more detailed analysis, a high HFET threshold and a low HET threshold are
defined representing inefficient and efficient INPs requiring higher and lower supersaturations for
activation respectively. For the high threshold, coated soot (CS) is selected as an inefficient INP,
and for the low threshold mineral dust (MD), which is more efficient as an INP and more abundant
(Kércher and Lohmann, 2003; Gensch et al., 2008; Pruppacher and Klett, 2010; Hoose and Méhler,
2012; Cziczo et al., 2013; Kramer et al., 2016; Ansmann et al., 2019; Beer et al., 2022). The HOM
nucleation, CS activation and MD activation thresholds are calculated by the following equations:

RHigoy, = 242.3 — 0.41T
RHiG% = 230. —(0.4337) 3.3
RHiMD . =134.— 0.1T

(Urbanek et al., 2017, their Table 1, and original formulations from Koop et al. (2000) (HOM)
and Kréamer et al. (2016) (HET)).
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Figure 3.10: Temperature dependent RHi thresholds for different ice nucleation pathways. Ice
saturation is possible above the ice saturation threshold and below the water
saturation threshold. The heterogeneous nucleation (HET) regime (yellow and green
colors) contains two additional thresholds. One for mineral dust (MD) as an INP,
which is easily activated and requires lower RHi and one for coated soot (CS) which
is less easily activated. The HOM nucleation threshold signifies the limit over which
homogeneous nucleation is possible.

In addition to the abovementioned, for the analysis of the high latitude cirrus clouds measured
during the HALO-(AC)? campaign the optical depth t was calculated from the two-way optical
transmission o measured by WALES:

1
Tr = —5111(0() 3.4

3.6 Uncertainty in the calculation of RHi

The accuracy of the RHi calculated via the abovementioned method depends primarily on the
accuracies of the inputted humidity and temperature. As has been mentioned in Sect 3.1.3 the
water vapor retrieval by WALES has a mean statistical inaccuracy of 5 %. This stems
predominantly from uncertainties in the definition of water vapor absorption cross sections, the
air density profiles and the spectral purity and shape of the laser light, as discussed in Sect. 3.1.3.
Grof} et al. (2014) and Urbanek et al. (2018) use similar methods applied on WALES data with
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the later also using the ML-CIRRUS campaign measurements. Regarding the second source of
uncertainty, Grof et al. (2014) additionally preformed an investigation of the applicability of the
ECMWEF temperature field for the calculation of RHi. They compared the ambient temperatures
measured by in-situ instruments aboard the HALO research aircraft during descends into and
ascents from airports, to ECMWEF temperatures. They found a difference of 0.8 K (Txaro - Tecuvwr)
for the typical height and temperature range of cirrus clouds. From this they estimated a
maximum error of about 10 % to 15 % in the calculated RHi for cirrus clouds, ARHi: 10-15 %.

The big number of dropsondes launched during the HALO-(AC)? campaign allowed for a more
detailed study of the temperature induced error on the RHi calculation (Wirth and Grof}, 2023).
A comparison of the measurements from 339 dropsondes to the ECMWEF IFS temperature field
yielded an average temperature bias of around 0.2 K with a precision of 0.4 K. After the
calculations this translates to an error of 2 % bias and 4 % precision induced on the RHi due to
the model temperatures. Importantly no bias was detected regarding the atmospheric pressure,
which is necessary for the correct assignment of the geometrical altitude in the interpolation of
the temperatures on the lidar grid.

3.7 Masking

One of the advantages of using airborne lidar instruments, is that the whole atmospheric column
from the airplane to the ground can be measured at every timestep if conditions are favorable,
producing a two-dimensional curtain of data along the flight track. This curtain contains various
cloud types at different altitudes, aerosol layers, cloud-free air etc. For this thesis the cirrus clouds
have to be isolated from the curtain of each lidar measurement.

The backscatter ratio (BSR), particle linear depolarization ratio (PLDR), temperature (T) and
altitude (H) are used as parameters to construct cirrus cloud masks. The exact thresholds are
adapted to the mid- and high latitudes for the clouds measured during the two campaigns. For
the ML-CIRRUS campaign I define the in-cloud and cloud-free areas. For the high latitude cirrus
measured during the HALO-(AC)? campaign also a near-cloud region is introduced.

Midlatitudes

The BSR is the strongest indicator for the existence of a cloud. For the lidar measurements
performed during the ML-CIRRUS campaign over the midlatitudes, a threshold value of BSR = 3
was selected, after a careful analysis. Grofl et al. (2014) and Urbanek et al. (2017 & 2018) have
used similar cloud masks. They tested a variety of different thresholds and found that a wide
range of BSR values from 2 up to 25 can be used without significantly affecting the further analysis
and results. The PLDR is used in the mask as a way of identifying ice crystals and thus filtering
out non-cirrus clouds. For this study the threshold was set at PLDR = 20 %, as this is indicative
of ice crystals (Gobbi, 1998; Chen et al., 2002; Comstock et al., 2004). For a similar reasoning a
temperature threshold is set at T = 235 K as this is the temperature below which cirrus clouds
commonly form and the ice phase is dominant (Strom et al., 2003; Kramer et al., 2016; Karcher
and Seifert, 2016; Gasparini et al., 2018; Urbanek et al., 2018).

These thresholds are checked against every data point of each curtain. If BSR = 3 and PLDR 2
20 % and T < 235 K the data point is considered as being in-cloud. For the thresholds of the



cloud-free area, the altitude is chosen rather than the temperature. For this thesis, only the cloud-
free air in the vicinity of cirrus clouds is of interest, thus only areas where ice crystals could form
are kept. The threshold is set at H = 7 km, since over this altitude ice crystals would most
probably be able to form (Strom et al., 2003; Comstock et al., 2004; Kércher, 2017; Gasparini et
al., 2018). Under vicinity around cirrus clouds a maximum horizontal distance of 250 km from the
cloud edges and a zone with altitudes from 7 to 12 km is considered. The thresholds for the cloud
mask are shown in Table 3.6. In Fig. 3.11, an example of the application of the cirrus mask on a
lidar leg from Mission 5 is presented.

High latitudes

For the cirrus clouds measured during the HALO-(AC)? campaign over the high latitudes, three
regions are defined on each measurement curtain: In-cloud, near-cloud and cloud-free. The BSR
threshold here is set at BSR = 2. The threshold for the PLDR remains the same as for the
midlatitude study, at 20 %, which is a representative threshold for ice crystals. Finally, in order
to remove all the low-level clouds from the dataset, an altitude threshold is selected at 3000 m.
In summary, a data point is considered as being in-cloud for a BSR = 2, a PLDR > 20 % and an
H = 3000 m.

The area immediately bordering the clouds edges is of special interest, as important processes such
as entrainment, ice nucleation, sedimentation and sublimation, and exchange of water vapor and
heat, take place there. Thus, it was concluded that it should be separated from the cloud-free air.
The near-cloud area was introduced and defined as a stripe 10 % outside of the cloud edges. For
most cases this translates into a band reaching 80 km before and after the cloud edges and 500 m
above/below the cloud top/base. Finally, the cloud-free area consists of all the data beyond the
near-cloud area. The exact thresholds of the cloud mask are presented in Table 3.7. An example
of the masking and the resulting areas is shown in Fig 3.12.

Table 3.6: Parameters and thresholds of the cirrus cloud mask for the definition of the in-cloud
and cloud-free areas at midlatitudes.

In-Cloud Cloud-free
BSR 23 <3
PLDR =20 % <20 %
Temperature < 235 K -
Altitude - > 7 km
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Table 3.7: Parameters and thresholds for the cirrus cloud mask defining the in-cloud, near-cloud

and cloud-free regions at high latitudes.

In-cloud

BSR = 2
PLDR 220 %
H 2 3000 m

Near-cloud

80 km before and after cloud edges
500 m over/under cloud top/bottom
H = 3000 m

Cloud-free

remaining data points

H 2 3000 m




ML-Cirrus 27/03/2014
Mission #: 5 Lidar Leg: 2
Relative Humidity over ice [%] with cloud mask

200%
175%
150%
125%
100%
75%
50%
25%
0%

Altitude [km]

13:30  13:35  13:40  13:45  13:50  13:55
UTC Time [hh:mm]

ML-Cirrus 27/03/2014
Mission #: 5 Lidar Leg: 2
Relative Humidity over ice [%] in-cloud

200%
1 R175%
{ #150%
\ - 1 [t125%
1 1/100%
7 K75%
50%
25%
0%

Altitude [km]

13:30  13:35  13:40  13:45 13:50  13:55
UTC Time [hh:mm]

ML-Cirrus 27/03/2014
Mission #: 5 Lidar Leg: 2
Relative Humidity over ice [%] cloud-free

200%
175%
150%
125%
100%
75%
50%
25%
0%

Altitude [km]

13:30  13:35  13:40  13:45  13:50  13:55
UTC Time [hh:mm]

Figure 3.11: Example of the application of the cirrus cloud mask on RHi data from lidar leg 2 of
Mission 5 on 27/03/2014. Top: the parameters of the cloud mask (black lines) plotted
against the RHi curtain. Middle: the in-cloud data along with the cloud mask.
Bottom: the cloud-free data with the cloud mask.
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Figure 3.12: Example of the cirrus clouds mask being applied on the RHi curtain from Research

Flight 17 of the HALO-(AC)? campaign on 11/04/2022. a) The whole RHi curtain
with the contours of the in-cloud mask. b) The in-cloud area with the contours of
the cloud-mask. ¢) The near cloud area around the edge of the cirrus with the
contours of the cloud mask. d) The cloud-free region with the contours of the cloud-
mask.



3.8 Cirrus classifications

3.8.1 Based on formation: In-situ formed vs Liquid origin

A primary scientific question of this thesis is: how does the formation process of cirrus clouds
affect the characteristics of supersaturation within them. In order to answer this question, the
cirrus clouds measured during the ML-CIRRUS campaign needed to be classified based on their
formation process. One such classification has been introduced by Kramer et al. (2016) and Luebke
et al. (2016) and is described here and shown in Fig. 3.13.

In-situ origin Liquid origin
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Figure 3.13: Schematic representation of in-situ formed cirrus (Left), forming directly as ice clouds
at high altitudes and low temperatures and liquid origin cirrus (Right), resulting from
complete glaciation of a mixed-phase predecessor cloud. Graph from Luebke et al.
(2016). Their Figure 1.

Kréamer et al. (2016) compiled cirrus measurements from 17 field campaigns covering 15 years and
vast geographical regions and performed numerous model simulations. From their study, they
defined two cirrus types based on the formation mechanism: In-situ formed clouds and liquid-
origin clouds. In-situ formed cirrus are clouds that form directly into ice clouds at the high altitude
and location they are detected. Liquid-origin cirrus on the other hand, have a liquid or mixed
phase predecessor. First the predecessor cloud is formed, then while its liquid droplets are lifted
to colder temperatures they freeze until complete glaciation at the latest when the cirrus formation
threshold is reached around 235 K (Fig. 3.13).

In the analysis presented herein, the classification from Kramer et al. (2016) and Luebke et al.
(2016) is used and the studied cirrus clouds are grouped into in-situ formed and liquid-origin. In
order to allocate the clouds to the one or the other group, first their formation process must be
detected. To do this, 24 h backward trajectories for each cloud are produced and examined. The
trajectories are initiated on a grid with a temporal resolution of 12 s and a vertical resolution of
150 m covering the whole lidar curtain for each mission of the campaign. The calculations are



54 Methods and data

then performed using horizontal wind data from the ECMWF reanalysis dataset ERA-Interim
(ECMWFEF, 2011). Then, along the calculated backwards trajectories, diabatic heating rates are
used with the trajectory module of the Chemical Lagrangian Model of the Stratosphere (CLaMS)
for vertical transport (McKenna et al., 2002). Finally, the clouds are characterized as in-situ
formed or liquid-origin cirrus depending on the simulated ice water content (IWC), the location
of the maximum IWC value and the ambient temperature at their first detection along the
backwards trajectory. During the classification process it was seen that some clouds consisted of
a liquid-origin layer as well as an in-situ formed layer (most commonly the top layer). In these
cases, the detected cloud was split and its parts were grouped accordingly.

3.8.2 Based on ambient conditions: Arctic vs WAI conditions
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a Geopotential height at 500 hPa ¢ Temperature at 500hPa
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Figure 3.14: Example of a research flight performed under AC and WAI conditions. Top: RF05
performed during a warm air intrusion. a) The total water vapor and geopotential
height at 500 hPa for RF05. ¢) The ambient temperature at 500 hPa for RFO05.
Bottom: RF18 performed during undisturbed arctic conditions. b) The total water
vapor and geopotential height at 500 hPa for RF18. d) The ambient temperature at
500 hPa for RF18.



A central goal of this thesis is to showcase how the characteristics of water vapor supersaturation
and cirrus clouds are affected by different meteorological conditions. When undisturbed, the arctic
atmosphere consists of cold airmasses with a lower water vapor content compared to the mid-
latitudes. During a Warm Air Intrusion (WAI) event large amounts of warm and moist airmasses
are transported into the arctic dramatically changing the ambient conditions. Based on this, two
different cirrus types are introduced: AC cirrus, which form during undisturbed arctic conditions,
and WAI cirrus, which form during a WAI event in airmasses transported into the arctic from
the midlatitudes.

The first step in studying the differences between AC and WAL cirrus was to group the measured
cirrus according to the ambient conditions present during their formation and detection. In order
to accurately identify the ambient conditions as AC and WAI and group each flight into one of
the two categories, various sources and parameters were used. The first step was already taken
during the campaign. Daily weather briefings were held for the flight planning. Discussed during
these briefings were amongst others the surface analysis, the development of circulation patterns,
the wind fields and airmass advections as well as more specific forecasting indexes like the
vertically integrated water vapor transport (IVT). The IVT is calculated from the surface and up
to 300 hPa and is used to define WAIs and atmospheric rivers with a common threshold being
250 kg - m™ - s*. This already allowed an early classification of the flights. Additionally, after the
campaign the synoptic situation for each flight was once again studied, using the geopotential
height, temperature and total column water vapor fields from the ERA-5 reanalysis dataset
(Hersbach et al., 2018), as well as the water vapor measurements from WALES. Finally, each
research flight was classified as either being performed under undisturbed arctic (AC) conditions
or under warm air intrusion (WAI) conditions. An example of an AC conditions and a WAI
conditions flight is shown in Fig. 3.14.

The origin of the airmass in which each cirrus was detected is equally important, to the ambient
conditions during the measurements. In order to determine the origin of the airmass of each cloud,
24-hour backwards trajectories were calculated. For the calculation, data from the ERA5
reanalysis dataset from ECMWF were used with a horizontal resolution of 1° by 1° and 37 pressure
levels vertically. The CLaMS model was used for the diabatic processes regulating the vertical
transport of the airmasses. The backwards trajectories for each flight of the two groups, were thus
calculated. The trajectories confirmed the initial grouping, based on the ambient conditions and
highlighted the fact that the airmasses in which WAI cirrus were detected did in fact originate
from the midlatitudes. The combined trajectories for the flights of each group are shown in
Fig. 3.15.

The ice nucleation processes with which the cirrus clouds formed in the arctic, remain equally
important in defining their microphysical, radiative and also macrophysical characteristics as it
was for the midlatitude cirrus. The ice nucleation processes for cirrus clouds have been described
in detail in Sect. 2.2 and remain unchanged between cirrus clouds over the midlatitudes or the
arctic. Thus, the same principles, parameters and thresholds are applied in their study over the
arctic, as was described in Sect. 3.5.
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Figure 3.15: Maps containing 2D histograms of the latitude and longitude of the 24-hour
backwards trajectories calculated from the cirrus clouds measured during the
research flights of the HALO-(AC)? campaign. Left: backwards trajectories starting
from research flights classified as AC conditions. Right: backwards trajectories
starting from research flights classified as WAI conditions. The red line represents
the latitude of 72° N. Background map tiles, borders and coastlines are by Natural
Earth (naturalearthdata.com). License: Public domain.



Chapter 4
Results

In this chapter, the findings of my research are presented. In the first part, Sect. 4.1, midlatitude
cirrus clouds are characterized with respect to their relative humidity over ice (RHi). The analysis
is based on measurements taken by the airborne lidar system WALES during the ML-CIRRUS
campaign. First, an overview is presented containing all cirrus clouds measured over the
midlatitudes under various ambient conditions. The distribution of RHi as well as the vertical
in-cloud structure are studied (Sect 4.1.1 & 4.1.2). Afterwards, a comparison between the in-situ
formed and liquid origin cloud groups is performed (Sect 4.1.3). The analysis includes once again
the distribution of RHi and the vertical structures of the two cloud types. Finally, insights into
the evolution of midlatitude cirrus with time are presented by means of two detailed case studies
(Sect 4.1.4).

In the second part of this chapter, Sect 4.2, results regarding cirrus clouds in the arctic are
presented. The focus is once again on the RHi and the data stem from WALES during the
HALO-(AC)? campaign. First a statistical analysis is provided including all cloud data retrieved
under different synoptic situations in the arctic. The focus is once again on the distribution of RHi
inside and around the clouds, as well as the in-cloud structure (Sect 4.2.1 & 4.2.2). The chapter
continues with a comparison between clouds that formed under undisturbed arctic (AC) and warm
air intrusion (WAI) conditions (Sect. 4.2.3). The geometrical and optical characteristics of the
two cloud types are presented as well as the distribution of RHi and their vertical structure.

Extensive parts of the results presented herein have been published in the peer-reviewed articles
Dekoutsidis et al., (2023, 2024).

4.1 Characterization of midlatitude cirrus clouds based on
their RHi

The midlatitudes are a region where a great variety of different weather systems and dynamical
processes are found, such as frontal systems, warm conveyor belts (WCB), convection and others.
It is also a region that is strongly affected by humans, be it by the elevated aerosol emissions or
denser air traffic. Cirrus clouds that form over the midlatitudes are influenced by the various
processes and conditions, potentially also leading to a big variability in their characteristics and
effects. This variability makes the representation of cirrus clouds in forecasting and climate
sensitivity models challenging. Cirrus clouds introduce uncertainties in those fields, highlighting
the necessity to study and understand them.

A commonly occurring weather pattern over the midlatitudes are WCBs. They are streams of
warm and moist air ascending from the lower to the upper troposphere in front of cold fronts of
cyclones. During this ascent, the warm, moisture-rich airmasses rapidly cool down leading to the
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formation of low level, liquid clouds. As the airmasses then continue their ascent to colder
temperatures ice crystals can start forming. Further lifting can result into the formation of a cirrus
cloud from the parent liquid cloud. Cirrus clouds that form via this or similar processes and have
a liquid predecessor are called liquid origin cirrus.

Alternatively, cirrus clouds can also form over the midlatitudes directly as ice clouds at high
altitudes. In that case they are described as in-situ cirrus. The differences in ambient conditions
during the formation of liquid origin and in-situ formed cirrus, such as the temperature, cooling
rate, updraft, available moisture and others, can affect the properties of the clouds. Therefore, it
is important to study those two cloud types, investigate if there are differences between them and
try to identify them. With this in mind, I studied the data collected during the ML-CIRRUS
campaign and present my findings in the following.

4.1.1 Distribution of RHi in midlatitude cirrus

The measurements performed by the WALES lidar system during the ML-CIRRUS campaign,
were processed in two steps, as mentioned above. First, a statistical analysis of the whole data set
was performed allowing for a general characterization of RHi within and around cirrus clouds over
the midlatitudes. The results from this analysis can be summarized in Fig. 4.1. In this figure, the
probability densities of RHi with respect to the ambient temperature for the in-cloud and
cloud-free areas are plotted. Each distribution is accompanied by a total of four lines representing
the thresholds for ice saturation and homogeneous (HOM) nucleation, as well as heterogeneous
(HET) nucleation thresholds on coated soot (CS) and mineral dust (MD), marking the high and
low HET regimes respectively. These thresholds have been introduced in detail in Sect 3.5.
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Figure 4.1: Probability density functions (PDF) of the Relative Humidity over ice (RHi) with
respect to ambient temperature. a) Calculated for the in-cloud data points. b)
Calculated for the cloud-free data points. The bin sizes are 0.5 K and 1 % RHi. The
dotted line depicts the ice saturation threshold at RHi = 100 %. The dash-dotted line
is the low threshold for heterogeneous nucleation (HET). The ice nucleating particle
(INP) for this threshold corresponds to mineral dust, which is efficient as an initiator
of ice formation. The dashed line represents the high threshold for HET nucleation.
Here the INP corresponds to coated soot which is not activated as easily as mineral
dust. The solid line indicates the threshold at which homogeneous nucleation (HOM)
can take place. During HOM nucleation, ice crystals form without the need of INP.
The thresholds are also explained in Sect. 3.5.



In Fig 4.1a it is shown, that the studied cirrus clouds over the midlatitudes reach temperatures
down to 207 K. The bulk of the in-cloud data points is distributed around the ice saturation
threshold (RHi =100 %), throughout the whole temperature range. Interestingly, the distribution
appears to be bimodal. One peak is located at a temperature of 225 K and an RHi of 100 % and
the other can be seen at a temperature of 218 K and 79 % RHi. Focusing on the supersaturated
part and looking into the different ice nucleation regimes, it is evident that most of the
supersaturated in-cloud data are found at low supersaturation in the HET regime. For colder
temperatures between 218 K and 223 K there is a slight increase in the supersaturated data
reaching up to the activation threshold of coated soot. This threshold is rarely exceeded and even
less data points are detected with supersaturations that would allow HOM nucleation to take
place.

Moving on to Fig. 4.1b and the results of the statistical analysis of RHi for the cloud-free area
around cirrus, it is clear that the majority of the data points are detected below the activation
threshold for HET nucleation on mineral dust and predominantly also below ice saturation. The
MD activation threshold is more frequently reached for temperatures between 230 K and 213 K.
The probability densities for supersaturations up to the CS activation threshold are generally low
throughout the temperature range, although more data points reach up to higher supersaturations
at colder temperatures. The probability of detection for RHi over the high HET and HOM
thresholds is very low. A characteristic comma shape at very low supersaturations reaching down
to 0% with high probability densities is also seen in Fig 4.1b. This shape was also present in the
analysis of the individual clouds and was commonly accompanied by an increase in temperature.
Based on this information, it is probably generated by data points measured in the stratosphere
around cirrus with a high cloud top. Alternatively, it could be indicative of airmasses in the upper
troposphere having a constant water vapor mixing ratio around 1.5 ppmv for a wide temperature
range (Kramer et al., 2009).

In the following a more quantitative approach of the RHi distribution is presented in Table 4.1,
which includes the RHi mode i.e. the most commonly appearing value, as well as the percentage
of detected data points in distinct supersaturation regimes. More specifically, following the same
thought process as in Fig. 4.1, three RHi bins are defined: 100 %-120 %, 120 %-140 % and
> 140 %. The first two represent HET nucleation by easily and not easily activated INPs and
the third one, RHi > 140 % can be considered an approximate threshold over which HOM
nucleation is possible (Koop et al., 2000; Haag et al., 2003; Comstock et al., 2004; Khvorostyanov
and Curry, 2009; Kéarcher, 2012). A detailed description of these regimes is provided in Sect. 3.5.
Table 4.1 showcases the results for the analysis of the whole data set including all measured cirrus
as well as two groups containing cirrus with different origin, in-situ formed and liquid origin as
described in Sect. 3.8.1.

The whole data set, containing all measured midlatitude cirrus clouds, consists of more than 3.2
million RHi data points. The mode value of the RHi distribution in the in-cloud area is 96 %.
34 % of all in-cloud data are supersaturated with respect to ice. Of these, the majority has low
supersaturations. 30.3 % are in the RHi regime between 100 % and 120 %. Only 3.3 % of the data
present with supersaturation in the high HET regime (RHi 120 % - 140 %) and an even smaller
0.5 % are in the HOM regime (RHi > 140 %). The cloud free area data set consists of almost 3
million data points and has a mode value of the RHi distribution of 68 %. Supersaturation is
detected for 6.8 % of the measured data. The majority, 5.7 %, are once again found in the low
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HET regime up to 120 % RHi. 1 % of the data has an RHi between 120 % and 140 % and a mere
0.2 % of the data have RHi exceeding 140 %.

It should be kept in mind that for this dataset the calculated individual RHi values have a
maximum uncertainty of 10 - 15% as described in Sect. 3.6. This could lead to misclassification of
datapoints into the wrong RHi range. However, it can be assumed that the temperature deviations
causing this uncertainty are random and there is no temperature range systematically over- or
underestimated and thus no RHi range reaches this maximum uncertainty when compared to
another.

Table 4.1: Results from the analysis of the probability density functions (PDF) of RHi. RHi mode:
most common value of dataset.

In-cloud Cloud-free air adjacent to
All clouds In-situ Liquid origin All clouds In-situ Liquid origin
formed formed
# of data points 3,204,381 1,110,675 2,093,857 2,762,080 948,638 1,813,300
RHi mode [%] 96 96 96 68 56 84
RHi PDF [%]
2100 % 34.1 30.8 36 6.8 5.7 7.5
RHi PDF %]
100 % - 120 % 30.3 26.8 32.3 5.7 4.5 6.3
120 % - 140 % 3.3 34 3.3 1 1.1 1
2140 % 0.5 0.6 0.5 0.2 0.2 0.2

4.1.2 The vertical structure of RHi in midlatitude cirrus

An important aspect of every cloud is its vertical structure. To study it, I defined the cloud top
and cloud base heights for each measured cloud at each timestep. Then I split each cloud into
percentiles, each representing a horizontal slice of the cloud. Each data point is grouped into a
percentile based on its relative distance to the cloud top. The 10™ percentile indicating 10 % of
the cloud’s total depth, 50 percentile being down to cloud middle and 100" percentile the cloud
base. This way the absolute altitudes and individual cloud depths are removed as factors and the
vertical structure can be studied universally. Each cloud slice/percentile contains a certain amount
of data points with various RHi values. These values are distributed in the bins defined in



Sect. 3.5 and Fig. 3.10, representing the subsaturated (RHi < 100 %), low HET (100 % < RHi <
120 %), high HET (120 % < RHi < 140 %) and HOM (RHi > 140 %) regimes. The results of this
analysis are shown in Fig. 4.2.
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Figure 4.2: Probability densities of RHi as a function of location relative to cloud top. For every
cirrus the cloud top and base are defined. From these each cloud is split into percentiles
i.e. zones each representing an additional 10 % of total cloud depth starting from the
cloud top. The RHi values included in each percentile are grouped into four bins: RHi
< 100% or subsaturated data, RHi 100% - 120 % representing the low HET regime
with easily activated INP, RHi 120% - 140 % representing the high HET regime with
INP needing higher supersaturations to become activated and RHi > 140 % including
supersaturations that would allow HOM nucleation. Example: the bin from the 20™
to the 30™ percentile contains the probability of occurrence of RHi in four bins in a
slice of the cloud located 20 % to 30 % of the distance between cloud top and cloud
base.

The topmost layer of the measured clouds appears to be populated mainly by supersaturated RHi
with similar probabilities for the three regimes representing the low and high HET and HOM
nucleation. The cloud top area of the clouds from 10 down to 30 % cloud depth consists
predominantly of high supersaturations reaching values over 140 %, which would suffice for HOM
nucleation to take place. From there the probability density of the HOM regime gradually
decreases while subsequent lower RHi regimes become dominant. More specifically, from 30 % to
40 % cloud depth RHi values in the HOM regime remain frequent, but it is the high HET regime
that is the most frequent. Around cloud middle, from 40 to 60 % of the total cloud depth, the low
HET regime becomes the most dominant. From there and down to cloud base supersaturation



62 Results

becomes gradually less frequent, especially on the higher end of the RHi range, and the clouds
become predominantly subsaturated.

The structure described above indicates that nucleation of new ice crystals likely takes place near
the cloud top. The subsaturated cloud base is a sign that ice crystals are capable of surviving over
longer periods of time in a subsaturated environment before completely melting or sublimating.
The rather distinct layering of RHi in the clouds can be interpreted as a result of weak mixing
inside them with a slight updraft supplying moisture to the upper levels for new ice formation and
the heavy ice crystals subsequently falling due to gravity.

4.1.3 In-situ and liquid origin cirrus over the midlatitudes

As already discussed in Sect. 3.8.1, midlatitude cirrus clouds can be characterized as in-situ formed
or liquid origin, depending on their formation process. In-situ cirrus form directly as ice clouds at
high altitudes, whereas liquid origin cirrus stem from a liquid predecessor cloud. Depending on
the origin of the clouds, in-situ or liquid, different nucleation processes might have taken place
resulting in clouds with different properties and effects. In order to investigate this, the cirrus
clouds measured during the ML-CIRRUS campaign were separated into the two groups and a
statistical analysis was performed. The results of this analysis are presented hereafter.
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0 0
200 in-situ 10 200 in-situ 10
in-cloud cloud-free
107!
*
107! 2100
I
4
1072
9 1072 5) 1073
05 210 215 220 225 230 235 05 210 215 220 225 230 235
Temperature [K] Temperature [K]
0 0
200 liquid-origin 10 200 liquid-origin 10
in-cloud cloud-free
175 . =,
150
-1
_ 125 10
*
10-1 100}
I
= 75
1072
50
25 25
c)
E 1072 103
05 210 215 220 225 230 235
Temperature [K] Temperature [K]
—— HOM nucleation threshold ---- HET nucleation threshold CS —-—- HET nucleation threshold MD =+ ice saturation

Figure 4.3: PDFs of RHi with respect to ambient temperature. a) in-situ in-cloud data points. b)
cloud-free data points around in-situ cirrus. ¢) liquid-origin in-cloud data points. d)
cloud-free data points around liquid-origin cirrus. For a detailed explanation of the
plots and thresholds see Fig. 4.1 and Sect. 3.5.



Fig. 4.3 consists of four panels depicting the probability densities of RHi with respect to ambient
temperature for the in-cloud and cloud free areas of the in-situ formed and liquid origin clouds
respectively. Each panel also includes the ice saturation threshold, as well as two HET and one
HOM nucleation thresholds. These have been described in detail in Sect 3.5. Cloud-free air can
evidently not be classified as in-situ or liquid origin, despite that the terms in-situ and liquid origin
cloud-free are used for simplicity to describe the air adjacent to in-situ and liquid origin clouds
respectively.

Starting with the results of the analysis for the in-situ cirrus in-cloud region (Fig. 4.3a), it is
evident that they are more frequently measured at temperatures below 225 K. The probability
density is the highest for temperatures between 215 K and 218 K and RHi between 70 % and
100 %. The peak of the distribution is at 217 K and an RHi of 90 %. Interestingly, there is a high
probability density for RHi below saturation. Supersaturation is mostly found for temperatures
below 220 K but RHi values remain predominantly below the low HET threshold. The liquid
origin cirrus on the other hand are mostly measured at warmer temperatures above 214 K
(Fig. 4.3b). The highest probability densities are detected for temperatures between 221 K and
227 K and RHi between 90 % and 105 %. The peak of the probability density is at 225 K and
100 % RHi. Most of the liquid origin in-cloud data have RHi values around saturation.
Supersaturations up to the low HET level are frequent almost throughout the whole temperature
range. The high HET threshold is reached more frequently than for the in-situ formed cirrus but
probabilities still remain low.

Comparing Fig. 4.3a and ¢ with Fig. 4.1a, it becomes evident that the two peaks noted in the RHi
distribution of the whole dataset, closely resemble the in-situ and liquid origin cirrus types.
In-situ cirrus being colder than liquid origin but the latter being more frequently supersaturated.

Regarding the cloud-free data points around in-situ cirrus (Fig. 4.3b), they reach temperatures as
low as 207 K and are mostly subsaturated. The cloud-free data points in the vicinity of liquid
origin cirrus are mostly measured in warmer temperatures, above 215 K (Fig. 4.3d). RHi once
again remains mostly below saturation. Contrary to the in-situ cirrus, supersaturations up to the
MD activation threshold are somewhat frequently detected. The structure resembling a coma,
seen on the cloud-free areas of both the in-situ and liquid origin cirrus most probably stems from
data measured in the stratosphere or the tropopause as has already been discussed in Sect. 4.1.1.

The distributions presented in Fig. 4.3 are complimented by the statistics in Table 4.1, providing
also a more quantitative perspective. Delving directly into the supersaturation percentages, it is
shown that around 31 % of the in-situ and 36 % of the liquid origin in-cloud data points are
supersaturated with respect to ice. This difference is localized mostly in the lower supersaturation
range for RHi below 120 %, where 32 % of the liquid origin in-cloud data are found compared to
almost 27 % of the in-situ. For higher supersaturations in the high HET and HOM regimes the
differences between the two cirrus types are minimal. 3.4 % of the in-situ and 3.3 % of the liquid
origin cirrus have RHi values between 120 % and 140 % and for RHi over 140 % the probabilities
are 0.6 % and 0.5 % respectively.

A similar picture is painted for the cloud-free areas around in-situ and liquid origin cirrus. The
cloud-free air around liquid origin cirrus is more frequently supersaturated, 7.5 % compared to in-
situ, 5.7 %. The difference is once again greatest in the low HET regime with 6.3 % and 4.5 % for
liquid origin and in-situ respectively. 1.1 % of the in-situ cloud-free data and a similar 1 % of the
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liquid origin have RHi values from 120 % to 140 %. A mere 0.2 % for both in-situ and liquid origin
cloud free data is found in the HOM regime.

For the statistical analysis and the results presented in Fig. 4.3 and Table 4.1, a maximum
uncertainty of 10 - 15% for the calculated individual RHi values should be kept in mind, as already
described in Sect. 3.6. This uncertainty stems from the used temperature fields in the calculation
of the RHi. Assuming, that ECMWF does not systematically over- or underestimate the
temperatures for in-situ formed or liquid origin clouds, the statistics for the two cloud types are
subject to the same random error making the distributions comparable. Following the same
assumption, that the temperature deviations causing the uncertainty occur randomly for various
clouds measured during the different research flights, the uncertainty for the distribution is further
reduced. Given that 12 lidar legs with in-situ clouds and 13 with liquid-origin clouds are analyzed,
the error for the mean value of the distribution for the two cloud types for example reduces to
4.3 % and 4.2 % respectively.

Comparison of the vertical structure of RHi in in-situ and liquid origin cirrus

In Figure 4.4 the vertical distribution of RHi within in-situ formed and liquid origin cirrus is
presented in a manner same to what was explained in Sect 4.1.2, Fig. 4.2. At first glance the two
distributions look similar to each other and to the one shown in Fig. 4.2. The cloud tops for both
cloud types are mostly supersaturated, frequently including RHi values in the HOM regime. These
high RHi gradually become less frequent while the high HET, low HET and subsaturated regimes
gradually take over moving towards the cloud base.

A more careful analysis however reveals some differences between the two cirrus types. Starting
from the cloud tops, the first 10 % for the liquid origin clouds are supersaturated, including an
almost equal probability of RHi in all three supersaturated regimes. For the in-situ formed cirrus
on the other hand the cloud top is a mixture of sub- and supersaturated RHi, including values
over 140 % and under 100 %. From 10 % down to 30 % cloud depth both cirrus types are
dominated by very high supersaturations in the HOM regime. While the high HET regime becomes
dominant in the next section from 30 % to 40 % cloud depth. Around cloud middle, 40 % to 60 %
cloud depth, the characteristics of the two cirrus types differ. While liquid-origin cirrus continue
the expected behavior, i.e. the low HET regime taking over as the most dominant, in-situ formed
cirrus appear to become mainly subsaturated with a marginally higher frequency compared to the
low HET regime. Continuing deeper towards the cloud base, liquid origin cirrus still follow the
expected tendency and become subsaturated. In-situ formed cirrus on the other hand remain
marginally dominated by the subsaturated regime closely followed by the low HET down to 80 %
cloud depth, at which point the low HET regime becomes dominant with the subsaturated having
a slightly lower probability density.
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Figure 4.4: Probability densities of RHi in relative location to cloud top. a) in-situ formed clouds.
b) Liquid origin clouds. A description of these type of plot is given in Fig. 4.2 and
Sect. 4.1.2.

4.1.4 Relative humidity in different cloud evolution stages

During some missions of the ML-CIRRUS campaign, specific cloud systems were targeted and
probed over an extensive period of time. This provided an opportunity to study the temporal
evolution of cirrus clouds and more specifically the changes in RHi through various stages of the
cloud’s lifetime. Here I present, two cases where the flight strategy allowed for this type of analysis.

Case 1: Mesoscale Convective System

The first case consists of lidar legs 1 and 2 of Mission 6 of the campaign conducted on 29/03/2014
over the West Mediterranean. Measured during these legs was a multicell thunderstorm evolving
into a Mesoscale Convective System (MCS). The flight was conducted in such a way that young,
mature and dissipating clouds of the same system were measured. Further details on the mission
can be found in Sect 3.3, Table 3.4 and Voigt et al., 2017, their Table 3.

In Fig. 4.5 the BSR curtains captured by WALES during this mission are presented. Leg 1 is
further split into two parts representing different cloud evolutionary stages. The first part (pl)
contains young newly formed cells and the second part (p2) contains the central mature cell of
the system. On leg 2, a third part is identified (p3) which includes the aged dissipating clouds in
the outflow of the system. The temporal jump between the two legs is due to in-situ measurements
that were performed requiring HALO to fly inside the clouds at lower altitudes where lidar
measurements were not possible.

For each one of the three parts of this cloud system, the frequency distribution of RHi was
calculated. Additionally, in order to gain insights on the characteristics of the vertical structure
inside the clouds during their lifetime, each part was split into slices with a depth of 500 m. The
RHi distributions were also calculated for each layer. The total, as well as the vertically layered
RHi distributions for each part are presented in Fig. 4.6.
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The first part of this multicell thunderstorm (pl), which includes the young newly formed cells,
has an overall RHi mode of 95 % and a positive skewness of 1. High supersaturations reaching
over the usual threshold for HOM nucleation are measured. With respect to the vertical structure,
the very top of the young cells is dominated by very high supersaturations. Deeper into these
clouds the mode of the RHi distributions gradually drops to saturation and slightly below at cloud
base.

The main cell of the system (p2), has an RHi mode of 118 % and a skewness of 2.7. The majority
of the data are supersaturated and reach high RHi values in the HOM regime. Unfortunately, only
a few layers of this cell could be measured with the lidar. They all share similar RHi distributions
with high supersaturations. Judging from Fig. 4.2 and 4.4, the lower parts of the cloud, which are
missing here, would be the ones probably with lower supersaturations or even subsaturation. The
absence of measurements in these lower cloud layers might explain the very high RHi values of
the main cell.

Finally, the third part (p3) including the aged dissipating clouds of the system has an RHi mode
at around saturation and no skewness. High supersaturations allowing for nucleation of new ice
crystals are present but a large part of these clouds is subsaturated indicating dissipation, Through
the vertical layers the modes of the distributions move gradually from supersaturation to
subsaturation, while the shape of the distributions remains similar, near Gaussian.
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Figure 4.5: Backscatter Ratio (BSR) measured by WALES Lidar at 532nm (color-coded). Two
lidar legs performed during Mission 6 of the ML-CIRRUS campaign on 29/03/2014
over the West Mediterranean, depicting a mesoscale convective system. P1 contains
two towering convective cells. P2 contains the main convective cell. P3 depicts the
outflow of the system. The white regions at cloud top are a result of saturation of the
detector. The clouds in pl and especially p2 are not fully depicted and only the top
portions of the cloud could be measured by the lidar system.
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geometrical depth of the measured cloud.

Case 2: Warm Conveyor Belt

The second case chosen to be analyzed was performed following a flight strategy specifically
selected to study the evolution of airmasses with time. More precisely, the case is the lidar leg of
Mission 14 of the campaign conducted on 11/04/2014 over the United Kingdom and Belgium
(Sect 3.4, Table 3.4 and Voigt et al., 2017, their Table 3). The targeted system was the outflow
of a warm conveyor belt (WCB). To study the evolution of this system, a quasi-Lagrangian
approach was selected. The flight path of the aircraft coincided with the movement and evolution
of the cloud system, by following the geopotential lines of the WCB, thus allowing for the
measurement of clouds from a single system over time.

The BSR curtain of the WCB as measured by WALES is shown in Fig. 4.7. Once again, the
curtain is split into three parts, pl, p2 and p3. Since HALO conducted this flight starting near
the center of the WCB where cloud formation is stronger, moving to the edge of the system along
the axis of the outflow, pl is considered to be younger and p3 the oldest, including clouds that
have formed many hours earlier. The total and layered RHi distributions are once again calculated

for layers with a 500 m depth, between cloud base and cloud top. The results are presented in
Fig. 4.8.

P1 of the WCB outflow, has an RHi mode of 95.5 % with a positive skewness of 1.5. High
supersaturations are reached especially on the upper layers of the system. The second, slightly
older part (p2) has a slightly lower RHi mode around 94 % with no skewness. The vertical
structure is rather uniform throughout the cloud with modes around saturation or slightly
subsaturated and near zero skewness throughout. Only low supersaturations are detected
throughout the cloud. Finally, p3, the furthest from the center of the system and thus oldest, has
a subsaturated mode of around 83 % and a slightly negative skewness of -0.3. Vertically the layers
are similar to each other as well as the overall RHi distribution.
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Figure 4.7: Backscatter Ratio (BSR) measured by WALES Lidar at 532nm (color-coded).
Measurement performed during Mission 14 of the ML-CIRRUS campaign on
11/04/2014 over the United Kingdom and Belgium, depicting the outflow of a Warm
Conveyor Belt (WCB). The flight was conducted in a semi-Lagrangian manner,
following the axis of the evolution of the system. P1, P2 and P3 include clouds in
different phases of aging from young to old, respectively.
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Figure 4.8: PDF of in-cloud RHi in vertical layers with 500m depths from cloud bottom to cloud
top. From left to right pl-Young phase, p2-Mature phase and p3-Dissipating phase, in
accordance to Figure 4.7. The number of layers differs depending on the depth of the
cloud.



4.2 Characteristics of supersaturation of cirrus clouds
over the arctic

The arctic is a region significantly different to the midlatitudes. Less dynamical systems, less air
traffic density, less aerosol emissions and moisture and colder temperatures are some of the
differences. Despite that, cirrus clouds still play an important role over the arctic. It is speculated
that they are a contributor to the phenomenon of arctic amplification, i.e. the accelerated warming
of the arctic over the past decades. Many questions regarding the formation processes of cirrus in
the cold, clean and dry arctic environment, their properties, their effects and feedback processes
remain open.

In this rather stable region where, as already mentioned dynamical weather systems are rare,
warm air intrusions (WAI) can quickly and dramatically change the ambient conditions. During
a WAIT event, warm, moist and aerosol rich airmasses are meridionally transported into the arctic
from the midlatitudes. The dramatic change in ambient conditions is likely also affecting the cirrus
clouds that form there. Unfortunately, the arctic is a region where studies of cirrus clouds are not
easily performed and especially the effects of WAI on high latitude cirrus clouds are largely
unknown. I used the measurements conducted during the HALO-(AC)? campaign in order to study
high latitude cirrus clouds under these two different conditions and present my findings in the
following.

4.2.1 Distribution of RHi in and around cirrus over the arctic

During the HALO-(AC)? campaign the WALES lidar system was used to measure cirrus clouds
in the arctic. The collected data were analyzed and the results of this analysis are presented in
this and the following subsections. They are presented in a fashion similar to the analysis of
midlatitude clouds in Sect 4.1, in order to warrant an easier comparison between the cirrus
detected over the two regions. Thus, once again first a statistical analysis of the whole data set,
is provided, allowing for a general description of RHi within and around cirrus clouds in the high
arctic.

As described in Sect. 3.7, a cirrus cloud mask is applied on each lidar curtain/measurement
defining an in-cloud, near-cloud and cloud-free area. Fig. 4.9 contains the probability densities of
RHi with respect to the ambient temperature for the three areas. Understanding of the presented
results is aided by four thresholds included on each panel. These are the ice saturation threshold
at RHi = 100 %, over which ice crystals may form and persist, the activation thresholds for
heterogeneous nucleation on mineral dust (MD) and coated soot (CS), as well as the threshold for
homogeneous nucleation (HOM). Details on these thresholds are provided in Sect 3.5.

The in-cloud data of the cirrus measured in the arctic, cover a temperature range between 200 K
and 265 K (Fig. 4.9a). The distribution resembles a band along almost the whole temperature
range. The lower end of this band is at an almost temperature independent RHi of 80 %. The
upper limit closely follows the angle of the activation threshold for CS. Higher supersaturations
are detected at lower temperatures. The majority of the data is found for temperatures between
218 K and 258 K at around RHi saturation. The maximum of the probability density is at a
temperature of 246 K and an RHi of 99%.
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Figure 4.9: Probability densities of the Relative Humidity over ice (RHi) with respect to ambient
temperature. Calculated for the data points in the: a) in-cloud area b) near-cloud area
¢) cloud-free area. The bin sizes are 0.5 K and 1 % RHi. The dotted line depicts the
ice saturation threshold at RHi = 100 %. The dash-dotted line is the low threshold for
heterogeneous nucleation (HET). The ice nucleating particle (INP) for this threshold
corresponds to mineral dust (MD), which is efficient as an initiator of ice formation.
The dashed line represents the high threshold for HET nucleation. Here the INP
corresponds to coated soot (CS), which is not activated as easily as mineral dust. The
solid line indicates the threshold over which homogeneous nucleation (HOM) can take
place.

Supersaturation is detected almost throughout the whole temperature range, with higher RHi
found at lower temperatures. Most of the supersaturated data are found up to the activation
threshold for MD and also with a high probability of detection. RHi values up to the activation
threshold of CS are also frequently detected. It is remarkable how well the RHi distribution follows
the angle of the CS activation threshold. The probability density drops sharply for RHi values
closer to the HOM threshold.

The near-cloud area immediately bordering the cloud edges is an interesting and active region.
The probability density of RHi with respect to ambient temperature in this region is plotted in
Fig. 4.9b. The temperature range is same to the in-cloud data and so is the shape of the
distribution on the supersaturated end. The distribution matches the angle of the higher HET
threshold frequently also exceeding it. A striking difference to the in-cloud data is that the majority
of the distribution here is subsaturated frequently reaching very low values down to 0 % RHi. The



maximum probability density is found at an RHi of 95 % and a temperature of 243 K, very close
to that of the in-cloud data.

Despite the large amount of subsaturation, supersaturation is also frequent and in fact similar to
the in-cloud and even more frequent. Supersaturation is found almost throughout the whole
temperature range. At lower temperatures higher RHi are detected with the distribution once
again being shaped along the angle of the activation threshold for CS. This threshold is also
regularly exceeded but with a lower frequency.

The data collected in the cloud-free areas around cirrus clouds are as expected mostly subsaturated
(Fig. 4.9¢). The maximum of the probability density is found at a mere 1 % RHi and a temperature
of 228 K. Supersaturation is very rare and is practically limited to below the activation threshold
of MD.

A more quantitative perspective on the distribution of RHi for the in-cloud, near-cloud and
cloud-free areas of cirrus measured in the arctic, is included in Table 4.2. There I confirm that
more than half of the in-cloud data, and more specifically 55.92 %, are supersaturated. The
majority of the supersaturated data are in the regime of HET nucleation and more precisely in
the lower bin of this regime. 52.02 % are found with RHi < 123 % and 3.75 % between RHi 123
% and 147 %. The HOM regime is the least populated with a probability of 0.15 %.

The near-cloud data have a supersaturation probability of 23.4 %, but a pattern similar to the
in-cloud data is followed. The bulk of the supersaturated data is located in the low HET regime
(probability 21.04 %). In the high HET regime, the probability of detection is at 2.17 % and 0.19
% of the data are found in the HOM regime. Finally, the cloud-free data have a very low
probability of supersaturation at 0.68 %, which is almost exclusively found in the low HET regime
(0.66 %). RHi probability in the high HET regime is just 0.02 % and in the HOM regime it is
practically zero.

Table 4.2: Probabilities of RHi for the in-cloud, near-cloud and cloud-free regions of the cirrus
clouds measured during the HALO-(AC)?* campaign.

In-cloud Near-cloud Cloud-free
## of data points 1,629,592 2,829,912 5,996,555

RHi supersaturation probability [%]
RHi > 100% 55.92 23.4 0.68

RHi probability [%)]

HET (100 % - 147 %) 55.77 23.21 0.68
Low HET (100 % - 123 %) 52.02 21.04 0.66
;?)gh HET (123 % - 147 3.75 217 0.02

HOM ( > 147 %) 0.15 0.19 0.00
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4.2.2 Vertical structure of supersaturation in arctic cirrus clouds
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Figure 4.10: Probability densities of in-cloud RHi in a relative location to the cloud top for all
cirrus measured in the arctic during the HALO-(AC)? campaign. Every cloud is split
into ten percentiles from cloud top to cloud base and for each percentile the
probability densities of each RHi are calculated in four RHi bins. Details regarding
the RHi bins and overall explanation of this type of plot can be found in Sect. 3.5.

Fig. 4.10 showcases the vertical distribution of RHi within the cirrus clouds measured in the arctic.
For each timestep of every measurement, the cloud top and base are defined based on the cloud
mask. The total dept of each cloud is split into percentiles, leading to horizontal slices of the cloud,
each containing 10% of the in-cloud data, at a different cloud depth. The probability densities for
the RHi in each slice are calculated in four bins representing the ability of different nucleation
processes to take place: subsaturated (RHi < 100 %), low HET (100 % < RHi < 123 %), high
HET (123 % < RHi < 147 %) and HOM (RHi > 147 %).

From Fig. 4.10, it is evident that the cloud tops of the cirrus measured in the arctic, down to a
cloud depth of 20 %, are mostly populated by data with high supersaturations warranting HOM
ice nucleation while the bins with lower RHi have progressively lower probabilities. From there
and down to 40 % cloud depth, RHi is mostly detected in the high HET regime. At around cloud
middle, 40 to 50 % cloud depth, supersaturation is still the most dominant but RHi in the low
HET regime becomes slightly more probable followed by the high HET regime. From cloud middle
and down to cloud base subsaturation becomes increasingly more dominant. Interestingly the
probability density for RHi in the HOM regime also steadily increases again below cloud middle
and even becomes significant at cloud base.



4.2.3 Cirrus clouds in the arctic under AC and WAI conditions

Warm Air Intrusions (WAI), the meridional transport of warm, water-vapor- and aerosol-rich
airmasses into the arctic from the midlatitudes, are identified as one of the contributors to arctic
amplification, i.e. the accelerated warming of the arctic. They transfer sensible heat and great
amounts of water vapor -a strong greenhouse gas- into the arctic and thus can lead to an altering
of the characteristics of the arctic troposphere, potentially also affecting the cirrus clouds that
form there (Doyle et al., 2011; Stramler et al., 2011; Park et al., 2015; Woods and Caballero, 2016;
Binder et al., 2017; Dahlke and Maturilli, 2017; Liu et al., 2018; Pithan et al., 2018; Hartmann et
al., 2019, 2021; Beer et al., 2022; Dada et al., 2022). In order to study these effects on the arctic
atmosphere and cirrus, I classified each research flight of the HALO-(AC)? campaign and the
respective cirrus clouds as either being measured under undisturbed arctic (AC) conditions
(AC cirrus) or during WAT conditions (WALI cirrus). The flight tracks and measured water vapor

for the two groups are shown in Fig. 4.11. Details on the campaign and methodology are provided
in Sect 3.4.
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Figure 4.11: Maps containing the total column water vapor mixing ratio measured along the flight
tracks of the research flights conducted during the HALO-(AC)? campaign. Left:
Flights conducted under undisturbed arctic conditions (AC). Right: Flights
conducted during an active Warm Air Intrusion (WAI) event. Background map tiles,

borders and coastlines from Natural Earth (naturalearthdata.com). License: Public
domain.

The high arctic under AC and WAI conditions

A first step to understanding how the characteristics of cirrus clouds in the arctic are altered
during a WAL is to study how the ambient conditions change during such events. For this, I used
the water vapor mixing ratio measurements performed by WALES along the flight tracks, as well
as the temperature and water vapor data from the ERA-5 reanalysis dataset. I defined a box with
coordinates -30 E to 30 E and 70 N to 85 N in which the HALO-(AC)? campaign flights were
performed and calculated the means for each of the two groups: AC and WAI For the temperature
data from ERA-5 the pressure levels at 250, 500, 850 and 100 hPa were used. For the vertical



74 Results

information on the water vapor mixing ratio from WALES, 3-km deep layers from 0 to 12 km
altitude were defined. The results from the analysis of the water vapor and temperature data from
WALES and ERA-5 are presented in Table 4.3.

Starting with the total column water vapor and temperature data from ERA-5, it is confirmed
that, during WAI events the high arctic is on average warmer and contains higher amounts of
water vapor. More specifically, the average total column water vapor in the area of interest doubles
from 3.4 to 6.9 kg - m™? during AC and WAI conditions respectively. As for the temperature, an
average surface warming of 10 K is detected during WAIs. From near surface and up to the 500
hPa level, WAIs cause on average warming, the magnitude of which gradually becomes smaller.
At the 250 hPa level a cooling by 3 K is detected for the WAI group.

The water vapor measurements from WALES are in accordance with the findings from the
ERA-5 data. A mean water vapor mixing ratio of 888 ppm is measured along the flight tracks of
research flights performed under WAI conditions, compared to 352 ppm for flights under AC
conditions. On the vertical axis, the amount of water vapor steadily decreases from the surface to
the upper troposphere. Research flights performed under WAI conditions had a higher average
water vapor mixing ratio by around 2.5 times, compared to the AC flights on all four defined
layers from 0 to 12 km altitude.

Table 4.3: Differences in available water vapor and ambient temperature during research flights
of the HALO-(AC)? campaign under arctic (AC) and warm air intrusion (WAI) conditions.
Overview from both ERA-5 reanalysis data and data from WALES measurements. Results

presented in mean values over the defined areas with standard deviation.

AC WAI WAI-AC Difference %
ERA-5 means
Total column water vapor
(ke - m?) 34+04 69419 3.5 L03.3
Temperature (K) at:
250 hPa 219 + 5 216 + 6 -3 -1.6
500 hPa 237 £ 2 242 + 4 ) 2.2
850 hPa 257 + 1 266 £+ 3 8 3.2
1000 hPa 260 + 1 270 £ 4 10 3.8
WALES means
Total water vapor mixing ratio 359 £ 93 888 4 980 536 159.4
(ppm)
Water vapor mixing ratio (ppm)
for:
9-12 km 8+ 2 22 + 10 14 171.0
6-9 km 70+ 32 177 £ 49 107 152.0
3-6 km 382+ 107 908 + 183 526 137.4

0-3 km 947 4+ 149 2446 + 528 1499 158.3




Geometrical and optical characteristics

HALO-AC3 13/03/2022 Flight: RFO3
HSRL Backscatter Ratio at 532 nm || Polarisation (Regridded)

— . n . ‘ 1 #212.6
Eviggy i ol i o P
= o i v a N 1356
OB ) | el ' | 11196
'g N ] 1 | |" t !’% 10.8
T [% i | S gg
< 0: "'v“' - il NS shey TERS "“ g %8
09:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 :
UTC Time [hh:mm]
HALO-AC3 11/04/2022 Flight: RF17
HSRL Backscatter Ratio at 532 nm || Polarisation (Regridded)

—10F 1 #212.6
| 1172
| 64.6
3, f58
S 5¢ 10.8
= g.g
" o 5

- =y - et e g
10:0 11:00 12:00 13:00 14:00 15:00
UTC Time [hh:mm]

Figure 4.12: The BSR measured by WALES via the HSRL method at 532 nm for a) RF03
conducted on 13/03 during an active WAI event and b) RF17 conducted on 11/04
under undisturbed arctic conditions. Characteristic during the WAI are the lower
level clouds found at altitudes up to 4 km, as well as the greater geometrical extent
of WAI cirrus, which also reach up to higher altitudes. The black contours and line
represent the parameters of the cirrus cloud mask.

Having established that during WAI events the ambient conditions in the arctic change
significantly compared to AC conditions, I move onto the analysis of the cirrus clouds in the two
groups. I start with the geometrical and optical characteristics of cirrus clouds measured under
AC and WATI conditions. The results of this analysis are summarized in Table 4.4.

Starting with the average geometrical depth, AC cirrus are found to be thinner than WAI cirrus
having mean cloud depths of 2037 m and 3141 m respectively. The average cloud base height of
WAL cirrus is higher than that of AC cirrus by 652 m (4990 m and 4338 m respectively), but the
average cloud top altitude of WAT cirrus is higher by an even bigger margin (1755 m) compared
to AC cirrus, with 8131 m and 6376 m respectively. Thus, the greater average cloud depth for
WAI cirrus stems mainly from them extending higher into the troposphere, than having formed
lower.
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Regarding the study of geometrical depths an implication must be kept in mind. For some clouds
the actual cloud base might be filtered out by the applied cloud mask, or more importantly during
some measurements, the lidar signal can become completely attenuated or the receiver completely
saturated, which can lead to the actual cloud base not being measured. In those cases, the lowest
available data point is considered as the cloud base by the algorithm. The HAMP (HALO
Microwave Package) cloud radar (Ewald et al., 2019), which was performing simultaneous
measurements with WALES, does not have this problem. For this reason, the cloud base heights
that were defined from the lidar measurements were compared to the ones measured by HAMP.
An average difference (WALES -HAMP) of 388 m for WAI cirrus and -118 m for AC cirrus was
detected.

Following the methodology described in Sect. 3.5, the average optical depths for the AC and WAI
cirrus were also calculated, based on the lidar measurements. As shown in Table 4.4, WAI cirrus
are found to have on average an almost two times greater optical depth than AC cirrus. The exact
values being 2.48 and 1.39 respectively.

Table 4.4: Differences in cloud geometric and optical characteristics during research flights of the
HALO-(AC)? campaign under arctic (AC) and warm air intrusion (WAI) conditions, based on
WALES measurements. Results presented as mean value of each parameter and group with
standard deviation.

AC WAI WAI-AC Difference %
85“(1 geometrical depth 2037 + 855 3141 + 734 1104 54.2
Cloud top height (m) 6376 + 1195 8131 + 1229 1755 27.5
Cloud base height (m) 4338 + 609 4990 + 1284 652 15.0
Optical depth 1.30 + 0.34 2.48 + 0.98 1.09 78.4

Distribution of RHi

In this subsection the differences in RHi between AC cirrus and WALI cirrus are presented (see
Sect. 3.8.2). More precisely the 2-D probability densities of RHi with respect to ambient
temperature for the in-cloud, near-cloud and cloud-free areas of the AC and WALI cirrus groups
respectively are calculated and presented in the six panels of Fig. 4.13. Plotted on each panel are
also four lines representing the ice saturation threshold at RHi = 100 %, as well as three
temperature dependent ice nucleation thresholds. Two thresholds for HET nucleation on mineral
dust (MD) and coated soot (CS) as INPs and one for HOM nucleation.

The probability density of RHi for the AC cirrus in-cloud data is highest at ice saturation
(RHi = 100 %) and a temperature of 242 K. The majority of the data are found around ice
saturation and for temperatures between 252 K and 212 K. RHi values are mostly above 75 %
throughout the whole temperature range. The MD activation threshold is very frequently reached
for temperatures down to 220 K. Over the MD threshold the probability of detection decreases
and is close to zero for RHi over the CS activation threshold and up to the HOM threshold.



The in-cloud data for WAI cirrus are detected on a wider temperature range than for the AC
cirrus, both on the warmer and the colder end, extending between 200 K and 262 K. The highest
probability density for RHi is once again at saturation (RHi = 99 %), but at a slightly warmer
temperature of 246 K. The range of RHi values is also broader for WAI cirrus. On the lower end
the distribution has a rather flat temperature-independent cut-off. The majority of the data is
found over 70 % RHi. On the higher end, RHi values follow the CS activation threshold, thus also
reaching up to higher supersaturations at colder temperatures. Data points up to and over the
HOM nucleation threshold are rare but more frequent than for AC cirrus. WAI cirrus are found
to be generally more frequently supersaturated. The MD threshold is exceeded throughout a larger
temperature range and RHi up to the CS activation threshold are also more common throughout
the temperature range down to 202 K. WAI cirrus in-cloud data are also more frequently detected
with RHi over the CS activation threshold compared to AC cirrus and even over the HOM
threshold, although here the probability remains very small.

The near-cloud areas around AC and WAI cirrus (Fig. 4.13b & e) have similar temperature ranges
to their respective in-cloud data, i.e. warmer and colder temperatures for the WAI group, with
the difference that both have higher probabilities at colder temperatures compared to their
respective in-cloud. Both AC and WATI cirrus have the majority of their data below saturation,
although high supersaturations are also frequent. More specifically the near-cloud area around AC
cirrus is most frequently between 208 K and 246 K and subsaturated. Supersaturations up to the
MD activation threshold remain frequent and also extend to colder temperatures than for the
in-cloud area. The CS activation threshold is reached mostly for temperatures between 250 K and
220 K. RHi values over the CS threshold are very rare and even less frequent over the HOM
threshold. The near-cloud area of the WAI cirrus, is also strongly dominated by RHi values below
saturation with high probability densities even at RHi close to 0. Despite that, supersaturation is
also present. The probability density for RHi over the MD threshold and up to the CS threshold
is high throughout the whole temperature range. Near-cloud data of WAI cirrus are also frequently
detected over the CS threshold and even over the HOM threshold. The probability of high
supersaturation is noticeably higher for WAI cirrus near-cloud data compared to AC cirrus near-
cloud and even compared to WAI in-cloud data.

The cloud-free areas around AC and WAI cirrus also share similar temperature ranges to the
respective in-cloud and near-cloud areas, with WAI cirrus having a wider temperature range on
both ends. For both AC and WAI cirrus most of the cloud-free data are subsaturated down to
very low RHi values close to 0. The very few supersaturated data for the cloud-free area around
AC cirrus reach mostly up to the MD activation threshold. For the WAI cirrus supersaturation
seems to be even less frequent but there are some sporadic data reaching higher RHi even to the
CS threshold. The HOM regime is practically not populated for any of the two cirrus types.

A more quantitative, temperature and INP independent scope of the characteristics of RHi is
provided in Table 4.5. Once again, the in-cloud, near-cloud and cloud-free data for AC and WAI
cirrus groups are analyzed and the probabilities of RHi are calculated in four regimes:
subsaturated, low HET, high HET and HOM. Here the two HET regimes are defined based only
on the RHi and are not connected to specific INP. The regimes are not indicative of a specific
nucleation process, but contain RHi values at which HET and HOM nucleation could be possible.
For details see also Sect. 3.5.
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Figure 4.13: Probability densities of Relative Humidity over ice (RHi) with respect to temperature

for: a) Cirrus clouds measured under arctic conditions (AC cirrus), in-cloud b) near-
cloud area around AC cirrus c) cloud-free area around AC cirrus d) Cirrus clouds
measured under WAI conditions (WAI cirrus), in-cloud e) near-cloud area around
WAL cirrus f) cloud-free area around WALI cirrus. Panels ¢) and f) have a different
range in the color scale than the other panels, but same to each other. The bin sizes
are 0.5 K and 1 % RHi. The contour lines represent the 0.25, 0.5 and 0.85 probability
contours in black, grey and white respectively. The dotted line represents the ice
saturation threshold (RHi = 100 %). The dash-dotted line corresponds to the
threshold for heterogeneous nucleation (HET) with mineral dust (MD) as the INP.
The dashed line is the threshold for HET nucleation with coated soot (CS) as INP.
The solid line denotes the threshold for homogeneous nucleation (HOM).

Table 4.5: Probabilities of RHi for the in-cloud, near-cloud and cloud-free regions of the AC and
WALI cirrus groups.

In-cloud Near-cloud Cloud-free
AC WAI AC WAI AC WAI
# of data points 687481 942,111 1,627,000 1,202,003 4,378,911 1,617,644
RHi probability [%]
= 100% 53.91 57.39 92983 2418 0.69 0.64
RHi probability [%)]
HET (100 % - 147 %) 53.87 57.15 92.80 93.78 0.69 0.64
Low HET fr e i
51, 5912 99.02 19.72 . .
(100 % - 123 %) 51.88 ; 0 9.7 0.68 0.60
High HET 1.99 5.03 0.78 4.06 0.01 0.04

(123 % - 147 %)

HOM (= 147 %) 0.04 023 0.04 0.41 0.00 0.00




From Table 4.5 it is confirmed that the in-cloud area for both AC and WALI cirrus is most
frequently supersaturated with a higher percentage for WAI cirrus, 57.39 % compared to AC
cirrus, 53.91 %. For AC cirrus the majority of the data is found in the HET regime, 53.87 %, and
more specifically the low HET regime, 51.88 %. The high HET regime, including RHi values from
123 % to 147 %, has a probability of 1.99 % and only 0.04 % of the data are in the HOM regime.
Similar is the case for the WAI in-cloud data. The majority of the data are found in the HET
regime, 57.15 %, and more specifically the low HET regime, 52.12 %, with probabilities reducing
gradually for the high HET, 5.03 %, and HOM regimes, 0.23 %. When comparing the two cloud
types it is apparent, that WAI cirrus have higher probabilities in all four regimes with differences
being greater for the high supersaturations at the high HET and HOM regime.

The near-cloud data around both AC and WAI cirrus are mostly subsaturated as they have a
supersaturation probability of 22.83 % and 24.18 % respectively. Similarly to the in-cloud data,
both cirrus types have the majority of their near-cloud data points in the HET regime and
specifically the low HET regime with probabilities significantly lower for the high HET and HOM
regimes. Also similar to the in-cloud area, WAI cirrus near-cloud data have higher probabilities
compared to AC cirrus in all supersaturation regimes bar one, the low HET. More precisely, near-
cloud data for WAI cirrus are more frequently in the HET regime, with 23.78 % compared to
22.8 % for AC cirrus. This comes as a result of the bigger difference they have in the high HET
regimes with probabilities of 4.06 % for WAI cirrus and 0.78 % for AC cirrus, as in fact AC cirrus
have a slightly higher probability in the low HET regime, 22.02 %, compared to 19.72 % for WAI
cirrus. In the HOM regime the probability is once again low for both cloud types but higher for
near-cloud data of WAI cirrus with 0.41 %, compared to 0.04 % for AC cirrus.

Finally, the cloud-free data around both AC and WALI cirrus are strongly subsaturated. Only
0.69 % for the AC cirrus and 0.64 % for the WAI cirrus are supersaturated. All of the
supersaturated data for both cirrus types are found in the HET regime, leaving the HOM regime
unpopulated. In the low HET regime AC cirrus have a slightly higher probability of 0.68 %
compared to 0.6 % for WAI cirrus. On the contrary, in the high HET regime, it is the WAI data
with a higher probability, 0.04 % against 0.01 % for the AC cirrus.

A two-sample t-test was performed on the data presented in Table 4.5 in order to verify the
statistical significance of the findings. Before performing the test, the variance, skewness and
kurtosis of each data group were calculated to verify its applicability. For all comparisons between
the two cirrus groups the test returned t-statistics above 0 and p-values less than 0.05 %.

Vertical structure of RHi inside AC and WAI cirrus

Figure 4.14 contains results regarding the distribution of RHi in AC and WAI cirrus on the vertical
axis. On the left side, the analysis is performed by defining the cloud base and cloud top of each
cirrus and then splitting the total extent of each cloud into slices, each containing 10 % of the
total cloud depth. The same method has been applied and explained more extensively in Sect 3.5,
4.1.2 & 4.2.2. On the right side of Fig. 4.14 the probability density of RHi with respect to altitude
is plotted for the in-cloud data of the two cirrus types.

Looking at the RHi distribution with respect to cloud depth (Fig. 4.14a & c¢), for both AC and
WAI cirrus, they are reminiscent of the overall structure presented in Fig. 4.10 and the midlatitude
cirrus described in Sect. 4.1. The cloud tops are mostly supersaturated with high RHi and the
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Figure 4.14: Left: Probability densities of in-cloud RHi in a relative location to the cloud top.
Every cloud is split into ten percentiles from cloud top to cloud base and for each
percentile the probability densities of each RHi bin (subsaturated, low HET, high
HET and HOM (see Sect. 3.5)) are calculated. Right: Probability densities of
in-cloud RHi with respect to altitude. Bin sizes are 2.5% RHi and 500 m altitude.
Top row: Cirrus clouds measured under AC conditions. Bottom row: Cirrus clouds
measured under WAT conditions.

cloud bases rather subsaturated. A more detailed inspection however does reveal differences
between the two cirrus groups.

AC cirrus are clearly dominated by high supersaturations in the HOM regime down to a cloud
depth of 20 %. Lower in the cloud the HOM regime becomes gradually less populated and the
high HET regime is the most dominant until 40 % cloud depth. From there and down to 60 % of
the total extent of the cloud, supersaturations in the low HET regime are the most frequent.
Between 60 % and 70 % cloud depth most of the data are subsaturated while low supersaturations
are still present. Moving down to the cloud base from there, subsaturation becomes increasingly
more dominant, while high supersaturations in the HOM regime also increase again.

Similarly, WAI cirrus are also dominated by high supersaturations in the HOM regime at the first
20 % of their total extent, although already after the first 10 % cloud depth lower supersaturations
in the high HET regime become significant. From 20 % cloud depth and down to cloud middle,
the high HET regime is the most dominant with its probability gradually decreasing. Already just
below cloud middle the subsaturated RHi are the most probable until cloud base. Interestingly,



the low HET regime also has a high contribution and even data in the HOM regime become once
again more frequent at cloud base.

As for the probability densities of RHi with respect to altitude (Fig. 4.14b & d), first the higher
vertical extent and thus also colder temperatures for WAI cirrus are confirmed. For AC cirrus it
is shown that at lower altitudes mostly below 5km subsaturation is the most frequent. As the
altitude increases, so do also the RHi values. Subsaturation becomes less probable while the
distribution is skewed to higher RHi. For WALI cirrus the lower altitudes are mostly around ice
saturation. From 3 km, which is the lower level introduced by the cloud mask (see Sect. 3.7), and
up to around 7.5 km the structure remains stable around saturation. From an altitude of 8 km
and up to 11 km there is a clear trend towards higher RHi with increasing altitudes.
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Chapter 5

Discussion

Airborne lidar measurements have been shown to be an effective way to study cirrus clouds.
Compared to ground-based measurements they present the advantage of mobility. A ground-based
instrument can only detect cirrus that happen to pass over its location at a certain time, while
airborne instruments can be transported to chosen regions, over sea and land, at selected times
and probe cirrus with a specific purpose. Airborne lidar measurements are also advantageous
compared to in-situ measurements. While in-situ instruments do frequently have high accuracies,
they can only measure a one-dimensional line through a cloud. Airborne lidar instruments on the
other hand, provide measurements in form of a two-dimensional curtain along the flight track.
Thus, a single overpass is enough to probe a cirrus cloud, including information on its whole
vertical extent. The limitations of airborne measurements are few. Namely, a close collaboration
with air traffic authorities is always necessary and not all air spaces are open for all operations.
Additionally, due to the high speed at which airborne measurements are conducted, following the
airmass transformation of a system or evolution of a cloud with time is not as easy as for example
by geostationary satellite measurements.

Advanced lidar measurement techniques such as the HSRL and DIAL can improve the accuracy
and quality of the measurements by eliminating the necessity for additional atmospheric or
instrument constants. They also provide simultaneous measurements of many different
parameters, thus reducing the necessity for external data, such as reanalysis, which might have a
lower resolution and greater errors. Despite the many advantages of HSRL and DIAL instruments,
they are often complicated to build, maintain and operate.

The WALES lidar system is a combined HSRL and water vapor DIAL instrument capable of
performing airborne measurements of aerosol extinction and backscatter, particle linear
depolarization and water vapor concentration. It does so with great accuracy and resolution and
has been used in many studies with focus on various topics, including also ice clouds e.g. Grof} et
al., 2012, 2014; Urbanek et al., 2017; Gutleben et al., 2019; Kriiger et al., 2022; Dekoutsidis et al.,
2023a. Despite its proven great properties and capabilities, WALES also suffers from a common
problem found in the study of cirrus clouds via airborne lidar. As seen in the lidar equation, there
is a dependency of the backscattered signal to the square of the distance. This may result in very
strong signals being backscattered into the instrument if the measured cloud is too close to it.
This in turn can lead to a saturation of the detectors of the instrument resulting in the cloud not
being properly measured. To counteract this phenomenon a minimum distance between the lidar
instrument and cloud top must be kept. For WALES this distance is around 2 km.

WALES has been developed and is operated by the German Aerospace Center (DLR). It is built
in such a way, that it can be integrated in various research aircraft also operated by DLR. One
of these is the German research aircraft HALO. HALO is a business jet that has been specifically
modified to facilitate atmospheric measurements for example by creating openings in the fuselage
for the laser beams of the lidar. Among its many characteristics that make it, not only suitable
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but preferable for the study of cirrus clouds, is its high flight ceiling. This allows flights at a
distance great enough from cirrus cloud top in order to minimize the abovementioned problem of
saturation of the detectors. More advantages of HALO include its long range, allowing for
measurements over long distances and times as well as its heavy payload allowing for the
transportation of instruments and other equipment.

For the ML-CIRRUS and HALO-(AC)? campaigns WALES was aboard HALO and performed
measurements over the mid- and high latitudes respectively. The collected data were used for this
thesis. First, the water vapor measurements were combined with temperature data from ECMWF
in order to calculate the RHi. A similar method using WALES data and ECMWF temperatures
has also been applied in other studies e.g. Grof} et al., 2014 and Urbanek et al., 2018. After, masks
were applied on the measured and calculated data, in order to single out the cirrus clouds in the
data sets of the two campaigns. Finally, statistical analyses were performed aiming to study the
characteristics of cirrus clouds over the mid- and high latitudes based on their formation and
nucleation process, their ambient conditions and temporal evolution.

5.1 Cirrus cloud characteristics over the midlatitudes

The midlatitudes are a region characterized by an abundance of different dynamical weather
systems occurring. A clear fingerprint of the human effect can also be identified by the elevated
aerosol emissions and most importantly by the dense air traffic. All these result in cirrus clouds
forming with different mechanisms and under varying conditions and thus having a wide range of
different characteristics. This results in difficulties when including them in weather forecasting
models and trying to quantify their climate effects.

During the ML-CIRRUS campaign, cirrus clouds were measured via airborne lidar over the
midlatitudes. Following the method described in Chapter 3, I studied the measured clouds. The
results of this analysis are presented in Sect. 4.1 and will be discussed in the following.

5.1.1 Relative humidity in midlatitude cirrus clouds

Properties of RHi

From my research, I conclude that the most commonly detected RHi value in midlatitude cirrus
clouds is 96 %, which is very close to ice saturation (Table 4.1). This value has a maximum
possible uncertainty of 10 - 15 %, which stems from uncertainties in the model temperatures used
to calculate the RHi. This result compares very well to other studies and is also confirmed via
in-situ measurements. More specifically, Kaufmann et al. (2018), Kibbeler et al. (2011), Ovarlez
et al. (2002), Petzold et al. (2017) and Strom et al. (2003) used in-situ measurements, Gensch et
al. (2008) used in-situ measurements and a model, Comstock et al. (2004) used ground-based
Raman lidar measurements and Kramer et al. (2009, 2020) used in-situ and satellite remote sensing
(lidar and radar) measurements and also found an RHi mode close to ice saturation for midlatitude
cirrus clouds. A more immediate comparison can be done to Grof et al. (2014). They used water
vapor data collected by WALES over Germany during Fall of 2010, and found an RHi mode of
98 %.



Despite the mode value of the RHi distribution being close to saturation, the in-cloud data are
not evenly distributed over and under saturation and only 34 % are supersaturated with respect
to ice. Thus, the majority of in-cloud data are subsaturated, with RHi values remaining
predominantly over 70 % (Fig. 4.1). This finding might be counterintuitive, since ice crystals
would be expected to sublimate under these conditions. Despite that, it has been frequently
observed also in other remote sensing and in-situ studies over the mid- and high latitudes e.g.
(Ovarlez et al., 2002; Strom et al., 2003; Spichtinger et al., 2004; Kéarcher, 2005; Kiibbeler et al.,
2011; Kaufmann et al., 2018; Li et al., 2023). This might be the case, because ice crystals need a
long time to fully evaporate in a subsaturated environment, depending on their size, the ambient
RHi and available water vapor (Kiibbeler et al., 2011; Schumann, 2012; Li et al., 2023). Kibbeler
et al. (2011), for example performed simulations and found that small ice crystals can survive in
subsaturation for several minutes, while large ice crystals remain in subsaturation in the timescale
of hours. Li et al. (2023), calculated a time of approximately 4 hours for ice particles to completely
sublimate while in subsaturation. Hence, I can also confirm that midlatitude cirrus are frequently
detected in slight subsaturation.

Regarding the percentage of ice supersaturation I find that it is in accordance with Grof et al.
(2014) who analyzed water vapor measurements by WALES taken over Germany, and found 30 %
of the in-cloud data in supersaturation. Other studies also found supersaturation frequencies
around 30 % in midlatitude cirrus clouds, but with other data and methods to my study. Comstock
et al. (2004) analyzed Raman lidar measurements taken over the Southern Great Plains and
Ovarlez et al. (2002) in-situ measurements over Scotland, during the INCA (INter hemispheric
difference in Cirrus properties from Anthropogenic emissions) campaign (Strom et al., 2003).
Jensen et al. (2001) report 49 % of their measured data in supersaturation, which is higher than
my findings. It should be noted, that they used in-situ measurements taken over an area close to
the Southern Great Plains during the SUCCESS aircraft field campaign, which generally focused
in measuring areas with high ice supersaturations.

The majority of the supersaturated data, 30.3 %, were found with RHi up to 120 %, 3.8 % of all
in-cloud data points had RHi values higher than 120 % and 0.5 % even exceed 140 % RHi.
Introducing nucleation processes into the discussion, this would mean that only a minimal amount
of data is over the threshold for HOM nucleation and the bulk of the RHi values is under the
activation threshold for HET nucleation on coated soot (Fig. 4.1).

Higher supersaturations were seen at colder temperatures, a trend also seen in other studies such
as Comstock et al. (2004), Jensen et al. (2013) and Kramer et al. (2009, 2020). Grof§ et al. (2014)
reported only 2 % of data points over RHi 120 %, which is slightly less compared to my finding.
Potential sources for this difference may arise due to the different season during which the
measurements were taken, and the fact that they performed measurements only in one atmospheric
system, while I analyze a more variable and extended dataset (Kahn et al., 2008; Dzambo and
Turner, 2016).

The cloud-free air in the vicinity of the measured cirrus clouds is predominantly subsaturated with
the RHi mode being 68 %. Voigt et al. (2010) also find the majority of the cloud-free data around
midlatitude cirrus below saturation and more specifically between RHi 70 % and 100 %. Only
6.8 % of the cloud-free data are supersaturated and only 1.2 % have RHi over 120 %. Similar to
the in-cloud, higher RHi are measured at lower temperatures (Fig. 4.1). Comstock et al. (2004)
found a supersaturation frequency of 9 % in their cloud-free data, which is higher compared to
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my result. Aircraft-based studies as for example Gierens et al. (1999, 2000), Heymsfield et al.
(1998), Jensen et al. (2001, 2005), also detected high RHi supersaturations in the upper
troposphere of the midlatitudes. Considering the possible ice nucleation processes, most of the
supersaturated data points in my analysis are in the HET regime and very few are also detected
close to or in the HOM regime. This was also detected by Cziczo et al. (2013), Kramer et al.
(2009, 2020) and Ovarlez et al. (2002).

Distribution of RHi through the cloud layers

The topmost layer of the measured midlatitude cirrus clouds, is a mixture of supersaturations
from 100 % to over 140 %. The subsequent layers are progressively populated by lower RHi
supersaturations and after cloud middle most data points are subsaturated (Fig. 4.2). Following
Diao et al. (2013, 2015) who define the ice nucleation, growth and sublimation stages based on
the measured ice super- and subsaturation, I conclude that ice crystals are more likely to form
near the cloud top, grow around the cloud middle and sublimate at cloud base. This vertical
distribution of RHi values has also been predicted via model simulations by Heymsfield and
Miloshevich, (1995) and Spichtinger and Gierens (2009). Several field studies also come to the
same conclusion. Comstock et al. (2004) and Di Girolamo et al. (2009) used ground-based Raman
lidar over the Southern Great Plains and Italy (EAQUATE Experiment), respectively, and noted
higher ice supersaturation near cloud-top and subsaturation near cloud base, as did Sakai et al.
(2014) via instrumented balloon and ground-based lidar measurements of cirrus clouds, Dzambo
and Turner (2016), via a combination of radiosonde and millimeter-wavelength cloud radar data
and Korolev and Isaac (2006) via in-situ measurements.

It has been established, that the vertical RHi structure follows a pattern. A subsaturated cloud
base with subsaturation gradually decreasing towards cloud top and progressively higher
supersaturations becoming dominant instead. As seen in Fig. 4.2, there seems to be an irregularity
at cloud top, since it is not clearly dominated by high supersaturations as would be expected. This
ambiguity led to a more detailed study of the individual clouds of the statistic. I found, that in
some cases the topmost layer of a cirrus had lower supersaturations than the layers below it, or
was even subsaturated. These cases were then studied in depth and it was found that they also
commonly had a lower RHi mode and a low or negative skewness in their RHi distribution. These
findings are consistent with the hypothesis that they were older clouds which had slowed down or
completely ceased the production of new ice crystals. The same behavior war also detected by
GroB et al. (2014) in one of their analyzed cases, leading them to the same interpretation.

5.1.2 Differences between liquid origin and in-situ formed cirrus
Characteristics of RHi with respect to temperature

In Fig. 4.1 I presented the probability density of RHi for midlatitude cirrus with respect to ambient
temperature and noted an apparent bimodality. One peak was found around 225 K and close to
ice saturation, RHi = 100 % and a second one at a colder temperature, 218 K and subsaturated,
RHi = 79 %. Further analysis revealed that these two peaks could be attributed to two different
cloud types being measured. Following the classification of cirrus clouds according to their
formation process, as proposed by Kramer et al., 2016, the two cloud types are identified as
in-situ formed and liquid origin cirrus. After grouping the measured clouds into the two groups, I



conclude that in-situ formed cirrus correspond to the colder subsaturated peak and liquid origin
cirrus to the warmer, saturated peak. Gasparini et al. (2018), use a global aerosol climate model,
which they validate using a cirrus climatology derived from the CALIPSO (CloudAerosol Lidar
and Infrared Pathfinder Satellite Observations) satellite and also come to the same conclusion.

A more detailed analysis of RHi for the two cirrus types is shown in Fig. 4.3. There it is verified
that in-situ cirrus are detected at colder temperatures, mostly below 225 K and have a significant
amount of data in subsaturation. Supersaturation is nonetheless present and high RHi values are
reached, although only in a small temperature range. Liquid origin cirrus on the other hand are
found at warmer temperatures, mostly over 215 K. A significant amount of the in-cloud data
points is subsaturated also for this cloud type. RHi values steadily increase and supersaturation
becomes more frequent at colder temperatures, over a wider temperature range. This leads to
liquid origin clouds being more frequently supersaturated, 36 % compared to 30.8 % for in-situ
formed cirrus. The difference is greater for low supersaturations and the probabilities for RHi over
120 % are similar between the two cloud groups.

The cloud-free air around the clouds of the two groups also presents similar characteristics. Colder
temperatures for in-situ formed clouds and warmer for liquid origin. Subsaturation is dominant
for both cloud types, with the cloud-free air around liquid origin cirrus being slightly more
frequently supersaturated, 7.5 % compared to 5.7 %. In both groups the cloud-free data reach
higher supersaturations at colder temperatures, but remain mostly under 120 % RHi, which would
generally coincide with the activation threshold for coated soot.

Vertical structure of RHi

Regarding their vertical structure, the two cloud types generally present with the expected
behavior discussed in the previous. High supersaturation dominated cloud top dropping down to
a subsaturated cloud base. This structure is very clear for liquid origin cirrus, indicating distinct
layers for ice formation, growth and sublimation. For in-situ formed cirrus, the transition to
subsaturation happens at an earlier point. Additionally, supersaturations in the low HET regime
(RHi 100 % - 120 %) are frequently present throughout the clouds and even at cloud base.

The role of the ambient updraft

Many factors might contribute to the differences detected between liquid origin and in-situ formed
cirrus clouds. The ambient updraft or downdraft during the clouds formation and evolution can
potentially play a significant role. The intensity and direction of the vertical velocity can affect
the cooling rate of the clouds airmass, which might alter the supersaturation over ice, finally
leading to a different nucleation process and macro- and microphysical characteristics. With that
in mind and aiding to this discussion, I used vertical velocities from the ERA-5 reanalysis dataset
and collocated them to the cirrus found along the flight paths of the missions of the ML-CIRRUS
campaign. Fig. 5.1 contains the results of this analysis in form of probability densities of vertical
velocities for the two cloud types.

Both in-situ formed as well as liquid origin clouds are detected with ambient vertical velocities
close to zero. The modes of both distributions in Fig. 5.1 are ever so slightly negative indicating
an updraft. The distribution of vertical velocities is wider for the liquid origin cirrus. These clouds
are also slightly more frequently detected with stronger updrafts. This might contribute to their
vertical structure discussed above. Most liquid origin clouds in the ML-CIRRUS data set are found
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in the outflow regions of warm conveyor belts (WCB), which are known to be accompanied by
higher updrafts especially over their main axis. Kramer et al. (2016) also expect liquid origin
clouds in higher updrafts and consider clouds from WCB systems to be slow updraft liquid origin
clouds, thus also supporting the findings presented here and the differences between the two cloud

types.

0 .
10 5 — In-Situ
“6; — liquid origin
>.C,
=
4§ 1071
=
°8
> —
(]
=5
s
30 107%
o ]
= = ]
U ]
> _
10_3 T ‘ IA " T T

-06 -04 -02 00 02 04 06
Vertical Velocity [Pa/s]

Figure 5.1: Probability densities of the vertical velocities for in-situ formed and liquid origin cirrus.

5.1.3 Temporal evolution of RHi distribution with cloud age

The distribution and structure of RHi in cirrus clouds changes for different evolutionary stages of
the clouds as I showed in Sect. 4.1.4. From my analysis of two cases, I propose that the RHi
present in a cirrus cloud and its vertical structure can be used as an indicator of the clouds
evolutionary stage. It should be noted that the two studied cases included liquid origin cirrus.
Further, I define three different cloud stages with unique characteristics of RHi each.

Young cirrus, that have just started forming and producing new ice crystals, have an RHi mode
close to ice saturation. The distribution of RHi is skewed towards positive values resembling a
Rayleigh distribution that reaches high supersaturations, which could facilitate HOM nucleation.
Supersaturations tend to be higher at higher altitudes and skewness stronger. Despite that, ice
nucleation is also possible at lower altitudes were lower supersaturations are more frequently
detected.



Mature clouds also have an RHi mode around ice saturation and a slight positive skewness towards
higher supersaturations. High supersaturations are reached over a big range of altitudes, but are
mostly found higher whereas subsaturation appears more frequently at lower altitudes. This is
indicative of a still ongoing active nucleation mostly near the cloud tops.

Older, stable clouds have RHi modes close to but under saturation. For this cloud stage the RHi
distribution closely resembles a nearly Gaussian curve due to the fact that the skewness is close
to zero. The vertical layers can each be described by a near Gaussian distribution with a
progressively lower mode value starting from slight supersaturation at higher altitudes to
subsaturation at lower ones. At this stage ice nucleation might still be ongoing but is less frequent
and mostly present near the cloud tops, while sublimation is occurring near cloud base.

A case study focusing on the behavior of RHi during the evolution of a cirrus cloud is also
presented by Comstock et al. (2004). They come to similar conclusions regarding the cloud
evolutionary stages as presented herein. In-situ measurements studied by Diao et al. (2013 & 2015)
also confirm similar cirrus evolutionary stages. Ovarlez et al. (2002) follow a different
methodology. They split their observed cirrus into a warm and a cold regime with a threshold set
at -40 °C and conclude that a Rayleigh distribution can be fitted over the ones in the cold regime,
due to a positive skewness, and a Gaussian over the ones in the warm regime. Similar to my
findings, they conclude that their observation can be explained by the different timescales
necessary for a cloud to reach a stable state, where depositional growth and sublimation of ice
crystals are in equilibrium (Khvorostyanov and Sassen, 1998; Hoyle et al., 2005). Also in
accordance with my study, they interpret the positive skewness and thus the Rayleigh form, as
an indication of an active cloud that has not yet reached maturity. Spichtinger et al. (2004) use
cirrus cloud data measured during MOZAIC (Measurement of Ozone by Airbus In-service aircraft
project) and also find positive skewness in the RHi distributions in the higher/colder parts of the
clouds. They also attribute their findings to the relaxation times and the effects of vertical motion
on them (Gierens, 2003). Grofl et al. (2014) inversely, take the shape of the RHi distribution to
draw conclusions about the evolutionary stage and activity of the cloud in the case study they
present.

One thing that should be kept in mind, as already mentioned in Sect. 3.1.3 & 4.2.3, is that for
very active optically thick cirrus the lower parts of a cloud might not be sufficiently measured due
to complete attenuation of the lidar light, thus leading to higher average supersaturations when
the statistical calculations are performed.

5.2 Cirrus cloud characteristics over the arctic

The arctic is a remote region of the Earth, not immediately related with daily human activities
and has thus for many years received lesser academic interest. As a result, it still holds many open
questions also regarding high latitude cirrus clouds, their prediction and representation in weather
and climate models. In a changing climate, the arctic doesn’t remain unfazed, on the contrary, an
amplified warming has been detected over the high latitudes. Cirrus clouds in the arctic, acting
as thermal blankets are expected to play a role. Warm air intrusions into the arctic from the
midlatitudes are becoming more frequent and long-lasting also potentially contributing to this
arctic amplification. They significantly alter the ambient conditions in which cirrus clouds also
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form, introducing even more uncertainties regarding their properties and formation processes,
which are necessary to accurately study them.

In this subsection the results of the analysis of the cirrus clouds measured during the HALO-(AC)?
campaign in the arctic are discussed and compared to the findings from the midlatitude cirrus.
The methodology of the analysis is presented in Chapter 3 and the results are presented in
Sect. 4.2.

5.2.1 RHi of cirrus clouds in the arctic
RHi distribution with respect to temperature

Cirrus clouds in the arctic are detected with temperatures down to 200 K and up to almost 265 K.
The wide temperature range is a sign of the variability of conditions under which cirrus form. The
warm temperatures found in high latitude cirrus can indicate either that in some cases large
amount of water vapor are advected to high altitudes and/or that easily activated INP are
frequently available for HET ice nucleation. Warm air intrusions can result in both an increase of
available moisture and aerosols, and are also capable of lifting these to ice-forming altitudes.

Almost 56 % of the in-cloud data of high latitude cirrus are supersaturated. RHi values become
higher at lower temperatures, as is expected. The distribution of RHi follows the activation
threshold for coated soot, which is considered a not-easily activated INP. RHi values that would
allow HOM nucleation to take place are also frequently detected throughout the whole
temperature range. Karcher (2005), performed a modeling case study of a polar cloud and also
found very high RHi values inside the cloud. He identified continuous weak cooling of an airmass,
such as during a WAI to cause an increase in RHi to high values and also sustain this
supersaturation.

The near-cloud region surrounding the clouds is where new ice crystals mostly form. This is
pictured in the near-cloud RHi distribution. Higher RHi values are reached, frequently also over
the threshold for HOM nucleation. Thus, both nucleation processes play an important role in the
formation of cirrus in the arctic.

The findings both on the in-cloud and near-cloud regions are also dependent on the evolutionary
stage of the clouds as well as the ambient conditions. Young clouds, or clouds with a continuous
supply of moisture to higher altitudes, are expected to appear more active with higher RHi inside
and around them.

In-cloud RHi layers

The layering of RHi values within arctic cirrus clouds is similar to the one reported for midlatitude
cirrus. High supersaturations are found near the cloud top, with lower supersaturations becoming
dominant until around cloud middle where the clouds become predominantly subsaturated down
to the cloud base. Interestingly, high supersaturations, capable of supporting HOM nucleation,
are found throughout the cloud and are also an important part of the cloud base. From the above
it can be concluded that new ice formation takes place at cloud top with HOM nucleation playing
a significant role. It is also evident that the formed ice crystals can survive in a subsaturated
environment. Kércher (2005) comes to a similar result after performing a modeling case study of
a polar cirrus cloud. He concludes that the cloud top region has high supersaturations and is



populated by a high number of small ice crystals. This is indicative of HOM nucleation taking
place. He also detects subsaturation around cloud base, concluding that larger ice crystals can
survive in this environment as they need longer times to fully evaporate under cold temperatures.

5.2.2 Warm air intrusions into the arctic

In this thesis I defined two different atmospheric states in the arctic, one with undisturbed arctic
conditions (AC) and one with prevailing Warm Air Intrusions (WAI). Analyzing the temperature
data from the ERA-5 reanalysis dataset from the earth’s surface up to the 500 hPa pressure level,
revealed that the arctic troposphere is on average 8 K warmer during a prevailing WAI. The
difference is greater at surface level, which is 10 K warmer during an active WAI. Fig. 5.2 contains
the probability densities of temperature with respect to altitude for the two cloud groups. The
two plots confirm that the WAI cirrus group has a higher average temperature at ground level,
but also a sharper cooling rate with altitude, leading to smaller temperature differences at higher
altitudes.

Similarly, Stramler et al. (2011), also define two atmospheric states in the arctic during winter.
One is characterized as cloudy and warm, and the other as being mostly clear-sky and colder.
These states could coincide with the WAI and AC conditions defined herein. More importantly,
they find a temperature difference of 13 K between their two states at surface level, closely
matching my findings. Johansson et al. (2017) use satellite measurements and report an increase
of surface temperature by 5.3 K in winter during airmass intrusion events.

The temperature difference between AC and WAI conditions steadily decreases at higher altitudes
and, as shown in Sect. 4.2.3 and Table 4.3, at the 250 hPa pressure level WAI even becomes
slightly colder than AC. A probable explanation for this observation could be that due to the
colder temperatures noted for the AC conditions the troposphere is more compressed and the
250 hPa level is located already in the stratosphere where temperatures tend to increase again.
This is also indicated in Fig. 5.2, where the thermal tropopause, i.e. the altitude at which the
ambient temperature stops decreasing with a stable rate, is visibly higher for the WAI cirrus group
(right panel).

In order to study the change in water vapor concentration in the arctic during a WAI event, both
the total column water vapor data from ERA-5 and the vertically resolved data collected by the
WALES lidar system during the HALO-(AC)? campaign were used. The ERA-5 data indicated a
doubling of the water vapor concentration during prevailing WAI. The WALES measurements
revealed an average increase of 2.5 times in the water vapor concentration during WAI events
compared to AC conditions, from 352 ppm for AC conditions to 888 ppm for WAI. Despite the
water vapor mixing ratio steadily decreasing at higher altitudes, the 2.5 times difference between
the two states of the arctic troposphere remains. Gierens et al. (2020) used radiosondes to study
the ice supersaturated regions of the arctic and reported water vapor mixing ratios of up to 500
ppm. Doyle et al. (2011) studied one WAI case by means of ground-based measurements and
report an even stronger change in the water vapor mixing ratio, by four times between their WAI
case and background measurements.
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Figure 5.2: Probability density function of ambient temperature with respect to altitude for AC
Cirrus group (Left) and WAI Cirrus group (Right). For each cloud group the respective
average cloud base and cloud top heights are also plotted. Temperature data from
ECMWEF IFS.

5.2.3 Cirrus clouds under AC and WAI conditions

Geometrical and optical properties

Cirrus clouds that form in the arctic during a prevailing WAI (WAI cirrus) have different
geometrical and optical properties to the ones that form during undisturbed arctic conditions (AC
cirrus). Starting off with the geometrical properties I found that WAI cirrus are on average thicker
than AC cirrus with a mean cloud depth around 3141 m and 2037 m respectively. Looking at the
average cloud base heights, the WAI cirrus actually tend to form at higher altitudes (4990 m
compared to 4338m), but end up having a bigger overall cloud depth due to their cloud tops
reaching much higher altitudes. WAI cirrus cloud tops are on average 1755 m higher than AC
cirrus with average cloud top heights of 8131 m and 6376 m respectively (Fig. 5.2). The warmer
air advected into the arctic might be the deciding factor for this difference. On the one hand,
regarding the cloud base, higher altitudes are necessary for the ambient temperature to drop low
enough so that ice supersaturation is achieved and cirrus formation can initiate. On the other
hand, looking at the cloud tops, the warmer temperatures can cause the whole arctic troposphere
to extend to higher altitudes (Fig. 5.2). That, in combination with the stronger updrafts commonly
accompanying a WAI can result in the higher cloud top height.

Devasthale et al. (2011) used satellite data to study the geometrical properties of cirrus clouds in
the arctic over a time period of four years and found an average geometrical depth of 0.4 km to
1 km with an average cloud base height around 6 km to 8 km and an average cloud top height of
7 km to 9 km. Compared to my findings they report much thinner clouds with higher cloud bases.
It should be kept in mind, that they only studied clouds with an optical depth < 3, which could
explain the difference in thickness. Nakoudi et al. (2021) used an earthbound Raman lidar
stationed at Ny-Alesund, Svalbard as well as radiosondes and measured cirrus cloud properties
between 2011 and 2020. For the winter months they report average cirrus cloud depths of 2.1 km,
with a cloud base around 7.1 km and a cloud top around 9.3 km. A similar finding to them is also
presented by Schéfer et al. (2022). They used ground based and space-born lidar and measured
cirrus clouds over the Norwegian arctic for a period of seven years. They report an annual average



cloud depth of 2.2 km with an average cloud base height of 6.9 km and an average cloud top
height of 9.1 km.

Moving on to the optical properties, I used the measured two-way optical transmission due to
particle extinction and calculated the optical depths of the AC and WAI cirrus. I conclude that
WAI cirrus are on average optically thicker than AC cirrus, having mean optical depths of 2.5
and 1.4 respectively. While it might be expected for a cloud group that is on average geometrically
thicker to also be optically thicker, this is also a strong indication that the microphysical properties
of the two cloud types differ.

Differences in RHi distribution

WATI cirrus are detected in a wider temperature range extending to colder and warmer
temperatures compared to AC cirrus. Inside both cloud types, supersaturation is frequent. Higher
supersaturations are reached within WALI cirrus, partly also because of the colder temperatures in
which they are detected. The temperature dependent RHi distribution (Fig. 4.13) reveals that AC
cirrus are less frequently supersaturated and are mainly detected with RHi up to the activation
threshold for CS, while WAI cirrus frequently reach over this threshold throughout almost the
whole temperature range. WAI cirrus are also more frequently found at higher supersaturations
over the HOM nucleation threshold with the probability nevertheless remaining very low. Kéarcher
(2005) performs a modeling case study of a polar cirrus cloud and also concludes that continuous
weak cooling of an airmass, such as during a WAI, can result in high in-cloud RHi values.

The near-cloud regions around the two cloud groups, introduced in Sect. 3.7, also present
interesting characteristics. Apart from sharing the same temperature ranges to their respective
in-cloud regions, they have some notable difference to them and to each other. For both AC and
WAI cirrus the majority of the data are subsaturated, but higher supersaturations, throughout
the whole temperature range, are also detected, compared to their respective in-cloud areas. The
RHi distribution in the near-cloud area around AC cirrus now reaches up to thee CS activation
threshold over a wider temperature range. For the WAI cirrus group the RHi distribution exceeds
the HOM nucleation threshold more frequently compared to the respective WAI in-cloud data as
well as the AC near-cloud data.

The RHi values measured in the cloud-free air under AC and WALI conditions, are predominantly
subsaturated. While the probability for supersaturation remains very low for both conditions, the
AC group is slightly more frequently supersaturated but at lower RHi values, whereas the WAI
group reaches higher supersaturations slightly more frequently.

A scarcity of studies on the topic of ice supersaturation in arctic cirrus clouds, makes it difficult
to perform an immediate comparison of my findings to works of other researchers. Although many
other studies have also previously reported high supersaturations in and around cirrus clouds,
they focus mostly on the midlatitudes (e.g. Jensen et al., 2001; Ovarlez et al., 2002; Comstock et
al., 2004; Gensch et al., 2008; Kramer et al., 2009; Cziczo et al., 2013; Dekoutsidis et al., 2023a).
De La Torre Castro et al. (2023) use in-situ measurements taken during the Cirrus-HL campaign
and also report high supersaturations with a median RHi of 125 % for cirrus clouds that formed
and were detected at high latitudes. This value is higher compared to the mode value of 99 %
found in my analysis, but it should be kept in mind that they select 60°N as their threshold for a
cloud to be considered arctic. Additionally, during the Cirrus-HL campaign, it was the cloud top
regions that were mostly probed, where higher supersaturations are generally detected. Gierens et
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al. (2020) analyzed RHi measurements performed via radiosondes and reported RHi values
reaching and sometimes exceeding 150 % - 160% in ice supersaturated regions. This would be in
accordance with the supersaturations I detect in the HOM regime.

In-cloud vertical RHi layers

Looking into the vertical structure of RHi within AC and WAI cirrus, the general characteristics
are similar. Cloud tops dominated by high supersaturations in the HOM regime gradually moving
to a predominantly subsaturated cloud base. That being said, there are also differences. Focusing
first on the cloud top regions, AC cirrus are clearly dominated by RHi in the HOM regime
(RHi > 147 %) down to 20 % cloud depth, whereas for WAI cirrus only the first 10 % of the
total cloud depth have a clear HOM domination with lower supersaturation becoming almost
equally probable at the next layer. Just below cloud middle, the AC cirrus group transitions to
being predominantly subsaturated with a steadily increasing probability in lower layers towards
the cloud base. There, the probability density for the HOM regime increases again. For the WAI
cirrus, this transition is not so clear. WAI cirrus transition from high HET dominated directly to
subsaturated at cloud middle. Following the common structure, subsaturation does become more
probable from cloud middle to cloud base but the HOM and low HET regimes also have a
significant contribution. Notable is the high probability for the HOM regime at cloud base.

Summing up, AC cirrus have clearer layers, transitioning from very high supersaturations at the
cloud top to subsaturation at cloud base, whereas WAI cirrus seem to have RHi in different
regimes at close probabilities throughout most of the cloud. Karcher, (2005) studies a polar cirrus
cloud, which is described similar to an AC cirrus as defined herein, and also reports a thin cloud
top layer dominated by high supersaturations with a gradual decrease of RHi at lower levels in
the cloud. Gierens et al. (2020) detect ice supersaturation most frequently directly under the
tropopause. This area coincides with the cloud tops of many cirrus included in this work, which
are also found to be supersaturated.

Nucleation processes and microphysics

Analyzing the RHi within and in the vicinity of AC and WAI cirrus, showed that only a very
small percentage of the data had high enough RHi that would allow for HOM nucleation to take
place. Comparing the two cloud types to each other though, it becomes clear that WAI cirrus are
more frequently detected with higher supersaturations, also in the HOM regime. The possible
explanations to this observation are contradictory to each other. On the one hand this could mean
that AC cirrus form predominantly via HET nucleation since the high RHi values for HOM are
not detected. On the other hand, it could be considered that older, mature clouds were measured
in the AC cirrus group, which already used up their higher RHi to form new ice crystals via HET
and HOM nucleation, thus depleting the available water vapor and causing the observed reduction
in RHi. This would imply, that the measured WAI cirrus are younger and still produce new ice
crystals via HET and also HOM nucleation, since the needed high RHi values are detected.

The RHi is strongly connected to the nucleation process of cirrus clouds, which in turn affects
their micro- and macrophysical properties. In order to explain the ambiguous result discussed in
the previous paragraph cloud age and microphysical properties must be studied. For this, I used
the optimal estimate retrieval VarCloud (Delanoé and Hogan, 2008; Cazenave et al., 2019; Aubry
et al., 2024). It allows the retrieval of cirrus microphysical properties by combining measurements



of the WALES lidar with the HAMP radar (Ewald et al., 2019), which was also aboard HALO
for the HALO-(AC)? campaign. Additionally, in order to gain insights on the cloud age and
evolution, I used calculated backwards trajectories from two different models. The Lagrangian
analysis tool LAGRANTO (Sprenger and Wernli, 2015) and the CLaMS-Ice model, which
combines a Chemical Lagrangian Model with two-moment ice microphysics (McKenna et al.,
2002). The findings are presented in Table 5.1.

Regarding the average cloud age of AC and WALI cirrus, both CLaMS-Ice and LAGRANTO are
used. The measured AC and WAI cirrus are used as the starting point for the calculation of
backwards trajectories. Two different ways are used to define the point at which the clouds formed
along these trajectories. The first one is based on the ice water content (IWC). The point along
the backwards trajectory where the IWC drops below 0.1 mg/kg for the first time is considered
the time of formation. The second one is based on the RHi. The point along the trajectory where
the RHi reaches its maximum value is considered the moment of ice nucleation and thus cirrus
formation. Despite the exact value being different between the two models and methods, AC cirrus
appear to be slightly older in all of them, but by a small margin. This is an indication, that the
detected differences in RHi between AC and WALI cirrus might not be a result solely of their
different age and evolutionary stage.

Table 5.1: Analysis of AC and WAI cirrus properties aiding in the discussion of the findings
presented herein. Blue: calculations from CLaMS-Ice, Red: calculations from LAGRANTO, Green:
retrieval from VarCloud.

AC cirrus WATI cirrus
o Hours since IWC < 0.1 mg/kg 21.9 £ 22.1 20 £ 16.9
jﬂ% Hours since maximum RHi 37.7 £ 35.1 32.5 £ 34.1
Q% Hours since maximum RHi 9.2 + 8.2 8.3 £ 8.1
Cloud Ice Mixing Ratio (IWC) [ppm]

Heterogeneous freezing class 0.45 + 1.92 0.82 + 3.26
% Homogeneous freezing class 6.04 + 14.76 8.08 + 14.16
% Cloud Ice Effective Radius (Reg) [nm] 48.7 + 15.7 45.6 + 19.9
_g Ice Crystal Number Concentration (ICN)
= [1/kg]

Heterogeneous freezing class 0.56 - 10°+ 2.37 - 10° 1.16 - 10° & 4.54 - 10°

Homogeneous freezing class 3.10 - 10° £+ 2.70 - 10° 6.30 - 10°> + 3.10 - 10°
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The nucleation process, HET or HOM, which took place during the cloud formation is the other
factor which might explain the detected RHi characteristics for the two cloud types. Two different
methods to draw conclusions about the nucleation process are used. On the one hand, this
information is directly provided by the CLaMS-Ice calculations and on the other hand the ice
crystal number concentration (ICN) combined with the ice effective radius (Res) can be used as
an indication.

The IWC and ICN calculated by CLaMS-Ice come in two classes, HET and HOM. For both AC
and WAI cirrus it is evident that both nucleation processes took place during the cloud formation,
but HOM contributes significantly more compared to HET. As already mentioned in Chapter 1,
the nucleation process can affect the micro- and macrophysical properties of the cloud. More
precisely, HOM nucleation tends to produce clouds with higher ICN and smaller Re, whereas
HET nucleated clouds tend to have higher ICN and smaller Res (DeMott et al., 1997; Jensen and
Toon, 1997; Sassen and Benson, 2000; Lin et al., 2002). Using the R retrieved by VarCloud and
the ICN calculated by CLaMS-Ice, it is evident that WALI cirrus have on average a slightly smaller
Rearand a substantially higher ICN. This could indicate that more HOM nucleation took place
during formation of WAT cirrus compared to AC cirrus. This is also in accordance with the much
higher probability of detection for very high supersaturations in WAI cirrus. It should although
be kept in mind that WAI and AC cirrus were measured in different temperature ranges. The
temperature also has an effect on the observed properties and might alter the magnitude of the
difference and potentially also the conclusion.

Kércher, (2005) detects a layer of high supersaturation, high ICN and small Res at the cloud top
of a polar cirrus cloud, similar to the characteristics of WAI cirrus in this study, and also concludes
that HOM nucleation played a significant role in the clouds formation. De La Torre Castro et al.
(2023) on the other hand, conclude that the high latitude clouds in their study formed mainly by
HET nucleation in an environment with few INP and a high RHi, as they detected low ICN and
large Rer. Rolf et al. (2022), used in-situ measurements from the same campaign as them and
although they also report high supersaturations inside and outside cirrus clouds they find HOM
nucleation as the leading ice-forming process.

What cannot be directly accounted for when comparing studies that performed statistical analyses
is the evolutionary stage of the measured cirrus clouds. As proven by the two case studies in
Sect. 4.1.4, the age of a cloud can affect the distribution of RHi within it and potentially also its
microphysical properties such as ICN and Re, thus creating a distorted conclusion regarding the
nucleation process.

5.3 Differences between the mid- and high latitudes

The mid- and high latitudes, are two regions with different characteristics. The midlatitudes are
characterized by the big variety of dynamical meteorological systems, the increased aerosol load
and the dense air traffic. On the other hand, the high latitudes are generally colder and drier with
fewer aerosol emissions and a smaller aerosol load. All these factors, i.e. the temperature, available
moisture and INPs, updraft speeds connected to synoptic systems and convection, meridional
transports and uplifting and others, have an effect on the properties of the cirrus clouds that form



over the two regions under various conditions, by affecting their nucleation process and evolution.
This in turn leads to the cirrus also having different effects on the atmosphere and climate.

In this thesis the properties of cirrus clouds over the midlatitudes that formed in-situ or had a
liquid origin and cirrus that formed during undisturbed arctic conditions or in advected
midlatitude airmasses over the high latitudes were studied, providing a comprehensive overview
of the majority of different cirrus types found in the northern hemisphere. In the following I
present a direct comparison of the macrophysical properties of cirrus clouds that formed over the
mid- and high latitudes with various processes and in different ambient conditions.

5.3.1 Overview
RHi distribution with respect to temperature

Cirrus clouds in the arctic are detected with temperatures down to 200 K, which, as probably
expected, is lower than for midlatitude cirrus. This also contributes to the fact that cirrus in the
arctic are found with higher supersaturations, since higher RHi are possible at lower temperatures.
Another difference between cirrus over the high and midlatitudes is the probability density of
supersaturation. Cirrus clouds measured over the arctic tend to be more frequently supersaturated
compared to midlatitude cirrus with the probabilities being 56 % and 34 % respectively.
Interestingly, this difference stems mostly from RHi values in the lower HET regime.

A difference in available INP can provide an explanation to this observation. The generally less
polluted arctic can be expected to also contain less INP and especially less easily activated INP.
This in turn might result in higher RHi being necessary more frequently in order for HET ice
nucleation to take place or it might even be an indication that HOM nucleation is more common
during the formation of arctic cirrus.

In-cloud RHi layers

The layering of RHi values within arctic and midlatitude cirrus clouds is similar on the big picture
but differences do arise at a closer observation. Both cloud types are dominated by high
supersaturations near cloud top, with lower supersaturations becoming dominant until around
cloud middle where the clouds become predominantly subsaturated down to the cloud base.
Differences for cirrus clouds over the two latitude ranges are detected at cloud top and cloud base.
As presented in Sect. 4.1.2 the cloud top of midlatitude cirrus is a mixture of supersaturated RHi
values, while arctic cirrus have a cloud top clearly dominated by the highest RHi values allowing
for HOM nucleation to take place. This behavior is switched at the cloud base. Midlatitude cirrus
have a clearly subsaturated cloud base, with increasingly smaller probabilities for higher
supersaturations. On the other hand, the cloud base of arctic cirrus, although still predominantly
subsaturated, contains a significant amount of data with very high supersaturations even in the
HOM nucleation regime. A lower INP abundance in the arctic could explain why HOM nucleation
plays a significant role even near the cirrus cloud base.

As was presented in Sect. 4.1.4, the structure of RHi within a cirrus cloud is dependent on its
evolutionary stage. Spichtinger et al. (2004) find that colder clouds, such as over the arctic, need
longer times to transition from formation to maturity. Thus, it is more likely for them to be
measured with higher supersaturations representative of a young, ice-forming cloud. The presented
observation can also be explained by considering the nucleation processes. HET nucleation
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commonly results in fewer but bigger ice crystals. These ice crystals can survive over longer periods
even in subsaturated environments before completely melting. During their fall, these ice crystals
might extend the cirrus cloud base into the subsaturated region below it, resulting in the
abovementioned vertical structure. This assumption, that HET nucleation is more common over
the midlatitudes, is contradictory to De La Torre Castro et al. (2023). They compare the
microphysical properties of cirrus clouds over the mid- and high latitudes and conclude that in
fact high latitude cirrus have lower ice crystal concentrations with bigger effective diameters,
which is generally indicative of HET nucleation.

5.3.2 Cirrus types with different location, formation and airmass

HALO-AC3 13/03/2022 Flight: RFO3 HALO-AC3 11/04/2022 Flight: RF17
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Figure 5.3: Examples of the measured BSR of four types of cirrus clouds, two in the high latitudes
and two in the midlatitudes. a) RF03 of the HALO-(AC)? campaign. Cirrus measured
in the high latitudes in an airmass transported from the midlatitudes during a WAI
event. b) RF17 of the HALO-(AC)? campaign. Example of a cirrus measured under
undisturbed arctic conditions in the high latitudes. ¢) Mission 14 of the ML-CIRRUS
campaign including a midlatitude cirrus that had a liquid origin predecessor and
formed in the outflow of a WCB. d) Mission 4, Leg 3 of the ML-CIRRUS campaign.
Example of a cirrus cloud that formed in-situ over the midlatitudes.

An overview of the differences in RHi between cirrus clouds over the mid- and high latitudes has
been presented above. In this study I further split cirrus clouds into more categories depending on
their formation process and ambient conditions. Thus, I can present a comprehensive comparison
of four different cirrus types, ranging from the mid- to the high latitudes and from warmer to
colder temperatures. An example of each type is shown in Fig. 5.3.

The first type are the liquid origin cirrus over the midlatitudes (Fig. 5.3c). These cirrus have a
liquid cloud as a predecessor. Lifting of this cloud to cold enough temperatures can result in its
glaciation and thus the formation of a cirrus. They are commonly formed over the midlatitudes
in frontal systems and warm conveyor belts (WCB) and are commonly accompanied by updrafts
transporting moisture and aerosols to the upper troposphere. The case presented in Fig. 5.3c is



also from the outflow region of a WCB. Visible in the figure are its vertical extent, the liquid
cloud accompanying it and also low-level clouds.

The second type are cirrus clouds that form in-situ over the midlatitudes (Fig. 5.3d). These clouds
form directly as ice clouds at high altitudes and cold temperatures. Atmospheric fluctuations such
as orographic Lee waves or human influence such as air traffic can trigger the formation of these
cirrus. The case presented in Fig 5.3d was measured in the vicinity of a jet stream and also
interacted with contrails. As is shown it is geometrically thinner compared to the liquid origin
cirrus, appears to be more stratiform and is also found at a slightly higher altitude and colder
temperature.

The third type are cirrus clouds that form in the arctic but in airmasses transported there from
the midlatitudes during a warm air intrusion (WAI cirrus) (Fig. 5.3a). Despite being in the high
latitudes, these clouds form in an uncharacteristic environment for the region with warm, aerosol-
and moisture-rich airmasses also accompanied by updrafts. The cirrus case shown in Fig. 5.3a was
measured during such a WAI event. WAI cirrus have a big geometric extent reaching from low in
the arctic troposphere up to the tropopause. As seen in the figure they are accompanied also by
low level liquid and mixed-phase clouds.

From the provided descriptions and by comparing Fig. 5.3 a) and ¢) it is shown that WAT cirrus
in the arctic and liquid origin cirrus over the midlatitudes have several similarities. WAI cirrus
form lower in the troposphere as the temperatures in the arctic are colder at lower altitudes. Both
clouds are affected by an increased aerosol load and in airmasses being lifted to the upper
troposphere.

The fourth and final type are cirrus that form in the arctic in undisturbed arctic conditions (AC
cirrus) (Fig.5.3b). These clouds form in cold airmasses with a lower aerosol load and low updraft
speeds. As seen in the AC cirrus case in Fig. 5.3b, they have a vertical extent smaller than WAI
cirrus and midlatitude liquid origin cirrus. Given the cold temperatures in which they form, their
cloud base remains relatively low. Since they do not form as a part of a larger system they are
accompanied by fewer or no low-level clouds.

From the descriptions given above, AC cirrus seem to have some things in common with the
in-situ formed midlatitude cirrus. Both form without being affected by a larger scale dynamical
weather system, in colder temperatures and low or no updrafts. They do differ in their geometrical
extent with AC cirrus being thicker and the aerosol loads in which they form. In-situ formed
midlatitude cirrus are affected by the increased aerosol load of the midlatitudes as well as the
much denser air traffic there.

Distribution and vertical structure of RHi from mid- to high latitudes

Following the definition and characterization of the four cirrus types above, in the following I
compare the characteristics of RHi between them, starting with the temperature dependent
probability densities shown in Fig 5.4.

The clouds over the mid- and high latitudes, where measured in different temperature ranges.
This comes as a result of the natural temperature difference but also the different cirrus cloud
masks applied on the clouds measured during the two campaign over the mid- and high latitudes.
The commonly occurring liquid clouds in the midlatitude cirrus dataset required a stricter cirrus
cloud mask in order to be removed. This in some cases had as a result that the cloud base of some
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midlatitude cirrus was also cut off, and thus not the whole cloud was represented in the analyzed
data. This was more commonly the case for midlatitude liquid origin cirrus as is also visible in
Fig. 5.4c from the sudden end of the distribution. Despite that in the few cases where this occurred
only a small part of the cloud base was removed and the bulk of data has been analyzed.
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Figure 5.4: Probability densities of Relative Humidity over ice (RHi) with respect to temperature

for: a) Cirrus clouds measured over the high latitudes under WAI conditions
(WALI cirrus) b) Cirrus clouds measured over the high latitudes under arctic conditions
(AC cirrus) c) cirrus clouds measured over the midlatitudes that had a liquid origin
d) cirrus clouds measured over the midlatitudes that formed in-situ. The bin sizes are
0.5 K and 1 % RHi. The contour lines in a) and b) represent the 0.25, 0.5 and 0.85
probability contours in black, grey and white respectively. The dotted line represents
the ice saturation threshold (RHi = 100 %). The dash-dotted line corresponds to the
threshold for heterogeneous nucleation (HET) with mineral dust (MD) as the INP.
The dashed line is the threshold for HET nucleation with coated soot (CS) as INP.
The solid line denotes the threshold for homogeneous nucleation (HOM). Due to the
differences in the measured clouds, the temperature and RHi range as well as the range
of the color scale differ between clouds measured over the mid- and high latitudes.



As noted before, based on Fig. 5.3, midlatitude liquid origin cirrus have some similarities to WAI
cirrus measured in the arctic. A similar conclusion can also be drawn based on the RHi
distributions presented in Fig. 5.4. Midlatitude liquid origin clouds occupy a wider temperature
range than their latitudinal counterpart, as is the case in the arctic between WATI and AC cirrus.
A possible explanation for this is the greater geometrical extent of midlatitude liquid-origin and
WAI cirrus compared to midlatitude in-situ formed and AC cirrus.

The shape of the distribution between midlatitude liquid origin and WALI cirrus in the arctic is
also similar following the form of the CS activation threshold. Both cirrus types are also more
frequently supersaturated compared to their latitudinal counterparts, although WAI cirrus more
frequently reach higher supersaturations compared to midlatitude liquid origin clouds. Over the
midlatitudes, although liquid origin clouds are more frequently supersaturated, the difference is in
the lower range of supersaturations. Due to their colder temperatures midlatitude in-situ formed
clouds are slightly more frequently found with higher supersaturations in the higher HET and
HOM regimes. In the arctic, WAI cirrus are both more frequently supersaturated and also reach
higher supersaturations compared to AC cirrus.

The smaller aerosol load over the high latitudes can also be translated in a smaller abundance of
INPs in general and especially easily activated ones. This in turn might explain why WATI cirrus
are more frequently detected with high supersaturations in the HOM regime. Warm, water-vapor-
rich airmasses being lifted in the cold arctic troposphere without enough INP available lead to
HOM nucleation playing a more important role.

On the other hand, midlatitude in-situ formed cirrus and AC cirrus in the arctic also present
similarities to one another. Both have a narrower temperature range where mostly the warmer
part is missing, compared to their latitudinal counterparts. This is an indication that they did not
form because of ascending air from the lower troposphere but formed at higher altitudes.

A difference between the two cirrus types is noted regarding their supersaturations. While AC
cirrus are more frequently supersaturated up to the CS activation threshold, they are rarely found
with high supersaturations in the HOM regime. Contrary, midlatitude in-situ formed clouds are
more frequently found with supersaturations in the higher HET and HOM regimes.

In Fig. 5.5, the vertical structure of RHi within the four cirrus types is presented. The comparison
between them paints a different picture compared to the discussion above. The cloud tops of all
cirrus types, except for the midlatitude liquid origin, are strongly dominated by high
supersaturation in the HOM regime. The midlatitude liquid origin cirrus also have a
supersaturated cloud top but the first 10 % of the total cloud depth have a mixture of
supersaturations, although in the next 20 % cloud depth they are dominated by the HOM regime,
similar to the other types.

The strong contribution from the HOM regime it the high latitude cirrus types, is characteristic
and has been discussed in the previous and is also present in both high latitude cirrus types,
playing a slightly more significant role in WAI cirrus. From cloud middle to cloud base, contrary
to the discussion above, similarities are rather detected between midlatitude in-situ formed cirrus
and WAI cirrus in the arctic as well as between midlatitude liquid origin cirrus and AC cirrus.
The second pair, has a turning point at cloud middle, below which the clouds become progressively
more dominated by subsaturated data points. Over the cloud middle on the other hand, both



102 Discussion

cirrus types become progressively dominated but higher supersaturations, until the peculiarity at
the cloud top of midlatitude liquid origin cirrus mentioned above.

The midlatitude in-situ formed cirrus are similar to the WATI cirrus in the arctic, in that they are
never strongly dominated by subsaturated data and always have a significant amount of
supersaturation throughout their depth, and especially their cloud base.
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) )
E 10 WAI-Cirrus E 10 AC-Cirrus
S 20 , S 20 ,
= 30 RHi E 30 RHi
%J 40 B HOM > 147% % 40 B HOM > 147%
E]:J 50 M high HET 1230, — 147% 6 50 M high HET123% - 147%
£ 60 mlow HETi00%-123% | © 60 i low HET100% - 123%
8 70 M Subsaturated <100% | & 70 M Subsaturated < 100%
- 80 = 80
S S
o 90 S 90
© 100 - ..., Cloud Base a) | O 100 i niininiinine Cloud Base, b)
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Probability Density . . Probability Density
Midlatitudes
0 Lloud Top liquid-origin 0 {Cloud Top in-situ
8_ 10 % 10
c c 20
g 30 ‘g 30
e 40 o 40
% 50 RHi Jac-.: 50 RHi
g 60 M HOM  1409% E 60 B HOM - 1409
2 70 M high HET120% -140% | 2 70 M high HET120% - 140%
% 80 0 low HET100% - 120% % 80 i low HET100% - 120%
O gg M Subsaturated <100% | O gq M Subsaturated < 100%
100 Cloud Base c)| 100 Cloud Base d)
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Probability Density Probability Density

Figure 5.5: Probability densities of RHi in relative location to cloud top for: a) Cirrus clouds
measured over the high latitudes under WAI conditions (WAI cirrus) b) Cirrus clouds
measured over the high latitudes under arctic conditions (AC cirrus) ¢) cirrus clouds
measured over the midlatitudes that had a liquid origin d) cirrus clouds measured
over the midlatitudes that formed in-situ. Due to the different temperature ranges
over the mid- and high latitudes, the nucleation regimes also have slightly different
thresholds in order to be representative of their location. A more detailed description
of the methodology for this plot is given in Sect. 3.5 and Fig. 4.2 and supporting text.



5.4 Assessment of the uncertainties of RHi

The main parameter used throughout this thesis is the relative humidity over ice (RHi). RHi is
not directly measured but calculated by other parameters. More specifically the equation is:

1Pk T
RH; :W”p—B
eSi(T)

where r,, is the water vapor mixing ratio, p is the volume number density of air, ks the Boltzmann

(5.1)

constant, ey(7T) the saturation vapor pressure for water over ice and T the temperature. The
process of RHi calculation is described in more detail in Sect. 2.2 & 3.5.

Since most conclusions drawn in this thesis are based on the RHi values, their validity strongly
depends on the systematic error of RHi. In Eq. 5.1 two sources of uncertainties in the calculation
of RHi can be detected. On one hand the water vapor mixing ratio, which in this thesis is provided
by WALES and the temperature, which is taken from the ECMWF-IFS.

The water vapor mixing ratio is measured by WALES with an accuracy of 5 %, which comprises
uncertainties in the definition of the water vapor absorption cross-sections for the various used
wavelengths, the air density profile used, and the calibration and maintenance of the DIAL
wavelengths to the selected values (Kiemle et al., 2008; Urbanek, 2019). The signal backscattered
from inside cirrus clouds is spatially inhomogeneous. As a result, there might be a difference in
the volume illuminated by the online and offline wavelengths, which in turn might induce errors
in the retrieval of the water vapor mixing ratio. Grof et al. (2014) conclude that the high repetition
rate of WALES counteracts this problem to some extent. The few cases where strong gradients
result in an error over 5 %, because of these inhomogeneities, are filtered out based on a variability
estimate deduced from the raw signals. The Rayleigh—Doppler effect, i.e. the change from elastic
scattering by ice crystals to broadened Rayleigh scattering by air molecules at the cloud edges is
also corrected in the retrieval, with the residual error being below 2 % (Grof et al., 2014).

Since WALES was the instrument used for the retrieval of the water vapor mixing ratio used in
all the analyses presented in this thesis, it can be neglected in all comparisons between clouds,
such as mid- and high latitudes, liquid origin and in-situ formed and WAI and AC cirrus. It might
lead to a reduced validity of the conclusions regarding the nucleation processes where RHi
thresholds are used. In that regard, Grof et al. (2014) performed a direct comparison of water
vapor DIAL measurements from WALES, performed during a flight of the HALO TECHNO
mission, with simultaneous in-situ measurements taken from an aircraft flying below (their Fig. 4).
The two aircraft where flying at different speeds, but for the time periods when their horizontal
separation was small, they found a deviation of < 1 % between WALES and the in-situ
measurements at the same altitudes. This gives additional confidence in the validity of the results
presented herein.

The second potential source of uncertainties in the RHi are the temperature fields from ECMWF.
For the ML-CIRRUS campaign, unfortunately there were no independent temperature
measurements available, for example from dropsondes, in order to investigate the accuracy of the
used temperature fields. Grofl et al. (2014) used ambient temperatures measured by in-situ
instruments onboard HALO during descents into and ascents from airports and compared them
to the ECMWEF temperatures. For the typical height and temperature ranges of cirrus clouds over
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the midlatitude they found a difference of 0.8 K (Tuaro - Trevwr). According to their calculations
this would induce a maximum error of about 10 % to 15 % in the calculated RHi for cirrus clouds.
The measurements they used were performed over the midlatitudes similar to the ML-CIRRUS
campaign. Assuming that the in-situ measurements had an absolute accuracy and the change in
season has a minimal effect, the same error can be adopted also for the results presented here.

Similar to the error induced from the uncertainty in the water vapor measurements, only the
conclusions where RHi is used as a threshold to describe for example nucleation processes would
be affected. When comparing different clouds, the error is significantly lessened as ECMWF would
have to systematically overestimate the temperature in one group and underestimate the other in
order for this maximum error to be valid.

Further, this maximum error is only representative of single RHi values. Assuming that the
uncertainty in the temperature is random the means of the distributions studied herein would
have an even smaller uncertainty. For the ML-CIRRUS campaign a total of 16 flights are analyzed
leading to an error of 3.75 % for the mean value of the distribution. For the comparison between
in-situ formed and liquid origin cirrus, 12 and 13 lidar legs were used respectively, leading to an
uncertainty of 4.3 % and 4.2 % when comparing the means of the distributions for the two cloud

types.

During the HALO-(AC)? campaign, a large number of dropsondes were launched for each research
flight adding up to 339 in total. This allowed for a more accurate comparison of the ECMWF-
IF'S model temperatures with measured data throughout the whole measurement area covered and
under the same conditions for each flight (Wirth and Gro8, 2023). The comparison resulted in an
average temperature bias of around 0.2 K, with a precision of 0.4 K, which translates into an RHi
error of 2 % bias and 4 % precision, induced by the use of ECMWF temperatures.

Similar to above, this error is representative for the single values while the mean values of the
distributions have a smaller error. More precisely, 19 research flights are analyzed from the
HALO-(AC)? campaign leading to an error of 0.9 % in the mean value of the distribution of cirrus
clouds in the arctic. For the comparison between AC and WAI cirrus 8 and 9 flights were used
respectively leading to an error of 1.4 % and 1.3 % for the average values of the distributions.

Based on all the above, due to the high accuracy of the water vapor mixing ratio retrieved by
WALES, the small discrepancies of the ECMWEF-IFS model temperatures when compared with
in-situ measurements and dropsondes and importantly the good agreement with in-situ
measurements reported by Grof et al. (2014) as well as Urbanek (2019), there is strong confidence
in the accuracy of the analyses presented in this thesis.



Chapter 6

Conclusion and outlook

6.1 Summary

The importance of cirrus clouds to the earth’s atmosphere and climate and their contribution to
various processes and interactions in an ever-evolving system is undeniable. The technological
improvements over the years, have led to the introduction of better, more accurate and versatile
instruments for atmospheric measurements, such as the lidar. This in turn created new
opportunities to study cirrus clouds and improve the understanding of their properties and effects.
Despite that, many questions are still unanswered and a changing climate results in even more
open questions being introduced.

The objective of this work, is to study and characterize the properties of relative humidity over
ice (RHi) in cirrus clouds, depending on their location, formation process, evolutionary stage and
ambient meteorological conditions. The aim is to improve the overall understanding of cirrus
clouds, the processes that take place during their formation and evolution, and how these change
depending on their age and the general state of the atmosphere. The RHi, is a parameter that
holds a lot of value and information. It is the decisive parameter regarding the ice nucleation and
thus cirrus formation process and microphysics, but is also affected by the ambient conditions and
cloud age, thus also reflecting these.

In order to achieve the goals of this work, I used airborne cirrus cloud measurements conducted
by the WALES lidar system during the ML-CIRRUS and HALO-(AC)? campaigns. The two
campaigns took place at a similar time of year over the midlatitudes and arctic respectively,
allowing for a direct comparison of the characteristics of cirrus clouds at the two different locations.
The cirrus clouds measured during the two campaigns were also split into groups based on their
formation process, ambient conditions and age and analyzed with respect to these characteristics.

Having completed my analysis, I can answer the scientific questions I set in Sect. 1.5:

S.Q. 1: What are the characteristics of ice supersaturation in cirrus clouds at
mid- and high latitudes depending on the meteorological conditions,
their formation process and their evolutionary stage?

Meteorological conditions

Cirrus clouds that form under different conditions at the same location are different to
each other. Clouds that form in the arctic during a WAI event are geometrically as well
as optically thicker. This is an indication that not only the macro- but also the
microphysical properties are affected. Regarding the characteristics of RHi, I find that
cirrus that form under undisturbed arctic conditions are less frequently supersaturated
at low as well as high supersaturations, making HOM nucleation less probable. They
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also have a clearer distinction between their in-cloud RHi layers, whereas WAI cirrus
have high supersaturations throughout their whole depth and even at cloud base.

A Dbrief analysis of their microphysical properties also reveals differences. Cirrus that
form during WAI events have on average a slightly smaller Rex and a substantially
higher ICN. This finding indicates that these clouds might have formed with a greater
contribution by HOM nucleation, thus confirming the findings in the macrophysical
realm. From the above, I can conclude that a difference in ambient conditions can result
in different nucleation and evolution processes taking place, manifesting in the
microphysical properties of the clouds and being detected in the macrophysical.

Formation process

The origin of a cirrus cloud is also represented in the characteristics of RHi. In-situ
formed cirrus are generally colder and more frequently subsaturated compared to liquid
origin cirrus which are warmer and more frequently supersaturated. The vertical
structure of RHi in liquid origin cirrus, is clear with high supersaturations at cloud top
and subsaturation at cloud base. For in-situ formed cirrus low supersaturations are
frequently detected over all layers and even at cloud base.

A probable explanation for these observations might be that liquid origin cirrus tend to
form in systems, such as warm conveyor belts, with higher updrafts and more moisture.
On the one hand this can mean that moisture is constantly transported to the cirrus
cloud formation level, thus keeping RHi values high. On the other hand, INP might be
used already for the formation of cloud droplets and become unavailable for ice
nucleation, or the larger amounts of moisture might be too much for the amount of easily
activate INP available, thus leading to higher probability for higher supersaturation in
liquid origin cirrus.

Evolutionary stage

Analyzing the two cases where the temporal evolution of cirrus could be studied, reveals
that the distribution and structure of RHi can be used as an indication of the clouds
age. Young, newly formed clouds start with an RHi mode value at slight supersaturation
with a strong positive skewness towards higher supersaturations, closely resembling a
Rayleigh distribution. Cloud layers at higher altitudes have an even higher RHi mode
and stronger skewness. As the cloud ages, the distribution of RHi has a continuously
smaller skewness and starts resembling rather a Gaussian distribution. The RHi mode
also drops to saturation and then subsaturation and the differences from layers at lower
and higher altitudes become less pronounced.



S.Q. 2: What are the differences of cirrus clouds between the mid- and high
latitudes?

The analysis of cirrus RHi over both the mid- and high latitudes, reveals that cirrus
clouds are frequently detected in subsaturation. This is a potential indication that ice
crystals can survive over longer time periods in a subsaturated environment until they
completely dissipate. Higher overall supersaturations are detected in arctic cirrus, an
observation most probably resulting from the lower temperatures at which they are
measured. Cirrus clouds over the arctic are also more frequently supersaturated, the
difference to midlatitude cirrus being predominantly for low supersaturations where only
HET nucleation would be possible. This leads to the conclusion that HOM nucleation is
more probable in arctic cirrus, which also implies that the clouds that form there might
have different microphysical properties. Another reason for the detected difference in
supersaturation might be the lower abundance of easily activated INP in the arctic in
comparison to the midlatitudes.

The vertical structure of RHi within mid- and high latitude cirrus is generally similar,
going from a cloud top with very high supersaturations to a subsaturated cloud base.
Midlatitude cirrus present with an ambiguity at their cloud top, where a mix of high
and low supersaturations is detected rather than only high ones. This could be an
indication that both HET and HOM nucleation is taking place simultaneously or a
reflection of the generally larger variability in the midlatitudes. Arctic cirrus on the other
hand, have a less stratified layering, as high supersaturations are present throughout the
cloud and even at cloud base.

The datasets I use in this thesis have a certain amount of inaccuracies. The method applied also
introduces some errors. These have been presented and discussed in the previous chapters. The
quality of the datasets and the applicability of the methods are both verified also by other studies
on similar topics and are deemed to be sufficient to support my findings. The majority of the
results I present in this work are novel. In the instance that other scientists have studied similar
topics using for example other data, method, area, classification or other, I have tried to cite them
and compare to them. I find that my results compare well with findings presented already in
academic literature.

With my work I have managed to find answers to the scientific questions I set to investigate.
Despite that many questions regarding cirrus clouds, their characteristics and effects are still open.
An added value of the findings presented herein lies also in the fact that they can be used as a
stepping stone to further extend the knowledge about the properties of cirrus clouds, such as
microphysical and radiative, and their effects for example on climate change and arctic
amplification.
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6.2 Open questions

In this thesis the characteristics of relative humidity over ice for cirrus clouds depending on
location, formation process, ambient conditions and evolutionary stage were studied. Although all
scientific questions asked where answered, many open questions still remain regarding this topic.

How do various aerosols interact with cirrus clouds under different conditions, what effects do
they have on their formation, evolution, microphysical and radiative properties, is one of these
questions. A lack of direct measurements of aerosols and especially INP at low temperatures in
the upper troposphere poses an obstacle in answering this question, and highlights the necessity
of measurement campaigns focusing on this topic. Based on the properties of the measured aerosols
and INP, laboratory work, for example with cloud chambers, could then be used to provide more
details into how those INP activate and how they affect the microphysical properties of cirrus.

Another important missing piece in the cirrus puzzle, is a so-called radiative closure. As mentioned
in Chapters 1 and 2, it is accepted that cirrus clouds cause a net annual warming globally. It has
also been established, that cirrus characteristics and effects can differ depending on their location,
formation, age and ambient conditions. Thus, it is important to more extensively measure the
microphysical properties of cirrus clouds, study how they differ depending on these parameters
and define more precisely how they affect their radiative properties and climate effects.

The anthropogenic effect on cirrus clouds is also a topic with many unanswered questions and
great significance. Through the dense and ever-increasing air traffic, humans can induce the
formation of ice clouds, contrails and contrail cirrus, in regions where they would not occur
naturally and with unique characteristics and effects. Cirrus cloud cover might also be affected by
the changing ambient conditions due to climate change. An increase in cirrus cloud cover be it
due to natural or anthropogenic reasons, might result in a stronger cirrus radiative effect globally
or locally. How does the cirrus cover change under different ambient conditions and over different
locations with and without human influence, is another open question to be answered.

All the abovementioned unknowns regarding the properties of cirrus clouds, their formation and
evolution under different conditions introduce uncertainties when trying to model them. Thus,
another open question is, what are the necessary parametrizations for better prediction and
representation of cirrus clouds in weather forecasting and climate models?

In order to answer the open questions, measurements of the macro- and microphysical properties
of cirrus clouds are necessary. The ML-CIRRUS and HALO-(AC)? campaigns, which are used
herein, provided measurements of cirrus clouds over vast regions and under many different
conditions. Cirrus clouds though, do appear over the whole globe and throughout all seasons, thus
leaving a lot more to be discovered. Future campaigns could focus on measuring cirrus clouds over
regions where data are scarce, such as the Antarctic in order to provide a comparison to their
effects noticed in the arctic. Cirrus cloud measurements during different seasons with distinct
characteristics as for example polar day and night could also shed light into their formation,
properties and effects by removing one of the affecting parameters, solar radiation. Additionally,
satellite observations could prove helpful in tracking the location and evolution of cirrus with
time, thus also aiding to their more accurate prediction.
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Abbreviations and Symbols

List of Abbreviations

Abbreviation Definition / Explanation
AC Arctic Conditions

APD Avalanche Photo Diodes

BELUGA Balloon-bornE moduLar Utility for profilinG the lower Atmosphere
BSR Backscatter Ratio

CLaMS Chemical Lagrangian Model of the Stratosphere
CS Coated Soot

DAC Data Acquisition Computer

DFB Distributed Feedback diode lasers

DIAL Differential Absorption Lidar

DLR German Aerospace Center

ECMWF European Centre for Medium-Range Weather Forecasts
ERA-5 ECMWTF reanalysis

FAAM Facility for Airborne Atmospheric Measurements
HALO High Altitude and LOng-range research aircraft
HALO-(AC)? HALO measurements campaign over the arctic
HAMP HALO Microwave Package

HET Heterogeneous Nucleation

HOM Homogeneous Nucleation

HSRL High Spectral Resolution Lidar

ICN Ice Crystal Number Concentration

IFS Integrated Forecasting System

INP Ice Nucleating Particle

VT Integrated Water Vapor Transport

IWC Ice Water Content

KTP Potassium Titanyl Phosphate

LAGRANTO Lagrangian Analysis Tool

M# Missions of the ML-CIRRUS campaign

MCS Mesoscale Convective System

MCS Mesoscale Convective System

MD Mineral Dust



Abbreviation Definition / Explanation
ML-CIRRUS Midlatitude Cirrus experiment

Nd:YAG Neodymium-doped Yttrium Aluminum Garnet
OPO Optical Parametric Oscillator

PBS Polarizing Beam Splitter

PDF Probability Density Function

PLDR Particle Linear Depolarization Ratio

PM Photo-Multiplier

RF Research Flight during the HALO-(AC)? campaign
RHi Relative Humidity with respect to ice

SAFIRE gf\\//iirc:nnjfﬁen?vions Francais Instrumentés pour la Recherche en
SHG Second-Harmonic Generator

STP Standard Temperature and Pressure

WAI Warm Air Intrusion

WALES Water Vapor Lidar Experiment in Space

WCB Warm Conveyor Belt

WVMR Water Vapor Mixing Ratio
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List of Symbols

Symbol Meaning Unit
RHi%% RHi threshold for the initiation of heterogeneous nucleation on coated soot %
RHiME. RHi threshold for the initiation of heterogeneous nucleation on mineral dust %
BSR backscatter ratio (total -molecular and particle- to molecular) -
Chol HSRL lidar instrument constant for the molecular backscatter channel msr
CRE cloud radiative effect W/m?
Chot HSRL lidar instrument constant for the total backscatter channel m’sr
€s,i water vapor saturation pressure over ice Pa
H altitude m
ICN ice crystal number concentration kgt
mwc ice water content me/kg. or
ppm
Lol molecular lidar ratio (extinction-to-backscatter) ST
Lo, particle lidar ratio (extinction-to-backscatter) ST
N molecular number density m™
P power of light signal W
Pojogsy emitted power on the offline wavelength W
Pojon emitted power on the on-line wavelength W
PLDR  particle linear depolarization ratio %
P power received from molecular backscatter W%
Py power received from the backscattering of the offline signal W
P, power received from backscattering of the on-line signal W
Py total power received from molecular and particle backscatter W
R ice crystal effective radius pm
RHi relative humidity over ice %
RHigoy  rhi threshold for initiation of homogeneous nucleation %
T temperature K
wumr water vapor volume mixing ratio ppm
o extinction coefficient m*



Symbol Meaning Unit
Olmol molecular extinction coefficient m!
Clmol,abs molecular extinction coefficient due to absorption m!
Climol,sca molecular extinction coefficient due to scattering m™*
Clog extinction coefficient of the offline wavelength m™*

Olon extinction coefficient of the on-line wavelength m!
Clpar particle extinction coefficient m!
Clpar,abs particle extinction coefficient due to absorption m™*
Olpar,sca particle extinction coefficient due to scattering m™

B backscatter coefficient mlsr!
Bimol molecular backscatter coefficient m 'srt
Brmots molecular backscatter coefficient at STP conditions m 'srt
Botr backscatter coefficient of the offline wavelength m~'sr!
Bon backscatter coefficient of the on-line wavelength mlsr!
Byar particle backscatter coefficient msr!
Ao difference in extinction coefficient between on- and offline m’
Ao difference in molecular absorption cross section between on-and offline m?

6 temperature °C

Aoff offline wavelength for the DIAL method m

Aon on-line wavelength for the DIAL method m

Ouabs molecular absorption cross-section m?

T cloud optical depth -
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