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Abstract

Clouds influence the Earth’s radiative budget in two competiting ways. On the one side they
reflect shortwave radiation back to space and thereby cool the atmosphere. On the other side
they absorb and re-emit longwave radiation and thereby warm the atmosphere. The net cloud
radiative effect depends largely on the cloud’s temperature and microphysical properties and is
still insufficiently understood. Indeed, cloud radiative effects are a major uncertainty in climate
projections (IPCC, 2021). Clouds especially play a key role in the local radiative budget in the
Arctic, a region vulnerable to climate warming (Goosse et al., 2018). The cloud droplet and ice
crystal size distributions regulate the cloud radiative effects. Clouds consisting of many small
cloud droplets have a larger optical thickness compared to clouds with fewer and larger ice crys-
tals for the same cloud water path. This larger optical thickness leads to a larger albedo, hence a
larger reflection of solar radiation on one side and on the other side to a larger emissivity leading
to larger longwave radiation emittance. The changes caused by cloud microphysical processes on
the phase partitioning and particle size distributions are not sufficiently understood in mixed-
phase clouds containing cloud droplets and ice crystals.

The aim of this thesis is to improve the understanding of the microphysical processes shap-
ing the phase partitioning in Arctic mixed-phase clouds with an extensive set of instruments
operated during the Ny-Alesund Aerosol Cloud Experiment (NASCENT) campaign. In-situ
measurements retrieved from an holographic imager mounted on a tethered balloon system are
employed, together with ground-based remote sensing observations, standard atmospheric pa-
rameters retrieval, and the determination of the concentration of aerosol particles acting as
cloud condensation nuclei or as ice nucleating particles. The combination of many different mea-
surement methods was highly beneficial to study the properties of aerosol and cloud and their
interactions. In addition, the balloon-borne cloud microphysical observations were for the first
time successfully supplemented with in-situ radiation observations, enabling the direct compari-
son between cloud microphysical and radiative properties.

A large variety of microphysical properties was identified during six days of measurements in low-
level Arctic mixed-phase clouds. Many ice crystals with distinct shapes and sizes were observed.
The habit of ice crystals allow to determine their histories as well as the atmospheric condi-
tions prevailing in the clouds. For example, ice crystals recirculating in the cloud and thereby
experiencing subsequently growth in plate and column environments, as well as aged-rimed par-
ticles were identified. Furthermore, a shallow stratocumulus with low updrafts and turbulence
was characterized by comparable ice nucleating particles and ice crystal concentrations. Conse-
quently, these ice crystals formed by nucleation on ice nucleating particles and no other process
substantially contributed to their formation. The concentration of aerosols acting as ice nucle-
ating particles in the pristine Arctic environment limited the ice crystal formation in this cloud.
In warmer but more convective clouds, a large discrepancy between the concentration of small
pristine ice crystals and concentration of ice nucleating particle was identified. Secondary ice
production mechanisms causing the multiplication of ice crystals are proposed to be responsible
for these discrepancies. We assume that small pristine ice crystals (< 100 pm) were formed close
to the measurement location, otherwise they would have grown to larger sizes or interacted with
other cloud particles, thereby loosing their pristine shapes. Due to their recent formation, these
small ice crystals can be used as evidence for local secondary ice production. Local secondary
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ice production prevailed during 40% of the six days of measurements in MPCs, and high sec-
ondary ice production events (small ice crystal number concentrations larger as 10 L™') during
3.6%. Secondary ice production took place at all temperatures observed (-2 °C to - 24 °C). The
concentration of small pristine ice crystals peaked between -3 °C and -5 °C and the frequency of
occurrence of secondary ice production was highest between -18 °C and -24 °C, reaching between
76% and 96%.

The most investigated secondary ice processes are the rime-splintering or Hallett-Mossop pro-
cess referring to the production of ice splinters during riming, the droplet shattering process
occurring during freezing of supercooled droplets, and the collisional breakup process describing
fragmentation during collision of two (or more) ice crystals. The direct observation of secondary
ice production processes in natural clouds is practically impossible. Instead, we use the small
pristine ice crystals as tracers for identifying regions with prevailing secondary ice production
and examine the cloud properties at these locations. This allows to determine the possible
mechanisms involved in ice multiplication. For example, the concentration of frozen drops in-
creased simultaneously as the small pristine ice crystals concentration during one high secondary
ice production event, indicative for the occurrence of droplet shattering. During another high
secondary ice production event, the rime-splintering, the droplet shattering, and the collisional
breakup processes likely all contributed partly to the formation of splinters growing to small
pristine ice crystals.

During the six days of measurements, the ratio of occurrence of drizzle drops was enhanced by
a factor of 2 during secondary ice production and by a factor of 4 during high secondary ice
production. Moreover, frozen drops were measured during 87% of the high secondary ice pro-
duction observations, indicating a likely considerable contribution from the droplet shattering
mechanism. We advance that the formation of large drizzle drops initiating the secondary ice
production is determined by the low concentration of aerosols acting as cloud condensation nuclei
in the pristine Arctic environment.

In this thesis, we demonstrated the role of ice crystal formation on ice nucleating particles and
cloud droplet activation on cloud condensation nuclei for initiating secondary ice production
mechanisms, which are responsible for the increase the ice crystal number concentration by sev-
eral order of magnitude. The interplay between these aerosols and secondary ice production,
together with environmental conditions (temperature, updrafts), shape the microphysical and
radiative properties of Arctic mixed-phase clouds, and should be represented accurately in at-
mospheric models to reduce the uncertainty related to cloud radiative effects in the Arctic.
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Résumé

Les nuages influencent le bilan radiatif de la Terre de deux maniéres. D’une part, ils réfléchissent
le rayonnement a ondes courtes vers ’espace et refroidissent ainsi 'atmosphére. D’autre part,
ils absorbent et émettent & leur tour le rayonnement & grande longueur d’onde et réchauffent
ainsi 'atmosphére. L’influence des nuages sur le rayonnement dépend largement de leur tempé-
rature et de leurs propriétés microphysiques. Leur influence exacte n’est pas encore suffisamment
comprise, et 'impact des nuages sur le bilan radiatif de la Terre constitue une grande source d’in-
certitude dans les projections climatiques (IPCC, 2021). Les nuages jouent notamment un role
clé dans le bilan radiatif local de I’Arctique, une région particulierement vulnérable au réchauf-
fement climatique (Goosse et al., 2018). Les processus microphysiques se déroulant a l'intérieur
des nuages arctiques restent difficiles a étudier, de par la rareté des mesures in-situ et la com-
plexité du systéme. Les nuages a phases mixtes arctiques contiennent a la fois des gouttelettes
d’eau et des cristaux de glace, et la distribution de ces deux types d’hydrométéores régule leurs
propriétés optiques. En effet, les nuages composés de nombreuses petites gouttelettes d’eau ont
une épaisseur optique plus importante ce qui cause une plus grande réflexion du rayonnement
solaire, par rapport aux nuages composés en plus grande partie de cristaux de glace en générale
moins nombreux et plus grands. Les nuages avec une plus grande épaisseur optique ont aussi
une plus grande émissivité, c’est-a-dire une plus grande émission de rayonnement infrarouge. Les
processus microphysiques qui se déroulent dans les nuages influencent la répartition des phases
et la taille de particules d’eau et de glace, et méritent donc d’étre étudiés plus en détail afin de
réduire l'incertitude de I'impact radiatif des nuages dans la région arctique.

L’objectif de cette thése est d’améliorer la compréhension des processus microphysiques qui déter-
minent la répartition des phases thermodynamiques dans les nuages a phases mixtes de I’ Arctique
a l’aide d’un large ensemble d’instruments employés pendant la campagne de mesure NASCENT
(Ny—Alesund Aerosol Cloud Experiment). En particulier, des mesures in-situ obtenues a partir
d’un imageur holographique monté sur un ballon captif sont utilisées, ainsi que des observations
de télédétection au sol, des mesures atmosphériques standards, et la détermination de la concen-
tration de noyaux glagogénes et de noyaux de condensation. La combinaison de nombreuses
méthodes de mesure s’est montrée trés utile a I’analyse des propriétés des aérosols, des nuages
et de leurs interactions. De plus, les observations microphysiques de nuages effectués a ’aide du
ballon captif ont été pour la premiére fois accompagnées par des mesures de rayonnement, ce qui
a permis de comparer directement les propriétés microphysiques et optiques des nuages.

Une grande variété de propriétés microphysiques ont été identifié a ’aide de six jours de mesures
dans des nuages de basse altitude & phase mixte. Plusieurs formes de cristaux de glace parti-
culiéres ont été observées. La forme des cristaux permet de déterminer leurs histoires ainsi que
les conditions atmosphériques prévalant dans les nuages. Par exemples, des cristaux de glace qui
ont grandit consécutivement dans des environnements avec différentes températures ambiantes
ont été observé. Ces cristaux ont donc circuler dans le nuages et grandit consécutivement & des
températures favorable au développement de colonnes puis de plaques hexagonales.

Par ailleurs, des concentrations comparables de noyaux glacogénes et de cristaux de glace ont
été mesurées dans un stratocumulus avec un faible courant ascendant et peu de turbulence. Par
conséquent, ces cristaux de glace se sont formés par nucléation & partir de noyau glagogéne a
environ -16 °C et aucun autre processus n’a considérablement contribué a leur formation. La



faible concentration d’aérosols agissant comme des noyaux glagogénes dans I’atmosphére propre
de I’Arctique a donc limité la formation de cristaux de glace dans ce nuage. Au contraire, dans
d’autres nuages plus chauds et plus convectifs, nous avons identifié un écart important entre la
concentration de petits cristaux de glace et la concentration de noyaux glagogénes. Il est postulé
que des mécanismes de production de glace secondaire causant la multiplication de petits cris-
taux de glace sont responsables de ces écarts. Nous partons du principe que les petits cristaux de
glace (< 100 pm) se sont formés a proximité de I'instrument de mesure. Autrement, les cristaux
auraient atteint de plus grandes tailles ou interagi avec d’autres gouttelettes ou cristaux de glace
dans le nuage, et ainsi perdu leurs formes originales. En raison de leur formation récente, ces
petits cristaux de glace peuvent étre utilisés pour démontrer la production locale de glace secon-
daire. Durant les six jours de mesures, la production locale de glace secondaire a été observée
dans 40% des observations dans les nuages a phase mixtes. Dans 3,6% des cas, des valeurs de
production de glace secondaire particuliérement élevées (avec des concentrations de petits cris-
taux de glace supérieures a 10 L'!) ont été mesurées. La production de glace secondaire a eu lieu
a toutes les températures observées (-2 °C a -24 °C). Le maximum de la concentration de petits
cristaux de glace a été observé entre -3 °C et -5 °C, tandis que la fréquence de la production de
glace secondaire était la plus élevée entre -18 °C et -24 °C, atteignant des valeurs comprises entre
76% et 96%.

Plusieurs mécanismes de production de glace secondaire ont été identifiés dans la littérature.
Le processus de Hallett-Mossop fait référence a la production d’éclats de glace lorsqu’un gros
cristal de glace collecte des petites gouttelettes d’eau liquide surfondue qui gélent au contact
du cristal. Le mécanisme de congélation de grosse gouttes d’eau surfondues crée des cristaux de
glace secondaire quand de grosses gouttes d’eau surfondues éclatent ou se fragmentent en gelant.
Enfin, le processus de rupture par collision décrit la fragmentation d’un cristal suite & sa collision
avec d’autres cristaux. L’observation des processus de production de glace secondaire directe-
ment dans les nuages naturels est pratiquement impossible. A la place, nous utilisons les petits
cristaux de glace pour retracer les conditions environnementales & ’endroit de la production de
glace secondaire. Cela permet de déterminer les mécanismes pouvant étre impliqués dans la mul-
tiplication de la glace. Par exemple, nous avons observé un événement de production secondaire
de glace particuliérement élevé au cours duquel la concentration de gouttes gelées a augmenté
simultanément que les petits cristaux de glace. Cela indique la large contribution du processus
de congélation de grosse gouttes surfondues. En revanche, les trois mécanismes de production de
glace secondaire (le processus de Hallett-Mossop, le processus de rupture de cristaux de glaces
et le processus de congélation de grosse gouttes surfondue) ont probablement tous contribué a la
formation d’éclats de glace lors d’un autre événement de production de glace secondaire élevé.
Sur I’ensemble des six jours de mesures, le rapport de fréquence des gouttes d’eau surfondue a
doublé pendant la production de glace secondaire et a méme quadruplé pendant les événements
de production de glace secondaire élevée. De plus, des gouttes gelées ont été observées durant 87%
des mesures de production de glace secondaire élevée, indiquant probablement la contribution
considérable du mécanisme de congélation de grosses gouttes surfondues. Nous avangons 1’hypo-
thése que la formation de grosses gouttes surfondues initiant la production de glace secondaire
est déterminée par la faible concentration d’aérosols agissant comme des noyaux de condensation
dans I'environnement Arctique peu pollué.

Dans cette thése, nous avons démontré le role de la formation de cristaux de glace graces aux
noyaux glacogéne et 'importance de 'activation d’une faible quantité de gouttelettes par des
noyaux de condensation pour initier les mécanismes de production de glace secondaire qui aug-
mentent la concentration de cristaux de glaces dans les nuages & phase mixte de I’Arctique. Les
interactions entre ces aérosols et la production de glace secondaire fagonne les propriétés micro-
physiques et optiques des nuages & phase mixte de I’Arctique, et devraient étre représentées avec
plus de précision dans les modéles atmosphériques afin de réduire les incertitudes liées aux effets
des nuages sur le rayonnement en Arctique.
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Chapter 1

Introduction

1.1 The Arctic amplification of climate warming

Average temperatures over the Arctic region have increased more than twice as much as in the
global average in the past decades (e.g., Meredith et al., 2019). This stronger warming is known
as Arctic Amplification (AA) and is responsible for the increasing rate of sea ice retreat (Kay
and Gettelman, 2009; Serreze et al., 2009; Bennartz et al., 2013; Cohen et al., 2014). Several
feedback mechanisms associated with temperature, water vapour, and clouds contribute to the
AA (Goosse et al., 2018). Their relative importance in different regions in the Arctic is however
still under debate (e.g., Hall et al., 2021).

The sea-ice albedo feedback characterizes the increased absorption of solar radiation at the
surface when snow and ice retreat and more ocean surface is exposed, that has a much lower
albedo than the highly reflective ice and snow surfaces. This positive feedback process is often
proposed as the main contributor to the AA (e.g., Deser et al., 2000; Screen and Simmonds,
2010), but AA was also observed in simulation without changes in snow cover (Graversen and
Wang, 2009; Bekryaev et al., 2010).

The positive lapse-rate feedback is also a large contributor to the AA (Pithan and Mauritsen,
2014) and is connected to the vertical structure of the atmosphere. Because the lower troposphere
is stably stratified in the Arctic, mixing of cold dense air close to the surface with the lighter air
aloft is inhibited. This confines the surface warming to the lower layers of the troposphere (Bin-
tanja et al., 2012). This larger warming of the lower than of the upper troposphere reduces the
increase in outgoing terrestrial radiation compared to uniform warming of the entire troposphere
profile, and thus leads to further warming (Goosse et al., 2018). Note that this feedback is, on
the contrary, negative in the tropics where unstable conditions favor convection and mixing and
distribute the warming throughout the entire troposphere.

The physics behind the positive water vapor feedback are that a warmer atmosphere can
contain a larger amount of water vapor as described by the Clausius-Clapeyron equation, which
amplifies the greenhouse effect of water vapor and further increases the warming (Gordon et al.,
2013). The advection of warm moist air from lower latitude was found to have a large impact
on the AA (e.g., Moore, 2016; Dahlke and Maturilli, 2017).

Finally, the cloud radiative feebacks contribute to the AA in two competiting ways (e.g.
Curry et al., 1996; Goosse et al., 2018). On the one hand, clouds absorb longwave radiation and
emit it back to the surface and therefore have a longwave warming effect. On the other hand,
clouds scatter solar radiation back to space, leading to a shortwave cooling effect at the surface
(e.g. Ebell et al., 2020). The shortwave cooling effect is only prevailing during the polar days and
depends strongly on the surface below. Additionally, the cloud particle concentration and its
thermodynamical phase influence the cloud radiative effect as discussed in Section [1.2.10. The
feedbacks related to clouds are the most uncertain of all the radiative feedbacks (Goosse et al.,
2018) and therefore require further research. In particular, a comprehensive understanding of the
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Introduction

processes shaping the cloud particle concentrations and phase partitioning is essential to reduce
the uncertainties about the impact of Arctic clouds on the AA. The present thesis takes a step
towards enhancing our understanding about the microphysical and radiative properties of Arctic
clouds.

1.2 Cloud microphysics

1.2.1 Cloud types

Figure 1.1: Schematic of the microphysical processes occurring in Arctic MPCs. Yellow and red
arrows indicate the magnitude of shortwave and longwave radiation fluxes, respectively. Black arrows
represent cloud processes.

Clouds consist of water vapor, together with cloud droplets, and /or ice crystals. Clouds consisting
solely of water vapor and cloud droplets are called warm clouds and occur at temperature above
0 °C. In addition, cloud droplets can be supercooled down to -38 °C. Below this temperature
they freeze homogeneously (i.e. without the need of an ice nucleating particles (INPs)). Typical
warm clouds are fair-weather cumuli observed at our latitudes in summer time. At temperatures
below -38 °C clouds consist solely from ice crystals and water vapor. The ice crystals form by
homogeneous freezing of liquid or solution droplets and relative humidities with respect to ice
above 140% (Kanji et al., 2017), or by heterogeneous nucleation of INPs (e.g., DeMott et al.,
2010; Hoose and Mohler, 2012; Murray et al., 2012). Typical ice clouds are cirrus observed at



1.2. Cloud microphysics

altitudes >7000 m. At temperatures between 0 °C and -38 °C, mixed-phase clouds (MPCs)
consisting of water vapor, supercooled droplets, and ice crystals can exist. Typical MPCs at
mid-latitudes are precipitating clouds in the winter-half of the year, or cumulonimbus in the
summer time. Low-level MPCs are typically found in the Arctic and are the focus of this
thesis. The main processes relevant for Arctic MPCs are introduced in the following subsections
and displayed in the schematic of Arctic MPCs in Figure 1.1. Nevertheless, one should keep
in mind that because of the lack of measurements in the Arctic and the complexity of the
interplay between the microphysical processes, Arctic MPCs are still neither fully understood
nor accurately represented in models (e.g., Mioche et al., 2015; Lloyd et al., 2015).

1.2.2 Cloud droplet formation and growth

Cloud droplets form by activation of aerosol particles acting as cloud condensation nuclei (CCN).
The CCN concentration (CCNC) depends on the aerosol type and concentration, and on the
supersaturation. Good CCN are particles that are hygroscopic to form an aqueous solution
drop, such as sea salt NaCl (Wang, 2013). Droplets grow by diffusion of water vapor molecules
towards the liquid droplets and condensation of the molecules on the surface of the droplet
(Lohmann et al., 2016b). The linear growth rate, i.e. the increase in radius, of the diffusion
and condensation process decreases with increasing droplet size. Starting from approximately
15 pm, the collision and subsequent coalescence of multiple liquid droplets is a more efficient
growth process. This process is initiated by the sedimentation of droplets which collide with
smaller droplets in their path (Lohmann et al., 2016b). The collision-coalescence process can
produce precipitation-sized particles of a few millimeters within ~20 min and is the dominant
precipitation formation pathway in warm clouds (Rogers and Yau, 1989).

Figure 1.2: Cloud droplet size distributions measured by HoloBalloon in a stratocumulus cloud on
10 November 2019 in Ny—AIesund, Svalbard (blue line) and on 24 February 2018 in Aarwangen,
Switzerland (black line).

The size distributions of an Arctic stratocumulus measured in Ny-Alesund, Svalbard and one
continental stratocumulus measured in Aarwangen, over the Swiss plateau are shown in Figure 1.2
illustrate the influence of the CCNC on the droplet’s growth. The Arctic stratocumulus cloud
shows fewer but larger droplets compared to the continental stratocumulus. The size distribution
peaks at around 25 um in the Arctic, compared to 7 pm in the continental case. The reason for
this difference is that the air in the Arctic is cleaner than over the Swiss plateau. Fewer CCN
are available in the ambient air, thus fewer cloud droplets form by CCN activation but each drop
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Introduction

can grow to a larger size due to less competition with other droplets (i.e. the same amount of
condensed water is distributed over fewer cloud droplets).

1.2.3 Ice crystal formation on INPs

Ice crystals form via heterogeneous nucleation with the help of INPs at temperatures between 0 °C
and -38 °C in MPCs (e.g., DeMott et al., 2010; Hoose and Mohler, 2012; Boose et al., 2016). Fewer
acrosol particles act as INPs than as CCN in the atmosphere and the INP concentration (INPC)
depends strongly on the ambient temperature and supersaturation. Solid insoluble particles
with a large surface area such as biological particles or mineral dust are the most prevailing INPs
(Kanji et al., 2017). Heterogeneous nucleation can occurs via four different modes: (1) immersion
freezing refers to the freezing of a cloud or solution droplet in which an INP is already immersed
and initiates freezing upon cooling, (2) condensation freezing describes the condensation of water
that subsequently freezes on an INP, (3) contact freezing occurs when an INP collides with a
supercooled droplets and initiates its freezing, (4) deposition nucleation characterizes the direct
deposition of vapor on an INP (Lohmann et al., 2016b). Recent studies proposed the actual
process behind deposition nucleation is liquid water condensation and freezing in pores (pore
condensation and freezing), where liquid water condensation can occur below water saturation
(Marcolli, 2014; David et al., 2019b). Contact freezing and immersion freezing are the relevant
nucleation modes for ice crystal formation in Arctic MPC (Ansmann et al., 2008). Ice forming
directly from INPs is called primary ice, in contrast to secondary ice crystals produced from
multiplication of ice particles and discussed in the following section. The origin of ice crystals
(primary versus secondary ice) is still insufficiently quantified, especially in Arctic MPCs, and is
therefore a focus of this thesis.

1.2.4 Secondary ice crystal formation

Observations in MPCs have shown that the ice crystal number concentration (ICNC) is frequently
several orders of magnitude larger and shows more temporal fluctuations than the estimated
INPC (e.g., Hobbs and Rangno, 1985; Lloyd et al., 2015; Lohmann et al., 2016a)). Secondary ice
production (SIP) which refers to the formation of additional ice particles from the prevailing ice
crystals can explain this discrepancy. SIP is expected to play an important role in the formation
of ice crystals in MPCs (e.g., Korolev et al., 2020; Korolev and Leisner, 2020). Because ice
crystals are required for the initiation of SIP processes, the first ice crystals will always form by
nucleation on INPs and only thereafter SIP processes can become active. Several SIP processes
have been documented over the past decades: (1) droplet fragmentation during freezing, (2)
splintering during riming (Hallett—Mossop process), (3) fragmentation during ice-ice collision,
(4) ice fragmentation during thermal shock, and (5) fragmentation during sublimation. The
knowledge gained from laboratory experiments on SIP processes is shortly describe here. Please
see Korolev and Leisner (2020) for a complete review of the results from laboratory experiments
related to SIP processes.

The production of secondary ice during riming is referred as rime-splintering or Hallett-
Mossop (HM) process named after the studies by Hallett and Mossop (1974) and Mossop and
Hallett| (1974) who observed splinters formation during riming in a cloud chamber. However, the
underlying physical mechanism of this process is still not well understood. It is considered to
occur when cloud droplets with diameters larger than 25 pm and smaller than 13 pm coexist and
freeze upon collision with a larger ice particles (Field et al., 2017; Korolev and Leisner, 2020).
Despite the lack of physical understanding of the HM process, there is a scientific consens that
this process occurs in a temperature range between -8 °C and -3 °C when heavily rimed particles
and cloud droplets smaller 13 pm and larger 25 pm are prevailing. This SIP process is the one
which received the most attention and is the only SIP mechanism for which parametrizations are
widely used in numerical weather prediction models. However, as the HM process is constrained
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to the temperature range between -8 °C and -3 °C, its impact on the cloud microphysics in seems
limited.

Droplet fragmentation during freezing can be initiated by the collision of a cloud droplet with
an INP or with an ice crystal in most cases. An ice shell can form which trap the liquid water
inside. When the ice shell expands, an internal pressure builts up because of the lower density of
ice compared to liquid water. If the pressure reaches a critical point, the ice shell may crack to
relieve the internal pressure, and thereby produces secondary ice crystals (e.g., Langham et al.,
1958; Mason and Maybank, 1960; Korolev and Leisner, 2020). Lauber et al. (2018) found that
the production of splinters increases with liquid droplets size. The maximum rate of fragments
produced was found at around -15 °C, but the process was observed at temperatures from -20 °C
up to -0.5 °C (Korolev et al., 2020; Keinert et al., 2020).

Ice crystals can fragment and create splinters during collisions with other ice crystals. Only
two laboratory studies investigated SIP during ice-ice collisions (Vardiman, 1978; Takahashi
et al., 1995). Therefore the efficiency of this SIP process is still poorly described. It seems to
be favored by large rimed ice crystals (Vardiman, 1978) and the number of fragments generated
to depend additionally on the air temperature, and on the relative fall speed of the colliding
particles (Takahashi et al., 1995; Korolev and Leisner, 2020).

Thermal-shock fragmentation may take place during riming (King and Fletcher, 1976). When
the drop freezes on the surface of the ice crystal, its temperature rises to the melting point and a
part of the latent heat released is transmitted to the ice crystal. This may cause a thermal shock,
producing a stress that can cause the cracking or splintering of the ice crystal because of the
differential expansion of ice (Koenig, 1965). Thermal shock fragmentation was found to be able
to occur at temperatures below -5 °C (King and Fletcher, 1976). However, this SIP mechanism
obtained only little investigation and is still badly understood and described.

Fragmentation during sublimation can occur in subsaturated regions, for example below cloud
base. Laboratory studies have shown that the number of fragments produced varies depending
on the shape of the initial ice crystal. In addition, the temperature and the relative humidity
influence the fragment numbers (Dong et al., 1994; Bacon et al., [1998). The fragments need to
re-enter back into saturated regions (i.e. in cloud) to growth to larger ice crystals and thus to
be counted for as SIP particles. If the fragments remain in subsaturated air, they will sublimate
completely.

Large gaps in knowledge as well as contradictory results emerged from laboratory exper-
iments. Thus, further laboratory work is needed to improve the physical understanding and
develop quantitative descriptions of the SIP processes. Furthermore, a increased knowledge of
the occurrence of all SIP mechanism as well as the environmental conditions favorable for SIP
occurrence is crucially needed in clouds, but this is difficult because direct measurement of SIP
processes is practically impossible in natural clouds. One goal of this thesis is to obtain a better
description of environmental conditions favorable for SIP processes. To this aim, we compare
the concentrations of INP and small ice crystal to determine regions of SIP occurrence, and
investigate the environmental conditions prevailing in these regions.

1.2.5 Ice crystal growth

Once an ice crystal has formed, it will grow by vapor diffusion, similarly to cloud droplets.
The ice crystals growth by deposition is more efficient than the condensational growth of cloud
droplets because higher supersaturations with respect to ice are encountered and the water vapor
gradient at the particle’s surface is larger for ice crystals than for cloud droplets. The ice crystals
need a few minutes to reach a size of many tens of micrometers (Lohmann et al., 2016b). The
arrangement of water molecules in the ice crystal lattice is responsible for the hexagonal shape
of the ice crystals and the temperature and supersaturation further determine the habit of ice
crystals. Simple ice crystals have the form of an hexagonal prism with two basal faces and six
prism face (Lohmann et al., 2016b).
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Figure 1.3: Ice crystal habit diagram, showing to which habit ice crystals grow as a function of
temperature (T) and saturation ratio with respect to ice (S;). The solid black line represents saturation
with respect to liquid water. Figure taken from (Lohmann et al., 2016b)

The growth in the basal (column-like) or prism (plate-like) face is favored depending on the
ambient temperature. Results from laboratory experiments have shown that plate-like ice habits
are the predominant ice habit in the temperature range between 0 °C and -3 °C and between
-10 °C and -22 °C, whereas columnar ice crystals are mostly prevailing at temperatures between
-3 °C and -10 °C, as well as at temperatures below -22 °C (Fig. 1.3) (e.g., [Libbrecht, 2005).
At -3 °C and -10 °C, ice crystals with an aspect ratio of close to 1 are observed. In this thesis,
we use the knowledge about these favored growth regimes to investigate the history of the ice
particles in natural clouds.

In addition to growth by deposition, ice crystal can growth by accretion when colliding with
other ice particles (aggregation) or cloud droplets (riming). Aggregation is larger at higher tem-
peratures because of the thicker quasi-liquid layer on their surface that increases their stickiness
(Lohmann et al., 2016b). This is most effective at temperature higher than -10°C. Riming oc-
curs when a supercooled droplet collides and freezes on the surface of an ice crystal. Because
the droplet is likely to freeze upon collision, the sticking efficiency is close to unity. Rather,
the riming efficiency depends the collision efficiency between ice crystals and cloud droplets and
therefore on the cloud droplet size distribution and the CCNC. The ice crystals shape and size
gives information about its origin and growth history.

1.2.6 Seeder-feeder process

In addition to the formation of ice crystals by homogeneous and heterogeneous nucleation, and
from SIP processes, the seeder-feeder process can increase the ICNC in low-level MPCs. The
seeder-feeder mechanism refers to sedimenting ice particles from a higher cloud into a separate
lower cloud or a lower part of the same cloud (Proske et al., 2021). Even though the seeder—feeder
mechanism was originally proposed over orographic terrain, it was found to be frequently occur-
ring also in Arctic multilayer clouds (Vassel et al., 2019). The higher ICNC can enhance the
Wegener-Bergeron-Findeisen process (WBF) explained below and/or the precipitation amount.
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1.2.7 Wegener-Bergeron Findeisen process

The mixture of water vapor, supercooled liquid droplets, and ice crystals found in MPC is
thermodynamically unstable because the equilibrium vapor pressure over ice is lower than over
supercooled water. This causes ice crystals to grow faster by diffusion of water vapor than the
liquid droplets. The ice crystal growth reduces the water vapor pressure and can lead to the
evaporation of cloud droplets if the water vapor saturation drops below saturation with respect to
liquid. This process is called the WBF process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938).
The WBF can cause a complete glaciation of the MPC within a few minutes to hours depending
on the ice crystal concentration and liquid water content (Harrington et al., 1999; Korolev and
Isaac, 2003). However, the efficiency of the WBF depends on the spatial distribution of cloud
droplets and ice crystals, and is limited if the ice crystals and cloud droplets are inhomogeneously
distributed (Korolev et al., 2017). Additionally, if sufficient updrafts are prevailing to sustain
water vapor saturation, both cloud droplet and ice crystals can growth simultaneously. In the
contrary, if updrafts are too low, the saturation with respect to ice may not be sustained which
would cause the sublimation of the ice crystals.

1.2.8 Aerosol-cloud interaction

Aerosol particles exert a direct effect on the Earth’s radiation budget because they absorb or
scatter shortwave radiation and absorb and re-emit longwave radiation. This is referred to as the
effective radiative forcing due to aerosol-radiation interactions (ERFq) (Boucher et al., 2013).
In addition, aerosol particles acting as CCN and INPs change the microphysical properties of
clouds, thus influencing their radiative properties as will be discussed in Section 1.2.10. The
effect of aerosol particles on cloud properties is nowadays called the effective radiative forcing
due to aerosol-cloud interaction (ERF,ci)(Boucher et al., 2013). For example, three such effects
arise from an increase in CCNC leading to an increase in cloud droplet number concentration
(CDNC): (1) the cloud-albedo or Twomey effect stating that more cloud droplets increase the
albedo the cloud, (2) the riming indirect effect stating that it results in a decrease in the sizes
of cloud droplets and thus in a less efficient riming process reducing the mass of the ice crystals
and hence the ice water content (Borys et al., 2003), (3) the thermodynamic indirect effect
that states that the decrease in the sizes of cloud droplets delay the onset of freezing and thus
decrease the ice crystal number concentration (Lohmann and Feichter, 2005; Jackson et al.,
2012). Regarding the ERF,; on INPC, the glaciation indirect effect states that an increase in
INPC increases the ICNC and thus enhances the amount of ice phase precipitation (Lohmann),
2002). The interplay between cloud and aerosol particles is complex and especially important in
the Arctic atmosphere, where increases in aerosol concentration can have a large impact on the
otherwise clean atmosphere. There is a need to obtain better characterisation of the aerosol-cloud
interactions in the Arctic climate, to better constrain their impact in the current and future on
the Arctic climate.

1.2.9 Persistence of Arctic MPCs

Despite all processes contributing to the formation and growth of ice crystals and thus favoring
the glaciation of MPCs, Arctic MPCs regularly persist for several hours or days (e.g., Pinto,
1998; Shupe et al., 2008a; Morrison et al.; 2011). This persistence requires that the environment
remains saturated with respect to liquid water, otherwise the cloud droplets would evaporate.
This can be achieved by sufficiently large updrafts (Heymstield, 1977; Pinto, 1998; Korolev et al.,
2017) if the condensate supply rate exceeds the diffusional growth rate of ice crystals (Rauber
and Tokay, 1991). In Arctic MPC, it was found that the radiative cooling enhanced by the
frequently observed supercooled liquid layer at cloud top (e.g., Hobbs and Rangno, 1998; Shupe
et al., 2008a; McFarquhar et al., 2011) drives updraft and turbulence, which help maintaining
liquid water saturation needed for sustaining the cloud top liquid layer (Morrison et al.; 2011).
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The current understanding is that this feedback process is responsible for the persistence of Arctic
MPCs (Morrison et al., 2011). In addition, low ICNC regions (e.g. in an INP-limited cloud)
need lower updrafts to remain supersaturated with respect to liquid water because of the lower
competition for water vapor and because the few ice crystals grow rapidly by vapor deposition
and sediment out of the cloud without causing its entire glaciation (Girard et al., 2013).

1.2.10 Cloud radiative effects

In general, clouds influence the Earth’s radiation budget in two competing ways: they cool
the surface by scattering solar radiation back to space, and warm the surface by absorbing
and re-emitting longwave radiation (Shupe and Intrieri, 2004; Lohmann et al., 2016b). Because
of their high frequency of occurrence in the Arctic (e.g., [Intrieri et al., 2002; Shupe et al.,
2006; Nomokonova et al.; 2019), MPCs largely influence the surface and the top-of-atmosphere
radiative budgets (e.g., Zuidema et al., 2005b; Shupe and Intrieri, 2004; Korolev et al., 2017). The
radiation properties depend largely on the cloud optical depth which is defined as the extinction
coefficient integrated over the thickness of the cloud. Cloud droplets have a larger extinction
coefficient and thus a larger optical depth than ice crystals for a given cloud water path because
they are smaller and more numerous. For this reason, the cloud droplets are mainly controlling
the MPC’s shortwave and longwave radiative properties. On one side, more cloud droplets in the
MPC mean a higher albedo and thus a larger surface cooling effect. This is furthermore enhanced
by the difference in scattering properties between spherical water droplets and nonspherical ice
crystals (e.g., Jarvinen et al., 2018). On the other side, the emissivity of MPC is larger when
they contain more cloud droplets. Therefore, their longwave warming effect is stronger. It was
found from combined remote sensing and modelling studies and that the radiative forcing from
Arctic clouds exhibit a strong seasonality (Dong et al.; 2010; Ebell et al., 2020). Clouds induce
a surface warming during most of the year and a short period of surface cooling in the summer,
when the shortwave cooling dominates over the longwave warming effect. However, the impact
of the cloud radiative feedbacks on the AA remain largely uncertain. More observations of cloud
microphysical and radiative properties are needed to better constrain models and reduce these
uncertainties. In this thesis, we introduce an innovative approach, were we combine collocated
in-situ microphysical and radiative measurements to directly infer the effect of the cloud particles
concentrations and phase on the radiative fluxes.

1.3 Atmospheric observations

Observations of cloud properties can be obtained by in situ and remote sensing measurements.
In situ instruments sample the cloud properties directly at the instruments location and pro-
vide a detailed characterization of the cloud properties at a given point in time and space, but
lack information on the rest of the cloud structure. On the contrary, remote sensing instrumen-
tation profile atmosphere continuously, but relies on retrieval algorithms based on assumption
about the cloud microphysics. Additional essential information about the entire atmosphere
profile such as temperature, wind speed and direction, and relative humidity is most frequently
obtained from radiosondes. Therefore, the combination of cloud in-situ and remote sensing ob-
servations, together with radiosonde profiles is optimal to acquire a thorough understanding of
the cloud microphysical properties. In the following sections, we describe in situ instrumentation
(Section 1.3.1) and remote sensing instrumentation (Section 1.3.2), which are relevant for this
thesis.

1.3.1 In-situ cloud observations

In situ observations of clouds have been performed on mountain tops (e.g., Borys et al., 2003;
Henneberger et al., 2013; Beck et al., 2018; Koike et al., 2019), on cable cars (e.g. Beck et al.,

8



1.3. Atmospheric observations

2017; Lauber et al., 2021), on aircrafts (e.g., Lawson et al., 2001; McFarquhar et al., 2011; Lloyd
et al., 2015; Korolev et al., 2020), and less frequently on tethered balloon systems (e.g., Duda
et al., 1991a; Ramelli et al., 2020, 2021a,b). All measurement platforms have advantages and
caveats. Mountain top measurements can provide continuous measurements of clouds for long
time period but the measurements can be influenced by the surface-based processes (Beck et al.,
2018). Measurements performed with aircrafts offer flexibility on the choice of the flight path,
which is useful for the characterization of specific cloud regions (e.g, cloud top), but the high
traveling speed of aircraft limits the spatial distribution the measurements and the high aspiration
speed may generate ice crystal shattering at the tips of the instrument’s inlet (Korolev et al.,
2011). Cable car platforms have lower aspiration speeds compared to aircrafts, but their location
and travel altitude is restricted. Tethered balloon platforms have even lower aspiration speeds,
are more flexible in term of measurement locations, the altitude of measurements can be varied
and the instruments orient themselves automatically in the direction of the wind. However, the
maximum altitude of such measurements is limited to the lower part of the atmosphere. This
makes tethered balloon systems an ideal platform to measure low-level clouds in remote regions
like the Arctic. In this thesis, the tethered balloon system HoloBalloon (Fig. 1.4) was utilized to
sample Arctic MPCs. HoloBalloon consists of a 175 m? helikite and an instrument platform and
is able to fly up to ~1200 m above ground (when launched from sea level). The HOLographic
Imager for Microscopic Objects (HOLIMO 3B) is the main instrument on this platform.

Figure 1.4: HoloBalloon flying with the instrument platform hanging 12 m below the helikite. The
container where aerosol measurements were performed is visible on the left. Photography taken by
Jan Henneberger.

HOLIMO3B works on the principle of digital in-line holography using a coherent light source
from a laser and a digital camera (Ramelli et al., 2020). First, a hologram is recorded from
the interference pattern of the reference wave emitted by the laser and the scattered waves
from cloud particles in the sample volume (Fig. 1.5). Second, the HoloSuite software package
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is used to extract the particle images and the cloud properties (Fugal et al., 2009; Schlenczek,
2018). For this, layers are reconstructed in the sampling volume. An amplitude threshold is
used to detect particles inside the sample volume and the 3D in-focus position as well as the 2D
shadowgraphs of the particles are extracted. More information about the holographic method
used can be found in Fugal et al. (2009) and Henneberger et al. (2013) . Thereafter, particles
are classified into cloud droplets, ice crystals, and artefacts using supervised machine learning
(e.g., Fugal et al.; 2009; Beck et al., 2017) or a convolutional neural network trained and fine-
tuned on cloud particles from holographic imagers (Touloupas et al., 2020; Lauber, 2020). One
major advantage of HOLIMO3B compared to other cloud microphysical probes is that it has a
well-defined sample volume independent of particle size and air speed, which enable the use of
an open path configuration, i.e. no inlets are needed.

A better understanding of the role of the phase partitioning within MPCs on their radiative
properties is needed to reduce the uncertainties related to the cloud radiative feedbacks on the
AA. To be able to directly relate the cloud microphysical and radiative properties, I installed
two pyrgeometers (upward and downward looking) and two pyranometers (upward and down-
ward looking) on the backside of HOLIMO3B. These measurements are discussed in Chapter 5.
Another new implementation was the change of the communication system between the moni-
toring computer on the ground and HOLIMOS3B in the clouds. This provisory adaptation was
implemented because it is forbidden to use wavelengths above 2 GHz in Ny-Alesund as this
region is part of a radio silent zone. Finally, HOLIMO3B was for the first time installed on a
new platform hanging below the tethered balloon system. HOLIMO3B had so far been attached
directly to the keel of the helikite. However, it was found during previous campaigns that this
may have generated a turbulent flow possibly influencing the observation of large ice particles
due to shielding effects of the balloon. Thus, we mounted HOLIMO3B for the first time on a
new hanging platform 12 m below the tethered balloon system (see Fig. 1.4), instead of being
attached to its keel.

Figure 1.5: Schematic of the working principle of HOLIMO3B. A collimated laser beam generate
a reference wave which is scattered by two cloud droplets. The scattered waves interfere with the
reference wave. This forms the interference pattern called a hologram, which is recorded by a digital
camera. Figure taken from Ramelli et al. (2020)
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1.3.2 Remote sensing cloud observations

There are two types of remote sensing techniques: passive and active sensors. Passive remote
sensing methods (e.g., radiometers) measure radiation that is naturally emitted or reflected by
atmospheric particles. Active remote sensing methods (e.g., radar, lidar) emit radiation towards
the targets of interest and measure the radiation scattered back. In the following, we describe
the principles of active remote sensing instruments relevant for this thesis.

Ceilometers are elastic backscattering LIDARs (LIght Detection And Ranging). They are ac-
tive remote sensing instruments that emit an electromagnetic wave in the visible frequency range
and measure the photons scattered back by atmospheric targets. The instantaneous magnitude
of the return signal gives information on the backscatter properties of the atmosphere (COST,
2013). The travel time and the speed of light are used to determine the height of the atmospheric
targets. Ceilometers are mostly employed to automatically identify the cloud base altitude. The
backscattered power is a function of the area of the target illuminated by the ceilometer beam.
Therefore backscatter from larger targets like cloud particles will be of a greater magnitude
than backscatter from aerosol particles and threshold criteria are used to discriminate if the
signal originates from clouds or aerosol particles (COST, 2013). The obstruction of vision by
precipitation below cloud base may lead to too low cloud base detection by ceilometer.

The RADAR (RAdio Detection And Ranging) technique works in a similar way as the lidar
technique, but uses electromagnetic waves in the radar frequency range (1 - 100 GHz). This
enables cloud radars to retrieve information from inside the clouds even if they are optically
thick. As for the lidar technique, a part of the electromagnetic wave emitted is scattered back
by atmospheric particles and their distance is calculated from the run time of the pulse. The
received signal provides information about the received power, from which the reflectivity of
the target can be derived, together with the Doppler shift in frequency, which is indicative of
target’s velocity along the radar beam (radial velocity). In addition, some cloud radars provide
information about the polarization of the signal, from which information of the particle shape
and orientation can be derived (Houze Jr, 2014). The power received by the antenna averaged
over a time interval of 0.01-0.1s is given by

Z|KJ?

P, = Cr=— (1.1)

r

where Z is the radar reflectivity, |K|? is the square of the absolute value of the complex index
of refraction, r is the distance between the scattering target and the radar, and Cr consists of
constants and radar parameters (Lohmann et al., 2016b). If the Rayleigh scattering criterion is
fulfilled (i.e. the size of the scattering cloud particles is much smaller than the wavelength of the
electromagnetic wave), the radar reflectivity factor Z can be calculated from the sixth moment
of the size distribution of the hydrometeors in the volume of air scanned (Houze Jr, 2014):

_ OO 6
Z_/O DS N(D)dD (1.2)

where N (D) is the size distribution of the hydrometeors and D is the particle diameter. The Z
signal is largely dominated by large particles because Z is proportional to the particle’s diameter
to the power of six. Thus, if hydrometeors of different sizes are present in the volume measured,
the largest hydrometeors will dominate the return signal. It is therefore more convenient to
display Z on a logarithmic scale with the units (Lohmann et al., 2016b):

mmb m—3>
Typical values of Z for various hydrometeors and precipitation types are displayed in Table [1.1.

In addition to the reflectivity information, the Doppler shift of frequency occurring between
the transmitted and received signal can be used to obtain information about the motions of
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Table 1.1: Typical values of Z for various hydrometeors and precipitation types (adapted from
Lohmann et al. (2016b)).

Scatterer Z values [dBZ]
Cloud droplets - 40 to -20
Mixed-phase clouds - 20 to -10
Drizzle -20to 0
Very light rain or light snow 0 to 10
Moderate rain and heavier snow 10 to 30
Melting snow 30 to 45
Moderate to heavy rain 30 to 60
Hail > 60

the air and the hydrometeors. The so-called Doppler velocity is the sum of the fall speed of
the hydrometeors and the vertical wind. A Doppler velocity vector away from the cloud radar
indicates a region where updrafts dominate over the fall speed of the hydrometeors.

Many hydrometeors are present in the sample volume of the radar and each hydrometeor
generates a Doppler shift in frequency. This gives a distribution of Doppler radial velocities (i.e.,
Doppler spectrum). From the Doppler spectrum, the mean Doppler velocity (15° moment) and
the width of the Doppler spectrum (2nd moment) can be calculated. The width of the Doppler
spectrum, or spectral width, represents its standard deviation. Small spectral widths values
indicate a narrow distribution, and large values a larger spread of Doppler velocities within the
sampled volume. Such larger spectral widths can result from turbulent motion and/or from the
presence of multiple particle populations with different fall speeds.

In the present thesis, a vertically-pointing (non-polarimetric) 94 GHz cloud radar (JOYRAD-
94, Kichler et al., 2017), and a ceilometer (Vaisaila-CL51, Maturilli and Ebell, 2018) are used
together with in-situ measurements on HoloBalloon to study the microphysics of Arctic MPCs.

1.3.3 Other ground based measurements
1.3.3.1 Aerosol measurements

Aerosol particles, especially when acting as CCN or INPs, are crucial for the cloud microphysical
properties. Thus, accurate measurements of CCNC and INPC are needed to understand the cloud
microphysical properties. Several online and offline measurement techniques exists to measure
the INPC at different temperature. In offline techniques, the sampling and testing for the ice
nucleation ability of the aerosol particles is separated. The air is first sampled through an aerosol-
to-liquid cyclone impinger, or through a filter exposed to a defined volume of ambient air during
several hours or days. Then the INPC is derived, using for example drop-freezing instruments
such as the DRoplet Ice Nuclei Counter Zurich (DRINCZ, David et al., 2019a)), where aerosol
particles are cooled in an ethanol bath and freezing is automatically detected with a camera.
In contrary, online techniques sample and test INPs quasi-simultaneously. The Horizontal Ice
Nucleating Chamber (HINC, [Lacher et al., 2017) is an example of an online technique. This
continuous flow diffusion chamber uses a temperature gradient to generate supersaturation in
the chamber to measure the INPC at -30 °C. Supersaturation generated by a thermal gradient
and hence vapor can also be used to measure CCNC in continuous flow diffusion chamber called
CCN counters (Roberts and Nenes, 2005).

1.3.4 Meteorological and radiation observations

The irradiances at the Earth’s surface are important to understand the radiative processes. State
of the art radiation measurements are performed at measurement sites of the Baseline Surface
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Radiation Network (BSRN) around the world. The goal behind the radiation measurements
performed at BSRN fields is to detect important changes in Earth’s radiation at the Earth’s
surface which could be linked to climate change. In addition to radiation measurements, collo-
cated surface meteorological observations of temperature, wind speed and direction and pressure
are essential to obtain a complete picture of the state of the atmosphere. A BSRN field site is
installed in Ny-Alesund (Maturilli et al., 2015; Maturilli, 2020c). These measurements were used
to gain understanding about the prevailing meteorology and as ground truth to compare with
the newly installed radiation sensors on HoloBalloon.

1.4 Objectives of this thesis

Whereas it has been identified that MPCs play an important role for the radiative budget in the
Arctic (e.g., Shupe et al., 2006; Korolev et al., 2017), the uncertainties related to their impacts
are still large Goosse et al. (2018). A better understanding of the microphysical and radiative
properties of MPCs is needed to reduce these uncertainties. Especially, the mechanisms shap-
ing the ice crystals and cloud droplets concentrations and sizes need to be better understood
and related to the radiative properties of the MPCs. This includes obtaining a more precise
characterization of the aerosol properties and their interaction with clouds, as well as increasing
the knowledge about other processes leading to cloud particle formation, such as SIP processes.
With this aim, extensive aerosol and cloud observations were retrieved during the Ny-Alesund
Aerosol Cloud Experiment (NASCENT) campaign. In the present thesis, observations from this
multidimensional set of instruments including remote sensing instrumentation, balloon-borne in
situ observations, and ground-based aerosol measurements are analyzed to obtain a more com-
prehensive understanding of the microphysical and radiative properties of Arctic MPCs.

With the aim to extend the current knowledge and understanding of microphysical properties
and processes in Arctic MPCs, especially on ice crystal formation, the objectives of the present
thesis are:

1. To organise and perform two field campaigns in October-November 2019 and March-April
2020 in the framework of NASCENT: This includes the implementation of a new commu-
nication system in HOLIMO3B and adaptations for a new measurement platform hanging
below the balloon, as well as being the principal investigator of the project on-site and
being in charge of the HoloBalloon measurements.

2. To combine the measurements performed by 19 institutions worldwide in an overview paper
describing the main instrumentation and highlights of the NASCENT campaign: After
extensive field campaigns were completed, I took the lead on writing an overview paper
of NASCENT combining all the measurements collected (see Chapter 2). My role was to
coordinate the work of all the co-authors, and to write the more general parts of the paper
such as the introduction and description of the climatology, as well as parts related to
the cloud microphysical properties observed in-situ with HoloBalloon, by remote-sensing
instrumentation, and modelled by the Weather Research and Forecasting (WRF) model
(Chapter 2).

3. To study the formation of ice crystals in Arctic MPCs measured during the NASCENT
campaign with an holographic imager mounted on HoloBalloon: The microphysical MPC
measurements gathered during 6 days are used to assess the prevailing ice crystal formation
mechanisms. On one day, the INPC limited the formation of ice crystals, whereas on three
days, high SIP was observed. A special focus is given on the atmospheric conditions
favorable for the occurrence of SIP (Chapter 3).
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4. To identify the growth history of ice crystals with complex habits in the observed Arctic
MPCs: The 2D images obtained with the holographic imager mounted on HoloBalloon are
used to determine the growth history of two ice crystal types with complex shapes. Ice
crystals growing at different temperature ranges indicate a recirculation within the cloud
and ice crystals with particular faceted protuberance are indicative of riming at an early
growth stage (Chapter 4)).

5. To install and validate upward and downward looking pyranometers and pyrgeometers mea-
suring shortwave and longwave radiation on the backside of HOLIMOSB: A comparison of
the newly installed radiation measurements with the BSRN measurement field was per-
formed. The radiation measurement setup on HoloBalloon was used to measure cloud top
cooling, to obtain profiles of shortwave and longwave radiation in order to find possible
connections with the cloud microphysical properties. This demonstrates the huge poten-
tial of the combined microphysical and radiation measurements on HoloBalloon. Finally,
possibilities how to improve the quality of future measurements were identified (Chapter
5).
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This work is currently in review in the Bulletin of the American Meteorological Society.

*JTP coordinated the work of all the co-authors, analyzed and interpreted airborne in-situ cloud
observational data, and wrote the introduction, the description of the climatology, as well as
sections related to the cloud microphysical properties with the help of other authors.

Abstract

The Arctic is warming at more than twice the rate of the global average. This warming is
strongly influenced by clouds which modulate the solar and terrestrial radiative fluxes, and thus,
determine the surface energy budget. However, the interactions among clouds, aerosols, and
radiative fluxes in the Arctic are still poorly understood. To address these uncertainties, the
Ny-Alesund AeroSol Cloud ExperimeNT (NASCENT) study was conducted from September
2019 to August 2020 in Ny-Alesund, Svalbard. The campaign’s primary goal was to elucidate
the life cycle of aerosols in the Arctic and to determine how they modulate cloud properties
throughout the year. In-situ and remote sensing observations were taken on the ground at
sea-level and at a mountaintop station, and with a tethered balloon system. An overview of
the meteorological and the main aerosol seasonality encountered during the NASCENT year is
introduced, followed by a presentation of first scientific highlights. In particular, we present new
findings on aerosol physicochemical properties which also include molecular properties. Further,
the role of cloud droplet activation and ice crystal nucleation in the formation and persistence of
mixed-phase clouds, and the occurrence of secondary ice processes, are discussed and compared
to the representation of cloud processes within the regional Weather Research and Forecasting
model. The paper concludes with research questions that are to be addressed in upcoming
NASCENT publications.

2.1 Motivation

Average temperatures over the Arctic region have increased by a factor of 2 to 3 compared to
the global average rate in the past few decades (e.g., Wendisch et al.; 2017). This phenomenon
is known as Arctic Amplification (AA)) and causes the retreat of sea ice at the alarming rates
currently observed (e.g., Bennartz et al., 2013; Cohen et al., 2014). Several feedback mechanisms
contribute to AA, but their relative importance in different regions of the Arctic is still under
discussion (e.g., Hall et al., 2021). The sea-ice albedo feedback is often proposed as the main
driver of AA (e.g., Deser et al., 2000). However, model experiments have shown that AA occurs
even in the absence of sea ice and snow cover changes (e.g., Graversen and Wang, 2009). Despite
their potentially large impact on the AA, the feedback processes related to aerosols and clouds
are especially poorly understood (e.g., Morrison et al., 2011; Wendisch et al., 2017; Goosse et al.,
2018).

The role of aerosols in the Arctic climate is especially complex due to the diverse processes
that control their abundance and their chemical and physical properties (e.g., Willis et al., 2018).
Knowledge gaps in aerosol sources, sinks, transformation processes and uncertainties in aerosol-
cloud interactions are among the reasons why current climate models have difficulties reproducing
the current and future climate in the Arctic (Schmale et al., 2021). At Ny-Alesund on Svalbard,
the potential aerosol particle sources and sinks show a strong seasonality (Tunved et al., 2013;
Strom et al., 2003). Primary particles can originate from natural sources such as oceans (e.g.,
sea spray, primary biological particles) or glaciers (e.g., soil dust) (Weinbruch et al., 2012; Tobo
et al., 2019; Heslin-Rees et al., 2020). Particles from forest fires or anthropogenic emissions can be
transported from lower latitudes to Svalbard (Stohl et al., 2007; Schacht et al., 2019). Secondary
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particles can be formed locally from gas-to-particle conversion processes involving anthropogenic
and natural precursor gases (e.g., Dall’Osto et al., 2017; Nielsen et al., 2019; Beck et al., 2020;
Lee et al., 2020a; Brean et al., 2021; Choi et al., 2019). However, quantitative knowledge about
the physicochemical properties of Arctic aerosols and precursor gases remains limited, especially
during the Arctic winter, which renders an accurate source apportionment and the estimation of
their impact unknown.

Clouds influence down-welling solar and terrestrial radiative fluxes that determine the surface
energy budget (e.g., Curry et al., 1996; Shupe and Intrieri, 2004). On the one hand, clouds
scatter solar radiation back to space, leading to a shortwave cooling effect at the surface. On
the other hand, they emit longwave radiation to space and back to the surface, and therefore
have a longwave warming effect (Lohmann et al., 2016b; Nomokonova et al., 2019; Ebell et al.,
2020). The impact clouds have on the energy budget depends on their macro- and microphysical
properties (e.g., Shupe and Intrieri, 2004; Dong et al., 2010; Sedlar et al., 2012). The optical
thickness of a pure ice cloud is lower for a given cloud water path because ice particles are
fewer and larger than corresponding liquid droplets and have a different refractive index, i.e.
ice clouds have lower albedos and longwave emmisivities (Sun and Shine, 1994; Korolev, 2007).
Arctic mixed-phase clouds (MPCs), consisting of cloud droplets and ice crystals, particularly
influences the Arctic climate due to the different radiative properties of liquid water and ice
within them (e.g., Sun and Shine, 1994; Curry et al., 1996; Shupe and Intrieri, 2004). Their
albedos and emissivities lie between the ones of pure ice and pure liquid clouds, and depend on
the exact mixture of the phases (Sun and Shine, 1994) which is strongly influenced by aerosols.
Indeed, aerosols acting as cloud condensation nuclei (CCN) are required to form cloud droplets
and aerosols termed ice-nucleating particles (INPs) are needed to form primary ice crystals.
Once primary ice crystals are formed, secondary ice production (SIP) can occur (e.g., Hallett
and Mossop, 1974; Takahashi et al., 1995; Korolev et al., 2020; Korolev and Leisner, 2020) and
enhance the ice crystal number concentration (ICNC) by several order of magnitudes (Korolev
et al., 2020). Consequently, aerosol particles acting as CCN and INPs as well as SIP determine
the phase partitioning within MPCs, which ultimately influences the radiation budget.

The phase partitioning within MPC further impacts the lifetime of Arctic MPCs. Indeed,
the mixture of ice crystals and cloud droplets is thermodynamically unstable and the so-called
Wegener-Bergeron-Findeisen (WBF) process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938)
can cause a complete glaciation of the cloud within a few hours (Harrington et al., 1999; Rangno
and Hobbs, 2001; Korolev and Isaac, 2003). However, Arctic MPCs can surprisingly persist
over several hours or days (e.g., Zuidema et al., 2005a; Morrison et al., 2011). The current un-
derstanding obtained from modelling and theoretical studies is that self-maintaining feedbacks
between liquid water, radiation, and turbulent updrafts are responsible for the persistence of
Arctic MPCs (Morrison et al., 2011). Although a number of studies have focused on the mi-
crophysical properties of Arctic MPCs (e.g., McFarquhar et al., 2011; Lloyd et al., 2015; Young
et al., 2016; Wendisch et al., 2019), the processes controlling the life cycle of Arctic MPCs still
remain poorly understood (e.g., Tjernstrom et al., 2014; Mioche et al., 2015).

The Ny-Alesund AeroSol Cloud ExperimeNT (NASCENT) campaign was conducted to en-
hance our knowledge on Arctic aerosols and clouds, and their complex interactions throughout
the polar year. The former mining town of Ny-Alesund, located on the western part of the Nor-
wegian archipelago of Svalbard (Fig. A.1), is nowadays fully dedicated to research. Ny-Alesund
is an ideal place to study aerosols, clouds and their interactions since the Svalbard region ex-
periences amongst the largest warming within the Arctic (Dahlke and Maturilli, 2017; Susskind
et al., 2019) and MPCs are frequently observed (Mioche et al., 2015). The NASCENT study was
designed to obtain a comprehensive set of cloud and aerosol observations to address the following
questions:

- To what extent can aerosol particles act as CCN and INPs in the Arctic? What are the
sources, precursor gases, chemical composition, molecular properties, and the seasonality of
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these aerosols?

- Under which conditions do CCN and INPs or SIP dominantly influence the phase partitioning
in Arctic MPCs?

- How are cloud droplets and ice crystals spatially distributed in Arctic MPCs, and how does
this distribution influence cloud lifetime and radiative properties?

- To what extent does in-cloud scavenging influence the aerosol particle size distribution in the
Arctic?

The general setup and main instrumentation of NASCENT are introduced in Section 2.2, An
overview of the temperature, wind, aerosol, and cloud seasonality during NASCENT is given
in Section 2.3. In Section 2.4, first research highlights on aerosol and cloud interactions are
discussed. Finally, a summary of the paper is given in Section 2.5, including questions to be
answered in the forthcoming data analyses of the NASCENT study.

2.2 NASCENT study design

2.2.1 Measurement site

The NASCENT study took place at the Ny-Alesund research station (78.9° N, 11.9 ° E), located
on the west coast of Svalbard, from September 2019 through August 2020. Ny-Alesund is situated
on the south side of Kongsfjorden and surrounded by glaciers, moraines, rivers, mountains, and
a typical tundra ecosystem. During NASCENT, atmospheric measurements were performed at
five locations close to Ny-Alesund (Fig. A.1). The atmospheric observatory of the AWIPEV
research base, a joint platform of the German Alfred Wegener Institute and the French Polar
Institute Paul Emile Victor, and the Swiss Site are located at the southwestern edge of town. The
Zeppelin Observatory is located 2 km southwest of Ny-Alesund at 475 m a.s.l. Measurements by
the Italian Institute for Polar Sciences were located in the Gruvebadet laboratory about 1 km
southwestward and at the Amundsen-Nobile Climate Change Tower (CCT) 1 km southwestward
of the town.

2.2.2 Experimental set-up

Aerosol, cloud, radiation and meteorological properties were characterized using a multifaceted
suite of instrument ranging from in-situ to remote sensing techniques. An overview of the re-
trieved parameters at the different locations is given in Figure A.1 and in Table /A.1. The specific
instrumentation and further details to the set-up are described in the supplementary information
(SD).

At the Zeppelin Observatory (see e.g., Platt et al., 2021, for a review of the last 30 years of
observations), detailed aerosol and cloud in-situ observations and meteorological parameters were
taken using a multitude of complementary instrument techniques. At the temporary Swiss Site,
ambient aerosol, CCN, and INP concentrations (INPC) were sampled through an heated inlet
mounted on top of the provisory observatory container. The holographic imager HOLIMO3B
was mounted on the tethered balloon system HoloBalloon (Ramelli et al., 2020) to obtain in-situ
phase-resolved particle size distributions up to an altitude of 1000 m a.s.l. At the AWIPEV
Observatory, long-term measurements are operated to monitor the Arctic atmosphere including
a cloud radar, a ceilometer, and a wind lidar, which were used in this study. During inten-
sive observation periods, additional radiosondes were launched to supplement the standard daily
launches. Furthermore, meteorological parameters, and surface based radiation data were mon-
itored (Maturilli et al., 2013; Maturilli, 2020d). At Gruvebadet, aerosol properties (e.g., Becagli
et al., 2019; Turetta et al., 2021), black carbon (BC) concentration, INPC, and chemical char-
acterization of organic aerosol (PM1) were monitored. Meteorological parameters and radiation
measurements were performed on the 33 m high CCT). Note that because of the distance be-
tween the five measurement locations, there are small spatial (up to 2 km) and temporal (up
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to a few minutes) differences between the measurements at the different sites. Finally, we used
the Advanced Weather Research and Forecasting (WRF) model, version 4.2.1 (Skamarock et al.,
2019), to evaluate the model representation of a MPC when prescribing the measured CCN and
INP concentrations.

Figure 2.1: Overview of the NASCENT study set-up at Ny-Alesund, Svalbard. Aerial photo with the
five measurement locations and the respective instrumentation. The campaign logo is shown in the
lower right corner.

2.3 Seasonality of meteorological, aerosol, and cloud parameters
during NASCENT

2.3.1 Temperature

During NASCENT, the temperatures were colder in winter and spring (up to 6°C) and slightly
warmer in summer (up to 2°C) than the climatological mean (Fig. 2.2a). Unusually low tem-
peratures in February and March were observed in the entire Arctic and can be explained by an
exceptionally strong and cold stratospheric polar vortex prevailing during the winter 2019-2020
(Lawrence et al., 2020; Lee et al., 2020b). The low temperatures caused the rare freezing of the
Kongsfjorden from February to April 2020, which likely delayed the biological aerosol release
from the fjord.
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Figure 2.2: Temperature and cloud seasonality observed during NASCENT. (a) Average temperatures
during NASCENT compared to the climatology of 1994 to 2018 (shading represents the standard
deviation) measured at the AWIPEV weather mast 10 m above ground (Maturilli et al., 2013). (b)
Monthly frequency of occurrence of cloud types derived from the Cloudnet data during NASCENT.
Colors represent the different cloud types, while dashed lines show all clouds in the column and solid
lines the low-level clouds with cloud tops below three kilometers. Note that multiple cloud layers of
different kinds are accounted for separately, so that the sum of ’liquid’, 'ice’, and 'mixed-phase’ does
not equal the frequency of "any’ clouds.

2.3.2 Wind

The wind at Ny-Alesund is strongly influenced by the surrounding topography, especially by
the mountains, Kongsfjorden, and the glaciers. The wind measured 10 m above ground on the
measurement field of the AWIPEV Observatory predominantly came from the southeast and less
frequently from the southwest and northwest (Fig. 2.3). The wind speed was generally moderate
(below 9 m s™1). These results are in agreement with previous studies showing that the wind
is channeled along the Kongsfjorden (Beine et al., 2001; Maturilli et al., 2013; Maturilli and
Kayser, 2017). The effect of topography can be seen when comparing the wind measurements
at AWIPEV to the ones taken at the CCT where the main wind direction was also from the
southeast but had more frequent periods of southwesterly wind (Fig. 2.3), which is related to
the katabatic outflow from the Brgggerbreen glaciers channeled along the slopes of the Zeppelin
mountain range (Maturilli et al., 2013).

At the Zeppelin Observatory, the prevailing wind showed more southerly components with
occasional periods of north- to northwesterly wind (Fig. 2.3), which is in agreement with previous
studies (Beine et al., 2001). This dominant wind component is due to the channeling between
Zeppelin mountain on the southwest side and a smaller hill on the east side of the observatory.
This mountains block the large-scale winds and are responsible for the relatively low wind speed
at the observatory (mostly below 6 m s~1). Nevertheless, the air at Zeppelin Observatory may
often reside within the free troposphere and would therefore be less influenced by local aerosol
sources compared to the other sites around Ny-Alesund.

In contrast to the surface winds, the radiosonde measurements between 3000 m and 3500 m a.s.l.
show that southwesterly to northwesterly winds were most frequently observed above Ny-Alesund
(Fig. 2.3), in agreement with the climatological wind observed by Maturilli and Kayser (2017).
This demonstrates that the topography determines the surface wind speed and direction around

20



2.3. Seasonality of meteorological, aerosol, and cloud parameters during NASCENT

Ny-Alesund.

Figure 2.3: Wind measurements during NASCENT throughout the Ny-Alesund area at the different
locations and retrieved from radiosondes. Data is shown for the AWIPEV weather mast (10 m), the
Zeppelin Observatory, the CCT (10 m), and from daily radiosondes between 3000-3500 m a.s.l.. The
bar length gives the respective frequency of occurrence with the maximum frequency value specified
at the end of the longest bar. Topographic map of the Ny-Alesund region from (Norwegian Polar
Institute, 2014).

2.3.3 Aerosols

Aerosol particles at Ny-Alesund follow a typical seasonal cycle that is governed by the seasonality
of the particles’ respective sources and sinks (e.g., Tunved et al., 2013; Freud et al., 2017), and
the seasonality in atmospheric transport patterns (e.g., Stohl, 2006). The summer months are
marked by high number concentrations of small particles (i.e., with a diameter < 100 nm) due
to frequent new particle formation events (e.g., Tunved et al., 2013; Dall’Osto et al., 2017; Beck
et al., 2020). In contrast, aerosol mass tends to reach a maximum in the winter and spring
months (e.g., Strom et al., 2003) due to long-range transport of pollutants that form the well-
known Arctic haze (e.g., Shaw, 1995; Quinn et al., 2007). BC concentrations follow the aerosol
mass cycle and peak during winter and spring (Eleftheriadis et al., 2009; Sinha et al., 2017).
The typical seasonal cycle of aerosols loading was also observed during NASCENT, as can
be seen in Figure 2.4, which shows the monthly distributions of daily-averaged particle number
and BC mass concentrations measured at the Zeppelin Observatory and at Gruvebadet. The
observed aerosol number concentrations (Fig. 2.4a) at both sites show the same seasonal cycle
with a maximum in July and a minimum in the late fall and early winter months, similar to
slightly higher than previous observations (Tunved et al., 2013). This difference, primarily during
summer months, can be attributed to different measurement methods. Tunved et al.  (2013) used
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integrated particle number concentrations (using size-resolved measurements), while we used
the direct particle concentration measurements using condensation particle counters (CPC) that
have a lower particle cut-off diameter and are less influenced by particle diffusion losses.

Figure 2.4: Monthly average distributions of (a) aerosol particle number and (b) black carbon (BC)
mass concentrations measured during NASCENT at Gruvebadet and at the Zeppelin Observatory in
comparison to previous climatologies. The box-whisker plots show the quartiles and the 5th and 95th
percentiles, respectively, while outliers are marked with diamonds. The particle number concentrations
were measured using CPC's, while BC concentrations were measured by four different instruments:
extended-range single-particle soot photometer (SP2-XR, Stephens et al., 2003; Schwarz et al., 2006),
a multi-angle absorption photometer (MAAP, Petzold and Schoénlinner, 2004), a continuous soot
monitoring system (COSMOS, Kondo et al., 2011), and a Particle Soot Absorption Photometer
(PSAP).

The BC concentrations were slightly higher in Gruvebadet than at the Zeppelin Observatory,
especially throughout 2020, which is most likely due to local emissions from the Ny-Alesund
settlement that impact the Gruvebadet site but not necessarily the mountain-top site, especially
during shallow boundary layers (Dekhtyareva et al., 2018; Platt et al., 2021).

As shown in Figure 2.4b, the BC levels measured during NASCENT were comparable to
values reported previously at the Zeppelin Observatory (Eleftheriadis et al., 2009). For example,
during the pristine summer and autumn, monthly-mean BC concentrations at the Zeppelin
Observatory reached as low as a few ng m~—3, which are comparable to values measured over the
remote southeast Pacific (Shank et al., 2012) and the Southern Ocean (Schmale et al., 2019).
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2.3.4 Clouds

Clouds are frequently observed in the Arctic and Ny-Alesund is no exception. During NASCENT,
the monthly cloud cover assessed using the Cloudnet target classification product (Illingworth
et al., 2007) ranged between 50% and 85%, out of which 30% to 70% were low-level clouds
with a cloud top below 3 km (Fig. 2.2b). The low-level cloud occurrence peaked in March 2020
and was at a minimum in December 2019 and January 2020. Liquid-only clouds were primarily
observed in the summer and early autumn months. Meanwhile, MPCs and ice clouds were present
year round with ice clouds being the most abundant cloud type except for below 3 km where
MPCs were dominant (Fig. 2.2b). These observations are in accordance with measurements of
liquid droplets year-round at the Zeppelin Observatory (Koike et al., 2019). Previous studies
investigating cloud cover in Ny-Alesund have observed similar cloud occurrences albeit with
slight differences in seasonality and cloud type contributions (Nomokonova et al., 2019; Gierens
et al., 2020). Regardless of this year to year variability, MPCs are overall the most prevalent
cloud type close to the surface at Ny-Alesund. This highlights the importance of low-level MPCs
year-round in the Arctic region and their potential to alter the Arctic climate.

2.4 First research highlights from the NASCENT study

First highlights are described in the following sections to demonstrate how the wide variety of
observations contributes to the understanding of properties and interactions of Arctic aerosols
and clouds. We use measurements mainly taken on 12 November 2019 to discuss the role of
physical and chemical aerosol properties, cloud droplet activation, ice crystal nucleation, and SIP
on the formation and evolution of a MPC, and finish with a comparison of the cloud structure
representation in the WRF model with the in-situ cloud observations.

On 12 November 2019, a warm front influenced the weather around Ny-Alesund (see section
S1 and Fig. S2 in the SI). The temperature varied between -3 “and 0 °C at Ny-Alesund and
between -5 *and -3.5 °C at the Zeppelin Observatory. A persistent MPC was observed until 2100
UTC, with cloud top rising from 1300 to 2000 m a.s.l and cloud top temperature varying between
-13.5 °C and -11 °C (Fig. S3). The large-scale wind measured by the radiosondes (Fig. S8) and
visible on the wind lidar measurements above 800 m a.s.l. (Fig. S3) was southwesterly.

2.4.1 Chemical and physical properties of aerosols, cloud residuals, and ice
nucleating particles

On 12 November 2019, a cloud was present at Zeppelin Observatory with a cloud particle number
concentration (CPNC) and liquid water content (LWC) up to 17.5cm~2 and 0.3 gm 3, respec-
tively (Fig. A.5a). The visibility was on average 562 m and the Counterflow Virtual Impactor
(CVI) inlet was in operation for most of the time (Fig. A.5b). The cloud residual number con-
centration was very low and, as expected, inversely proportional to the visibility, which acts as a
measure for the optical density of the cloud. The cloud residual size distribution was dominated
by small particles of around 10 to 30 nm (Fig. A.5c). These small particles were also present,
although to a slightly lower extent, in the whole-air inlet, which samples both interstitial and
cloud particles. It is also interesting that the accumulation mode particles (particles around
100 nm), as measured by the whole-air inlet, were found to a much lower extent within the cloud
residuals and thus were probably not CCN and/or INPs. A possible explanation for this is that
the WBF process has taken place and liquid droplets (activated accumulation mode particles)
have evaporated in the presence of ice, which has been similarly observed in MPCs at other
mountain sites (Verheggen et al., 2007).
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Figure 2.5: Cloud in-situ measurements on 12 November 2019 at Zeppelin Observatory. (a) Cloud
particle number concentration and liquid water content measured by the fog monitor. The period
selected for the lower panels (c) and (d) is indicated. (b) Cloud residual number concentration and
ambient aerosol number concentration, together with the fluorescent particle concentration (x 10%)
within the cloud residuals/ambient aerosol number concentrations, and ambient visibility measured
at the CVI inlet (note the reversed y-axis). The shading at the top of the figure indicates when the
CVI was in operation/ON. (c) Particle number size distribution of the cloud residuals and whole-air
aerosols (interstitial and activated aerosol) measured by a tandem-DMPS system. (d) Cloud residual
number concentration measured by the CVI inlet, ambient ICNC (x 10) measured by HOLIMO3G,
and CPNC measured by the fog monitor.

The origin of the enhanced number of small cloud residuals is not fully clear and a number
of possibilities (e.g., SIP) and sampling artefacts are discussed in Karlsson et al. (2021). While
previous studies (e.g., Karlsson et al., 2021) were missing detailed information on the cloud
phase, the holographic imager HOLIMO3G (Beck et al., 2018) allows the determination of ICNC
(between 25 ym and 2 mm), and the fog monitor the determination of CPNC (between 3 pm
and 50 pm) in parallel to the CVI sampling during NASCENT. Even if the exact magnitude of
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the CVI sampling efficiency still remains to be solved, a good temporal agreement of the ICNC
and CPNC with the cloud residual number concentration (Fig. A.5d) indicates that sampling
artefacts is an unlikely explanation for the small sizes of cloud residual and suggests that indeed
SIP may cause such small cloud residuals. The cloud residual measurements observed during
NASCENT, in combination with the high-resolution cloud probes, will provide new and unique
evidence of the importance of sub-accumulation mode particles on cloud formation in the Arctic.
Future work will shed further light into the importance of the WBF process and SIP throughout
the seasons. In addition, the role of particle and gas phase chemistry and the role of biological
particles in cloud formation is being investigated, as discussed shortly below.
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Figure 2.6: Overview of INPCs observed on 12 November 2019. Blue violin plots: six INP samples
measured with DRINCZ between -10 °C and -21 °C and with HINC at -30 °C at the Swiss Site. The
red lines indicate the median and the dashed black lines the 25th and 75th percentiles. The blue
dashed line shows the corresponding exponential fit (INPC(T') = exp(—0.4146 - T' — 12.4059) (cf.
Li et al., 2022)). Purple and Magenta: one filter sample collected between 0900 - 1200 UTC at
Gruvebadet analyzed by the DFPC on PM1 and PM10. Orange line: one filter sample collected from
10 - 16 November 2019 at the Zeppelin Observatory analyzed by CRAFT. The error bars represent
the 95% confidence interval.

INP measurements were conducted at the Swiss Site with the Horizontal Ice Nucleating
Chamber (HINC, Lacher et al., 2017) and the DRoplet Ice Nuclei Counter Zurich (DRINCZ,
David et al., 2019a; Wieder et al., 2022b), at the Zeppelin Observatory with the Cryogenic Re-
frigerator Applied to Freezing Test (CRAFT, Tobo, 2016), and at Gruvebadet with the Dynamic
Filter Processing Chamber (DFPC, Santachiara et al., 2010; Rinaldi et al., 2017). Despite the
different techniques used, the INPCs as a function of temperature measured by the four methods
agree within a factor of 5 (Fig. 2.6). This is substantial for a highly spatiotemporally varying
quantity such as INPs, which occur at very low concentrations. The observed INPC ranged
from ~2 StdL~! at -30°C down to the lowest detectable concentration of ~10~% StdL~! at -
10°C. While there is agreement between the INPCs measured in the overlap temperature range
(-21° to -15°C), on average the INPCs obtained with at the Zeppelin Observatory are slightly
below those measured at Gruvebadet and at the Swiss Site (Fig. 2.6). This is likely because
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the Zeppelin Observatory experiences less local influence from the the boundary layer and from
the town of Ny-Alesund (see Figure 2.7a). Moreover, the CRAFT measurements represent the
INPCs averaged over three days, while at the Swiss Site INPCs were measured at higher fre-
quency (10 min to 40 min averages). The use of two different filter cutoff sizes (PM1 and PM10)
gives some information about the size of the INPs. At -18°C (-15°C) the INPC retrieved from
the PM10 filter were 10% (50%) higher than the one retrieved from the PM1 filter (squares and
circles in Figure 2.6). This difference suggests that the observed INPs at -15°C were larger than
1 pym and smaller than 10 pm whereas the observed INPs at -18°C were smaller than 1 pm.

Activated Fraction
Fluorescent Fraction

Figure 2.7: (a) Particle number concentration for sizes > 0.5 pm measured by the APS (aerodynamic
diameter) at the Swiss Site and by the FIDAS (optical diameter) at the Zeppelin Observatory, with
a time resolution of 3 minutes for both instruments. (b) INPC and activated fraction (INPC/Ngs)
at -12 °C (left axis), and fluorescent (particle) concentration and fluorescent (particle) fraction (right
axis). We select a temperature of -12°C to adequately evaluate the contribution from biological
aerosol particles (Kanji et al., 2017, and references therein). The INPCs are measured by DRINCZ
and the fluorescent particle concentration by an Wideband Integrated Bioaerosol Sensor (WIBS). The
fractions are normalized to the particle fraction > 0.5 pm.

For the most part of the day, higher aerosol concentrations > 0.5 pm were measured at
the Swiss Site than at the Zeppelin Observatory and an inverse trend is observed at the two
sites (Fig. 2.7a). Only between 0300 and 0600 UTC and from 2000 UTC onward do the aerosol
concentrations follow the same trend. Previous field measurements have suggested that biological
particles are a key source of INPs in the Arctic (e.g., Bigg and Leck, 2001; Tobo et al., 2020;
Hartmann et al., [2020). Therefore, the contribution of biological particles as INPs is investigated
via the fluorescent aerosol concentration and fraction (Santander et al., 2021) at the Swiss Site.
It is evident that the fluorescent aerosol fraction and concentration do not correlate (follow the
same trend) and that the fluorescent particle concentration is highly variable in time (Fig. 2.7b).
This implies that the fluorescent particles do not scale with aerosol concentrations > 0.5 pm.
In contrast, the INPC and activated fraction at -12°C, follow the same trend as fluorescent
aerosol concentration (Fig. 2.7b). This relationship suggests a correlation between the fluorescent
particle concentrations and the observed INPC and INP activated fraction and therefore, provides
additional evidence that biological particles could play an essential role in controlling cloud phase
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in the Arctic.

Figure 2.8: High-resolution chemical composition of (a) aerosol particles before a cloud event (whole-
air inlet) and (b) of cloud residuals during the cloud measured by the FIGAERO-CIMS on 24 December
2019. Shown is the background-corrected absolute signal of individual molecules, separated by the
number of carbon and oxygen atoms. (c) 'H-NMR spectra of ambient PM1 samples collected at
Gruvebadet for 12 November and 24 December 2019. Specific resonances are assigned to levoglucosan
(L), hydroxymethane-sulfonic acid (HMSA), methane-sulfonic acid (MSA), dimethylamine (DMA),
trimethylamine (TMA) and glycerol (Gly). Unresolved mixtures of aromatic compounds and linear
aliphatic chains, including possible contributions from lipids, are indicated in the spectra. The insert
provides a focus on the aliphatic region of the spectra characteristic of polyols/saccarides compounds
(H-C-0). Grey areas between 4.7 - 5.0 ppm and between 8 - 8.5 ppm cover the disturbance due to
solvent and buffer solutions needed for the analysis.

To better understand aerosol and cloud particle nucleation in the Arctic, the FIGAERO-
CIMS was used to analyze the chemical composition of aerosols, aerosol precursor gases, and
cloud residuals at molecular level during NASCENT. On 12 November 2019 the instrument was
set to only sample the gas phase. Therefore, to illustrate the capability of this analytical tool
for aerosol phase, here we present an example from 24 December 2019, when a low-level MPC
(cloud top below 2 km) was also observed with ground temperatures varying between -9° and
-6°C. Figures 2.8a,b, show a comparison of the chemical composition of aerosol particles before a
cloud event to aerosol particles that were activated as INPs or CCN (cloud residuals) measured
during a cloud when the CVI inlet was in operation. The ~400 organic compounds identified
in the particle phase by FIGAERO-CIMS are grouped based on the number of their carbon
atoms and oxygen atoms, with the stacked signal of each category shown on the y-axis. To our
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knowledge this is the first time that such a detailed chemical analysis is shown for Arctic cloud
residuals. Numerous different molecules with up to 20 carbon atoms and 10 oxygen atoms were
identified in both the total aerosol and cloud residuals. For the total aerosol, the majority of
mass was contributed by compounds with 10 carbon atoms or less, and a prominent contribution
of CgH19Os3, likely levoglucosan, a marker for biomass burning emissions, was observed. This can
be an indicator of long range transport of pollution from wintertime solid fuel combustion on the
Eurasian continent as a potential source for particle components observed here. The comparison
with the cloud residual chemical composition shows a relative reduction in compounds with up
to 10 carbon atoms, and more than 5 oxygen atoms for the cloud residuals. Furthermore, the
cloud residuals show a relative increase of compounds with larger carbon chains and 2 oxygen
atoms, potentially fatty acids, but analysis is still ongoing.

The H-NMR chemical characterization of organic aerosol in ambient PM1 filter samples
at Gruvebadet on 24 December 2019 shows results qualitatively comparable with those of the
FIGAERO-CIMS at the Zeppelin Observatory. In particular, as highlighted in Figure 2.8¢c, H-
NMR confirms the presence of levoglucosan associated with aromatic compounds (e.g., phenols
and methoxy-phenols), further supporting the possible long-range transport of biomass burning
emissions from the continents. This feature is common during the winter season (Zangrando
et al., 2013; Feltracco et al., 2020). These samples are also impacted by high contributions of
hydroxymethane-sulfonic acid (HMSA), a product of the atmospheric oxidation of formaldehyde
and considered a tracer for anthropogenic emissions. There is no evidence for biomass burning
influence in the 12 November sample, which instead has an NMR spectral fingerprint more typ-
ical of background clean and marine influenced environments, characterized by marine biogenic
tracers like glycerol, methane-sulfonic acid (MSA), amines (DMA and TMA in particular) and
alkylic chains, potentially attributable to lipids from marine biota. The presence of these pos-
sible fatty acid alkylic chains is evident also in the 24 December sample, as suggested also by
FIGAERO-CIMS, but needs to be further investigated.

2.4.2 Cloud microphysical properties

Three flights into clouds were performed with HoloBalloon on 12 November 2019 (Fig. S3).
Here we focus on the cloud microphysical measurements taken with HOLIMO3B on HoloBalloon
and the cloud radar between 1445 and 1630 UTC (Fig. 2.9), together with the INP and CCN
measurement to identify the processes responsible for ice crystal and cloud droplet formation.

During the entire flight, HOLIMO3B measured CDNCs between 5 and 15 cm™3 and a mean
diameter of ~30 pm (Fig. 2.9¢). Drizzle drops with diameter larger than 56 pm contributed to
this large mean diameter (Fig. 2.9c,e). In comparison, continental clouds typically have higher
CDNC (40-1000 cm™3) and a smaller mean diameter (8 ym) (Lohmann et al., 2016b). Aerosol
particles with dry diameters larger than 70 nm measured by an Scanning Mobility Particle Sizer
(SMPS) at the Zeppelin Observatory were used as a proxy for the CCN concentration, following
the method described by Koike et al. (2019). The estimated CCN concentration between 1000
and 1700 UTC was ~9 cm™ (not shown) and was comparable to the CDNCs measured by
HOLIMO3B. This indicates that the cloud droplet formation was limited by the CCN availability
and is in accordance with previous studies showing that CDNC is sensitive to CCN concentration
in aerosol-limited pristine regions (e.g., Reutter et al., 2009; Moore et al., 2013).

During the first part of the flight (1445-1545 UTC), rapidly varying mean Doppler velocities
at the height of HoloBalloon were observed, even though the reflectivities remained less variable
and HoloBalloon flew approximately at a constant height. This indicates a turbulent atmosphere,
which is in accordance with the observed veering of the wind near the altitude of HoloBalloon
(Fig. S3). This turbulence and updrafts have favored the formation of the drizzle drops observed
by HOLIMO3G (Fig. 2.9c,e). During the second part of the flight (1545-1620 UTC), a fallstreak
pattern is visible in the increased reflectivity measured by the cloud radar (> 10 dBZ). As these
two periods are quite distinct from each other, we refer in the following to the turbulent period
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(1445-1545 UTC) and the fallstreak period (1545-1620 UTC).

Figure 2.9: Overview of the cloud properties observed in-situ on HoloBalloon and by the cloud radar
on 12 November 2019. (a) Cloud radar reflectivity, HoloBalloon path and Zeppelin altitude. (b)
Doppler spectra and mean Doppler velocity at the height of the HoloBalloon path. Positive values
represent a downward velocity. (c) Cloud droplet and (d) ice crystal size distributions (color) and
total CDNC and ICNC (black line) measured by HOLIMO3B. (e) Cloud droplets, drizzle drops, and
ICNC for crystals smaller and larger than 106 pm. This cut-off size is defined by the bin size closest to
100 pm. (f) Frequency of occurrence of the ice crystal habits and total ICNC. The data are averaged
over 60 sec. Note that at around 1550 UTC, HoloBalloon flew out of the cloud, which explains the
decrease in CDNC and ICNC measured by HOLIMO3B (c-f) and the missing reflectivity data at the
HoloBalloon height (b).
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We consider the fallstreak period in detail. HOLIMO3B measured an increase in total ICNC
from below 0.5 L=! up to 55 L~! (Fig. 2.9d). Large ice crystals (diameters > 106 pm) con-
sisting of columns, frozen drops, and aged particles, as well as small pristine ice crystals (di-
ameters < 106 pm) contributed to this increase (Fig. 2.9e,f). Between 1600 - 1610 UTC, the
concentration of small pristine ice crystals reached up to 40 L™ and was greater than the con-
centration of larger ice crystals (Fig. 2.9¢,f). Note that the influence from ice crystals from the
ground (e.g. blowing snow) can be neglected as HoloBalloon flew up to ~700 m above the surface.
A representative set of (hand-labelled) pictures of ice crystals contributing to the total ICNC as
shown in Figure 2.9f are displayed in Figure 2.10. Whereas the large ice crystals likely originated
from higher portion of the clouds, the small pristine ice crystals must have formed close to the
measurement location of HoloBalloon, as ice crystals grow rapidly in the water saturated envi-
ronment. In the temperature regime of the HoloBalloon measurements (between -8° and -1°C),
the INPCs were below the instrument detection limit (no data in Fig. 2.6) and at cloud top
temperatures (-13.5° to -11°C), the INPCs were on the order of ~1073 StdL.=!. As such, primary
ice nucleation due to INPs acting in the immersion mode alone can neither explain the concen-
tration of larger ice crystals originating from close to cloud top, nor the concentration of small
ice crystals formed close to the measurement location of HoloBalloon. Therefore, we deduce that
SIP likely enhanced the formation of the ice crystals in higher parts of the cloud and that SIP
close to the measurement location was responsible for the sudden increase in concentration of
small pristine ice crystals observed.

Figure 2.10: Examples of ice crystals classified as typical habits observed with HOLIMO3B. Plates
and (hollow) columns with a diameter smaller than 106 pm were classified as pristine, whereas larger
columns were classified separately. Droplet 'lollipop’, and drops showing evidence of freezing are
classified as frozen drops. All the other ice crystals, including rimed and aggregated particles are
classified as 'Aged’. The scale bar in the right panel is representative for all of the panels. The
respective fractions of the typical ice crystals habits to the total ICNC are displayed in Figure 2.9f.

Our interpretation is that the primary ice was formed aloft where the cloud temperature was
lower and thus more INPs were present. Then, SIP increased the ICNC near cloud top and the
ice crystals grew until they were heavy enough to overcome the updrafts. As they fell, they
continued to grow as column (Fig. 2.10), consistent with the ambient temperature experienced,
until they reached the altitude of HoloBalloon, as indicated by the higher radar reflectivities
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with decreasing altitude in the cloud (Fig. 2.9a). The columns then collided with drizzle drops,
producing the observed ’ice lollipops’ (Fig. 2.10) consisting of frozen drizzle drops and columns
(Keppas et al., 2017). Such ice lollipops were also observed by HOLIMO3G and the Hawkeye
Probe at the Zeppelin Observatory (Fig. S6). Upon collision and freezing, the drizzle drops likely
created splinters through droplet shattering (e.g., Lauber et al., 2018; Korolev and Leisner, 2020).
Laboratory experiments have shown that the number of ice splinters produced from a single drop
freezing can reach up to 200 (Korolev and Leisner, 2020). The splinters produced during the
freezing of the drizzle drops then grew to the small columns observed by HOLIMO3B. These
small columns could in turn collide with drizzle drops, initiate their freezing, and the formation of
additional ice splinters. We suggest that this can lead to a cascading SIP process explaining the
rapid increase in concentrations of small ice crystals observed, similarly to the study by Lawson
et al. (2015).

Our findings on SIP are in agreement with other studies. First, the occurrence of SIP with low
INPC (10~* L' and 0.01 L) was already observed in a study by Lawson et al.| (2015). Second,
a difference of up to four orders of magnitude between the INPC and ICNC are consistent with
previous observations (e.g., Ladino et al., 2017; Li et al., 2021; Wieder et al., 2022a). Finally, a
recent study using remote sensing techniques showed that droplet shattering was a more efficient
SIP process than the rime-splintering process at slightly supercooled temperature in Arctic MPCs
(Luke et al., 2021).

Next we demonstrate how the combination of the cloud radar and in-situ measurements com-
plement each other to evaluate the microphysical properties of the observed MPC. We start by
allocating parts of the Doppler spectra signal to the different hydrometeor types using the Pas-
sive and Active Microwave radiative TRAnsfer tool (PAMTRA, Mech et al., 2020). PAMTRA
simulated the cloud radar Doppler spectra based on the ice crystal and cloud droplet size distri-
butions measured by HOLIMO3B (Fig. 2.11). The simulations were idealized, and the variety of
ice crystal habits was described by only three categories (small ice, large ice, and frozen drops).
More information about the PAMTRA settings is provided in the SI. Three representative time
periods are compared (Fig. 2.11): (1) during the turbulent period (1525-1530 UTC) with cloud
droplets, drizzle drops, and a low concentration of ice crystals, (2) during the fallstreak period
(1600-1605 UTC) with frozen drops and a higher concentration of ice crystals, and (3) during the
period afterwards (1625-1630 UTC) with low concentration of cloud droplets and drizzle drops.

In the PAMTRA simulations, large ice crystals were generally responsible for the higher
reflectivities (up to 5 dBZ) with fall velocities between 0-2.5 m s~! (Fig. 2.11e,f). This is due
to the strong dependence of reflectivity on particle size (Doviak and Zrni¢, 2006). Meanwhile,
the measured frozen and drizzle drops were responsible for the simulated reflectivity at large
fall velocities (up to 3 m s~!) (Fig. 2.11e) and for the lower reflectivity (up to -20 dBZ) with
fall velocities up to 2 m s~ (Fig. 2.11d-f), respectively. Finally, measured cloud droplets and
smaller ice crystals (diameter < 100 pm) were only responsible for reflectivities below -30 and -
80 dBZ, respectively, and fall velocities around 0 m s~!. Applying these results to the cloud radar
measurements along the HoloBalloon path during the fallstreak period (Fig. 2.9b), we find that
the higher reflectivities with Doppler velocities of around 1 m s~! (Fig. 2.9b) were produced by
large falling ice crystals, whereas observed reflectivities below -40 dBZ and fall velocities between
2 and 4 m s~ ! were generated by frozen drops, as only these particles have such high fall velocities
and low reflectivity (Fig. 2.9b). The reflectivity between -30 and -10 dBZ at Doppler velocities
around 0 m s~! indicates the presence of small ice crystals, and possibly cloud droplets when
reflectivities are at the lower side (below -17 dBz, (see e.g., Kogan et al., 2005)). Nevertheless,
when looking at the PAMTRA simulations during the turbulent time periods, it can be difficult
to distinguish the contributions of different hydrometeors to the Doppler spectra. Indeed, the
reflectivity and fall velocity of drizzle drops and large ice crystals overlap and the drizzle drops
are responsible for the highest reflectivities and fall velocities (Fig. 2.11d).

The information obtained by HOLIMO3B and the Doppler spectra can therefore be combined
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Figure 2.11: (a-c) Measured size distributions from HOLIMO3B. (d-f) Radar Doppler spectra simu-
lated with the PAMTRA tool using the size distribution shown in a-c. The measured size distribution

and simulated Doppler spectra are shown at three characteristic time periods of 5 minutes: 1525-1530
UTC (a & d), 1600-1605 UTC (b & €), and 1625-1630 UTC (c & f).

to get a better picture of the MPC. The cloud radar provides large-scale information about
the entire cloud structure (including cloud top) and the presence of frozen drops and large ice
crystals. HoloBalloon provides detailed information on the micrometer-scale cloud structure at
one altitude in the cloud, is able to measure fluctuations in the concentration of cloud droplets and
ice crystals (down to 25 pm), and allows the identification of ice crystal habits. The combination
of both instruments is complementary and can help to better understand the microphysical
processes in Arctic MPCs.

2.4.3 Model comparison

To understand how the representation of clouds can be ameliorated in weather and climate mod-
els, we compared the cloud properties simulated by the regional WRF model with the in-situ
cloud measurements. To represent the microphysics we used the double moment scheme devel-
oped by Milbrandt and Yaul (2005), which has six classes for cloud water, ice, rain, snow, graupel
and hail. The CCN concentration was prescribed as 9 cm ™3 using the observed mean CCN con-
centration and the INPC was prescribed based on the exponential fit of the INPC measurements
on 12 November shown in Figure 2.6l The simulated meteorological conditions were validated
against the radiosonde observations (Fig. S7). Further information about the model setup is
given in the SI.

The data were averaged for each flight time period to compare the observed and simulated cloud
properties. Additionally, to match the acquisition by HOLIMO3B, the simulated cloud droplets
and drizzle /rain drops were merged into one category to obtain the total LWC and liquid droplet
number concentration (LDNC). The same was done for simulated small cloud ice and larger pre-
cipitating ice crystals (snow, hail, graupel) to obtain total ice water content (IWC) and ICNC.

The model correctly simulated an increase in the cloud top height from flight 1 to 3 as measured
by the cloud radar (Fig. S9). Also, the cloud base height derived from the simulated hydrome-
teor populations is following the development indicated by ceilometer measurements (Fig. S9).
Hereafter we focus on flight 3 when HOLIMOS3B observed substantial SIP to assess how well
the model reproduces ice production in Arctic MPCs (Fig. 2.12). Generally, the simulation is

32



2.5. Summary and Future Work

in agreement with the observations as the LDNC and LWC are consistent with the maximum
values measured by HOLIMO3B between 600 and 750 m a.s.l., albeit at altitudes between 1000
and 1500 m a.sl.. Below the simulated cloud base (~600 m a.sl.), the simulation underestimates
the LDNC and LWC. This may be the reason for the sharper decrease in the simulated ICNC
and IWC than in the observed ones below 300 m a.s.l.. Regardless, the simulation reproduces
the maximum concentrations of ICNC and IWC observed by HOLIMO3B during flight 3, but
the principle constituent of the simulated ICNC and IWC is graupel, which was not observed by
HOLIMO3B (see Figs. 2.9f and 2.10). The ability for the simulation to reproduce the observed
ICNC is surprising considering that the prescribed INPC at cloud top (~1073 L) is approxi-
mately four orders of magnitude lower than the observed and simulated ICNC. The Milbrandt
and Yau scheme (Milbrandt and Yau, 2005) includes SIP via the Hallett-Mossop (HM) process,
which could potentially improve the models ability to accurately predict the ICNC, especially as
a significant fraction of the cloud falls within the temperature range relevant for the HM process
(Fig.2.12c,d). To determine if the HM process is responsible for the realistic ICNC simulated, we
conducted the simulation again without the HM process activated. The ICNC decreases above
~800 m when the HM process is deactivated (Fig. 2.12). However, below this height, the model
still simulates ICNCs that exceed the maximum ICNC when the HM process is active. This
indicates that the microphysics scheme is producing ice independently of HM being active in
the simulations. This may partly be due to the Milbrandt and Yau scheme lacking a sink term
for INPC, which has been recommended to prevent models from nucleating ice continuously
(Kércher and Marcolli, 2021). Regardless, the production of graupel by the model when none
was actually observed, indicates that the simulations fail to accurately represent the formation
and evolution of ice in Arctic MPCs.

To conclude, the simulation is able to qualitatively represent the structure of the cloud,
including the cloud top and base heights when the correct CCN and INP concentrations are
prescribed. It also represents the realistic ICNC during flight 3 but for the wrong reasons.
This indicates that the Milbrandt and Yau scheme has inconsistencies in the formation of ice
hydrometeors and in particular, graupel, in the presence of very low CCN and INP concentrations
representative of the Arctic. Future work will utilize the in-situ aerosol and cloud microphysical
measurements as well as the remote sensing observations to address this inconsistency and develop
and validate parametrizations for the SIP observed.

2.5 Summary and Future Work

The Ny-Alesund Aerosol and Cloud Experiment (NASCENT) was initiated to improve our un-
derstanding on how aerosols, clouds, and their interactions influence the Arctic climate. A com-
prehensive set of cloud, aerosol, and meteorological observations was obtained over the course
of one year, which included detailed in-situ and remote sensing techniques on ground-based and
airborne platforms. Regarding the atmospheric seasonality, the mean temperature between De-
cember 2019 and April 2020 was substantially colder than the climatology (up to 6°C) due to
a strong polar vortex, whereas the summer 2020 was slightly warmer than usual. The wind
speed and direction was strongly influenced by the surrounding topography as found in previous
studies. Aerosol particles, such as BC particles, followed the typical aerosol mass cycle found
on Svalbard, with maximum concentrations during winter and spring. MPCs were the most
abundant low cloud type during NASCENT. This high frequency highlights their importance for
the Arctic climate.

We present first highlights from NASCENT by showing a detailed case study and discuss how
in-situ observations of aerosols and clouds, together with remote sensing instrumentation and
modelling can be combined to better understand the aerosol and cloud microphysical processes
related to Arctic MPCs. The cloud residuals measured by the CVI inlet were in good temporal
agreement with measurements taken by two cloud probes at the Zeppelin Observatory. The
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Figure 2.12: The averaged vertical profiles during flight 3 on 12 November 2019 observed by
HOLIMO3B and simulated by WRF. (a) LDNC, (b) LWC, (c) ICNC & (d) IWC. The contribution of
graupel to the ICNC and IWC are shown with the colored dashed profile line in (c) and (d).The data
from HOLIMO3B are averaged over 50 m altitude bins and the WRF data over every model layer. The
average cloud base and cloud top measured by the remote sensing instrumentation (ceilometer and
cloud radar, respectively) are represented by the black dotted horizontal lines and the HM temperature
range (-8°to -3°C) is highlighted in (c) and (d).

measurements also revealed clear differences in molecular composition between ambient aerosol
particles and those particles that were involved in cloud formation and evidences were found
that biological particles acted as INP at warm temperatures. In future work, our dataset will be
used to further examine the composition and physical properties of cloud residuals and ambient
aerosols and their role and fate during cloud formation. Furthermore, a parametrization for
estimating the INPC in the Arctic is being developed (Li et al., 2022).

Using aerosol in-situ measurements and vertical cloud profiling with the tethered balloon sys-
tem HoloBalloon, we found that the cloud droplet formation was limited by the available CCN
concentration. Regarding the cold cloud processes, we showed that INPC could not explain the
measured ICNC. Instead, frozen drops, followed by an increase in small pristine ice crystals were
observed and provide evidences for the occurrence of SIP via droplet shattering. Further measure-
ments of the HoloBalloon system are being analyzed together with remote sensing observations
to constrain the required conditions for different SIP processes in Arctic MPCs.

First modeling results with the WRF model have shown that the model is able to simulate
the cloud structure and simulates a representative ICNC probably for the wrong reasons. In
future work, more SIP parametrizations will be tested and compared to the measurements with
HoloBalloon to ameliorate the representation of clouds in weather and climate models and to
understand how they influence the radiative fluxes in the Arctic climate.

The NASCENT study has acquired a unique and holistic set of observations that will con-
tribute to improve our understanding of aerosol and cloud processes in the Arctic. Together with
further in-depth analysis and modelling studies, this work will help to clarify their role in the
observed Arctic Amplification and the Arctic climate system in general.
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Table 2.1: Retrieved variables at the five measurement locations. The black crosses show long-term
measurements and the measurements performed only during NASCENT are represented with the
symbol 'N'. Parameters that were in addition measured behind the ground-based Counterflow Virtual
Impactor (CVI) inlet are marked by an asterisk (*).
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Abstract

The Arctic is very susceptible to climate change and thus warming much faster than the rest of
the world. Clouds influence terrestial and solar radiative fluxes, and thereby impact the amplified
Arctic warming. The partitioning of thermodynamic phases (i.e. ice crystals and water droplets)
within mixed-phase clouds (MPCs) especially influences their radiative properties. However, the
processes responsible for ice crystal formation remain only partially characterized. In particu-
lar, so-called secondary ice production (SIP) processes, which create supplementary ice crystals
from primary ice crystals and the environmental conditions that they occur in, are poorly un-
derstood. The microphysical properties of Arctic MPCs were measured during the Ny-Alesund
AeroSol Cloud ExperimENT (NASCENT) campaign to obtain a better understanding of the
atmospheric conditions favorable for the occurrence of SIP processes. To this aim, the in-situ
cloud microphysical properties retrieved by a holographic cloud imager mounted on a tethered
balloon system were complemented by ground-based remote sensing and ice nucleating parti-
cle measurements. During six days investigated in this study, SIP occurred during 40% of the
in-cloud measurements and high SIP events with number concentrations larger than 10 L' of
small pristine ice crystals in 3.5% of the in-cloud measurements. This demonstrates the role of
SIP for Arctic MPCs. The highest concentrations of small pristine ice crystals were produced at
temperatures between -3 °C and -5 °C and were related to the occurrence of drizzle drops freezing
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upon collision with ice crystals. This suggests that a large fraction of ice crystals in Arctic MPCs
is produced via the droplet shattering mechanism. From evaluating the ice crystal images, we
could identify ice-ice collision as a second SIP mechanism that dominated when fragile ice crys-
tals were observed. Moreover, SIP occurred over a large temperature range and was observed
in up to 95% of the measurements down to -24 °C due to the occurrence of ice-ice collisions.
This emphasizes the importance of SIP at temperatures below -8 °C, which are currently not
accounted for in most numerical weather models.

Introduction

Clouds influence the radiation budget in two competing ways. On the one hand, they scatter
shortwave radiation back to space and thereby cool the surface. On the other hand, they absorb
and re-emit longwave radiation and thereby warm the surface. The Arctic is experiencing an
amplified warming (Meredith et al., 2019), which is influenced by several feedback processes
associated with temperature, water vapour, and clouds (Goosse et al., [2018). The influence of
clouds on the radiation budget in the Arctic is especially complex and uncertain in because of
the strongly varying reflection from the surface below (sea ice or water) or the lack of solar
radiation during polar night (e.g., Goosse et al., 2018). In addition, the phase partitioning and
concentration of the cloud particles determine the exact radiative properties of the mixed-phase
clouds (MPCs) consisting of water vapor, cloud droplets, and ice crystals (Sun and Shine, 1994).
Because the cloud particle concentration and phase partitioning strongly influence the radiative
properties of MPCs, a thorough understanding of the processes that determine the formation
and transformation of cloud particles is required.

At temperatures below -38 °C, cloud droplets freeze homogeneously, whereas at temperatures
between -38 °C and 0 °C, primary ice crystals form on ice nucleating particles (INPs). However,
many observations have shown that the ice crystal number concentration (ICNC) in MPCs is
frequently several orders of magnitude higher than the measured INP concentration (INPC) (e.g.,
Hobbs and Rangno, 1985, 1998; Ladino et al., 2017; Korolev et al., 2020). This discrepancy can
be explained by additional ice crystals falling from a seeder cloud aloft (Proske et al., 2021),
by the influence of surface processes such as blowing snow (e.g. Beck et al., 2018), or by the
formation of secondary ice crystals from the existing ice crystals (e.g., Hallett and Mossop, 1974;
Takahashi et al., 1995; Field et al., 2017; Korolev and Leisner, 2020). This last process, known as
secondary ice production (SIP), is thought to play a critical role in the formation of ice crystals
in supercooled clouds (e.g., Korolev et al., 2020; Korolev and Leisner, 2020).

Several SIP mechanisms have been proposed over the past decades: droplet shattering during
freezing, rime-splintering during riming, fragmentation during ice-ice collision, and fragmenta-
tion during sublimation (e.g. Field et al., 2017; Korolev and Leisner, 2020). Droplet shattering is
defined as the ejection of secondary ice crystals caused by cracking, fragmentation, bubble burst-
ing or jetting, which can occur due to pressure build-up during freezing of droplets (e.g., Mason
and Maybank, 1960; Takahashi and Yamashita, 1970; Lauber et al., 2018; Keinert et al., 2020).
The rime-splintering or Hallett-Mossop process (Hallett and Mossop, 1974; Mossop, 1978) refers
to the production of secondary ice during riming and is expected to occur when cloud droplets
freeze upon collision with large rimed ice particles (e.g., Mossop, 1978, 1985; Field et al., 2017;
Korolev and Leisner, 2020). Fragmentation during collision of several ice particles can lead to
their fragmentation, which creates secondary ice crystals (Vardiman, 1978; Takahashi et al.,
1995). Finally, fragmentation during ice crystal sublimation in unsaturated regions can create
secondary ice crystals, but it requires the re-entering of the fragments back into saturated cloud
regions, otherwise the complete sublimation of the fragment is likely (Dong et al., 1994; Bacon
et al., 1998).

The environmental conditions favorable for SIP were mostly assessed in laboratory studies
(see Korolev and Leisner, 2020, for an overview of laboratory studies on SIP). Temperature,
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cloud droplet concentrations and sizes, and ice crystal sizes and habits are particularly relevant
for the occurrence of SIP (e.g., Korolev and Leisner, 2020). The temperature range between
-3 °C and -8 °C was suggested to be the most favorable for the occurrence of rime-splintering
(Hallett and Mossop, 1974; Mossop and Hallett, 1974), whereas the maximum rate of fragments
produced by droplet shattering or by ice-ice collision was observed at around -15 °C in laboratory
studies (Takahashi and Yamashita, 1970; Takahashi et al., 1995; Lauber et al., 2018). However,
evidence for droplet shattering has been observed over a much wider temperature range, from
-20 °C up to -0.5 °C during field observations of natural MPCs (Korolev et al., 2020; Lauber
et al., 2021; Pasquier et al., 2021) and in laboratory experiments (Keinert et al., 2020). Cloud
droplets are needed for the rime-splintering and the droplet shattering processes. Although
droplets smaller than 12 pm and larger than 24 pm are necessary for the rime-splintering process
(e.g., Mossop, 1978, 1985; Korolev and Leisner, 2020), the probability for droplet shattering
occurrence increases with increasing droplet size (Lauber et al.; 2018; Keinert et al., 2020). The
size and concentration of the droplets is in turn influenced by aerosol particles acting as cloud
condensation nuclei (CCN), by updrafts, by the general cloud dynamics, and by the cloud lifetime
(Lohmann et al., 2016b)). The ice crystal number concentrations and the ice crystal shapes and
sizes are also relevant for SIP. In particular, large rimed ice crystals were found to increase the
rate of splinters ejected during rime-splintering (Hallett and Mossop, 1974) and ice-ice collision
(Vardiman, 1978).

However, there are large inconsistencies and many gaps in current knowledge of the physical
mechanisms and environmental conditions favourable for SIP due to the scarcity of laboratory
and field measurements (Korolev and Leisner, 2020). In addition, direct measurements of SIP
processes in-cloud are challenging as the secondary fragments and splinters of a few micrometers
or less are typically below the resolution limit of cloud measurement probes and the probability
of observing a cloud particle when it is involved in SIP is infinitesimally small. Furthermore,
the presence of an INP in ice particles can only be determined on a crystal by crystal basis,
which requires that each ice crystal is sampled and analyzed individually for the presence of an
INP (Hoffer and Braham, 1962; Mertes et al., 2007; Worringen et al., 2015; Mignani et al.; 2019).
However, when the concentration of small ice crystals exceeds that of ambient INPs, SIP processes
must have contributed to the ICNC. As such, several studies compare INPC with total ICNC to
infer the occurrence of SIP (e.g., Ladino et al., 2017; Li et al., 2021; Wieder et al., 2022a). The
cloud microphysical properties can additionally be used to identify the mechanism potentially
responsible for SIP. For example, rimed particles together with a sufficient concentration of
cloud droplets (with diameter below 12 pm and above 24 pm) at temperatures between -8 °C
and -3 °C are an indicator for the occurrence of the rime-splintering process (e.g., Lloyd et al.,
2015). Meanwhile, drizzle drops and/or frozen drops can be indicators for the occurrence of
droplet shattering (e.g., Lawson et al., 2017), and large rimed particles or broken ice crystals at
relatively low temperatures may be indicators for ice-ice collisions.

Even if SIP parametrisations were used on case studies for the ice-ice collision and droplet
shattering mechanisms (e.g., Sotiropoulou et al., 2020; Dedekind et al., 2021; Georgakaki et al.,
2022), only the rime-splintering process is widely used in numerical weather and climate models.
However, an accurate description of SIP processes and of the environmental conditions favorable
for SIP is needed to correctly represent the phase partitioning within MPCs to estimate their
radiative properties in the Arctic (Young et al., 2019).

The present study aims to identify conditions favorable for SIP in low-level Arctic MPCs
using a holographic imager mounted on the tethered balloon system HoloBalloon (Ramelli et al.,
2020), together with ground-based INP and remote sensing measurements. The results presented
originate from six days of measurement in MPCs collected during the Ny-Alesund AeroSol Cloud
ExperimENT (NASCENT) campaign (Pasquier et al., 2021) in Ny-Alesund, Svalbard. First, the
main instrumentation and the methodology applied for SIP identification are described in Section
3.1. Second, we present the meteorology and the occurrence of SIP during six measurement days
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in Section 3.2. Then, the environmental conditions associated with the SIP occurrence are then
examined in Section [3.3. Lastly, the final remarks and recommendations for future work are
given in Section 3.3.2.

3.1 Methods

3.1.1 Measurement location

The data presented in this paper was collected during the NASCENT campaign, which took
place in Ny-Alesund, Svalbard, (78.9° N, 11.9° E, Fig. 3.1a) from September 2019 to August
2020 with the goal to enhance the existing knowledge about aerosols and clouds in the Arctic
climate, and their interactions throughout the year. A description of the campaign and the main
instrumentation is given in Pasquier et al. (2021). Ny-Alesund is situated on the south side of
Kongsfjorden and on the northern side of a mountain range, with Mt. Zeppelin as the closest
mountain 2.5 km southeastward of the settlement (Fig. 3.1b). The surface wind is strongly
influenced by the topography (Fig. 3.1b) and is typically channelled along Kongsfjorden (Beine
et al., 2001; Maturilli et al., 2013; Maturilli and Kayser, 2017; Pasquier et al., 2021).

Figure 3.1: (a) Map of Svalbard with the location of Ny-Alesund marked with the red star. (b) Map
of the peninsula close to Ny-Alesund. Ny-Alesund, the Kronebreen and Kongsvegen glaciers, the fjord
Kongsfjorden, and the Mt. Zeppelin mountain are labelled. (Topographical data from Norwegian
Polar Institute, 2014).

3.1.2 Instrument setup

The tethered balloon system HoloBalloon (Ramelli et al., 2020) was used to perform in-situ
cloud microphysical measurements during October - November 2019 and March - April 2020.
HoloBalloon consists of a cloud measurement platform hanging 12 m below a helikite. The main
instrument on the measuring platform is the HOLographic cloud Imager for Microscopic Objects
(HOLIMO). HOLIMO images cloud particles in the size range from small cloud droplets (6 pm) to
precipitation-sized particles (2 mm) in a three-dimensional sample volume to obtain information
about the phase-resolved particle size distribution and particle habits (Henneberger et al., 2013;
Beck et al., 2017; Ramelli et al.; 2020). The classification of cloud droplets and ice crystals is
performed based on their shape using a convolutional neural network trained and fine-tuned on
cloud particles from holographic imagers (Touloupas et al., 2020; Lauber, 2020). The smallest
detectable ice crystals are 25 pm and all particles below this threshold are automatically classified
as cloud droplets. Furthermore, ice crystals with a rather circular shape in the 2D image are
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misclassified as cloud droplets. All ice crystals were manually classified into habits based on their
2D shape to plates, columns, frozen drops, recirculation particles (see Section3.2.2 for details),
and aged particles that comprise rimed, aggregated, and irregular ice crystals. In addition, cloud
droplets and artefacts wrongly classified as ice crystals by the convolutional neural network
were manually reclassified. Therefore, the uncertainty in the concentration of ice particles can
be estimated with £5% for ice crystals smaller than 100 pm and £15% for ice crystals larger
than about 100 pm (Beck, 2017). For cloud droplets, the uncertainty is estimated to be +6%
as determined for the classification with the convolutional neural network in [Touloupas et al.
(2020). The sampling volume of HOLIMO is about 16-20 cm?® per frame, and approximately
4-6 frames were taken per second, which gives a volume of 3 L to 60 L for the averages over
30 s to 5 min used in this study. Thus, the limit of detection of HOLIMO, corresponding to one
cloud particle measured in the time average, amounts to ~0.3 L' for measurements averaged
over 30 seconds. Note that using a tethered balloon system such as HoloBalloon for cloud
microphysical measurements has the advantage that the influence from ice crystals lifted from
the ground (e.g., blowing snow, Beck et al., 2018) can be neglected due to the distance of the
measurements from the surface. In addition, thanks to the low true air speed of HOLIMO on
the tethered balloon system and the adequate tower tips, the shattering of ice crystals in the
sample volume is minimized.

Ambient aerosol was sampled through a heated inlet mounted on top of an observatory con-
tainer located next to the launching location of HoloBalloon (Pasquier et al., 2021). Downstream
the inlet, a high flow-rate impinger (Coriolis® p, Bertin Instruments, France) operating at 300
L min~! collected ambient aerosol particles with aerodynamic diameter of 0.5 pm and larger
into pure water. For one sample, the impinger collected aerosol particles for one hour, probing
a volume of 18 m?. Directly after collection, each sample was analysed for INPC via the offline
technique DRoplet Ice Nuclei Counter Zurich (DRINCZ, David et al., 2019a)), which measured
INPC at sub-freezing temperatures between approximately -3 °C and -20 °C. INPCs were cal-
culated according to [Vali (1971), corrected for the sampling water’s background, converted to
concentration in air, and their uncertainties were calculated applying Gaussian error propagation.
Further details of the processing are presented in Wieder et al. (2022c) and Li et al. (2022). The
lower INPC detection limit amounts to 1.4-10* L1 and the relative measurement uncertainty is
on average given by a factor of two.

The in-situ measurements were complemented by remote sensing instruments installed at
the French—German Arctic Research Base AWIPEV. In particular, the 94 GHz cloud radar of
University of Cologne (JOYRAD-94, Kiichler et al.; 2017) was used for analyzing the whole cloud
structure, the ceilometer (Vaisala-CL51, Maturilli and Ebell, 2018) was utilized to determine the
cloud base height, and the wind lidar (Windcube200) enabled the continuous characterisation of
wind direction and speed in the lower troposphere. Meteorological surface measurements were
continuously available from the AWIPEV observation site (Maturilli et al., 2013, 2015) and the
vertical atmospheric structure was determined by daily and additional radiosondes (Maturilli
and Kayser, 2017) during specific measurement periods.

3.1.3 SIP identification

We use a specific method to identify cloud regions where SIP was recently occurring from in-
situ measurements, using the concentration of small pristine ice crystals (diameters <100 pm)
following the approach introduced by Korolev et al. (2020). This approach is based on the fact
that if SIP occurs in a supersaturated environment, the newly formed ice fragments or splinters
rapidly grow by water vapor diffusion into detectable faceted ice crystal habits representative
of the environment in which they grow in (e.g, Nakaya, 1954; Libbrecht, 2005). With time, the
ice crystal habit can lose its spatial correlation with its environment of origin due to turbulent
diffusion, horizontal and /or vertical advection. Korolev et al. (2020) estimated the time for which
a secondary ice particle remains associated with its environment of origin to be 60-120 s, which
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allows a hexagonal plate or column to grow to a width or length between 50 pm and 150 pm at
water saturation, depending on its aspect ratio and the environmental temperature. Following
this method, we use the occurrence of pristine ice crystals with a major axis between 25 pm and
106 pm as an indicator for SIP regions. The major axis is defined as the major axis of an ellipse
that encompasses the detected pixels of the particle. This specific cut-off size was chosen as it
is the bin size of the size distribution used in the processing of the data closest to 100 pm, thus
lying in between 50 pm and 150 pm. Examples of pristine ice crystals smaller than 106 pm, used
as indicators for SIP regions, are shown in Figure 3.2 and contrasted with non-pristine smaller
than 106 pm and pristine ice crystals larger than 106 pm. Non-pristine crystals cannot have
formed from vapor deposition growth, and could originate from breakups during impact with the
instrument payload or from rime falling from the tethered balloon. Such particles were therefore
excluded from the SIP analysis.

The identified SIP regions were further classified into three SIP classes, namely, low SIP re-
gions (SIPj4yw), moderate SIP regions (SIPp0q), and high SIP regions (SIPpigh) using the number
concentration of pristine ice crystals with diameters < 106 pm (ICNCpr-106 pm) as follows:

(1) SIPiow: 0.3 L't < ICNCpre106 ym < 1 L7,

(2) SIPpmoq: 1 Lt < ICNCpre106 pm < 10 L,

(3) SIPhigh: ICNCpro106 ym > 10 L1

In addition, SIP,) represents the three SIP classes combined and SIP,,, refers to ICNCp, 106 pm < 0.3 Lt
with 0.3 L' being the lower limit of detection of HOLIMO for measurements averaged over 30 s.
This means that if no small pristine ice crystals is measured, the actual ICNCp;~106 um is below
0.3 L' but not necessarily 0 L™'. This signifies that all the ICNCpr<106 pm smaller than 0.3 Lt
are not taken into account in the analysis of SIP in this study. Note that the contribution from
primary ice nucleation in the remote Arctic region around Ny-Alesund is expected to be lower
than this 0.3 L'! at temperatures above -20 °C (e.g., Tobo et al.; 2020; Rinaldi et al., 2021} Li
et al., 2022).

Figure 3.2: Examples of ice crystals observed with HOLIMO classified as pristine with diameters <
106 pm , non-pristine ice crystals with diameters < 106 pm, and pristine ice crystals with diameters
> 106 pm. The presence of pristine ice crystals with diameter < 106 ym was used for identification
of SIP. The scale bar applies to all panels.

To ensure that the measurements were conducted in-cloud, only regions where the relative
humidity with respect to ice derived from the interpolated radiosonde measurements is higher
than 95% or the liquid water content measured by HOLIMO was larger than 0.005 g m™ are
taken into account. Both criteria are used disjointly because in some cases the cloud may only be
saturated with respect to ice, and in other cases the relative humidity measured by the radiosonde
closest in time may not be capturing local areas of saturation.
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3.1.4 Determination of INP concentrations

The INPC derived from the DRINCZ measurements on the ground is used to estimate the INPC
at the cloud top (INPCcr) and at the HoloBalloon measurement altitude (INPCyp). As the
INPC is a function of the nucleation temperature (increasing exponentially with decreasing tem-
perature), we use the temperatures at cloud top and at the measurement location of HoloBalloon
to estimate INPCer and INPCyp. These temperatures are derived from the linearly interpo-
lated radiosonde temperature profiles together with the highest cloud top altitude retrieved by
the cloud radar on each day and the measurement altitude of HoloBalloon (see Section 3.3.2 in
the Appendix for details). INPCcr represents the cloud’s highest INPC estimate as the lowest
cloud temperatures are generally found at cloud top. INPCcr is therefore representative for the
maximum [CNC that could have formed via primary nucleation from INPs. INPCyp is represen-
tative for the ICNC that could have formed by primary nucleation on INPs at the measurement
location and can be directly compared to ICNCpr<106pm because the method employed assumes
that the ice crystals smaller 106 pm have formed close to HoloBalloon’s location.

Uncertainties arise from using INP measurements taken at the surface to estimate the in-
cloud INPC. For well-mixed boundary layers, in which the aerosol particle concentrations are
constant between the surface and cloud base, the INPC at the ground and in the cloud should
be comparable (neglecting INP depletion by scavenging and INP entrainment at cloud top).
However, in decoupled cloud cases, when a shear layer and/or a large potential temperature
increase is observed below the cloud base, the INPC in the cloud could be different than the one
observed at the ground. In the cases presented in this study, the layers from cloud base to the
surface were generally well-mixed and no strong decoupling case was observed (Fig. 3.13). In
addition, Pasquier et al.| (2021) compared the INPC measured at the observatory container at sea
level on 12 November 2019 and the INPC averaged over several days at the mountaintop Zeppelin
Observatory located 2 km southwestward at 475 m a.s.l. (Fig. 3.1b) and found that the INPC
were in agreement within a factor of 5 at the two location despite the different measurement
method and time averages used.

3.2 SIP occurrence during six days of MPC measurements in
Arctic MPCs

3.2.1 Overview of the six days with MPCs

The microphysical properties of the MPCs were identified with HOLIMO on five consecutive days
from 8 to 12 November 2019 and on 1 April 2020. The total cloud droplet number concentrations
(CDNC) measured by HOLIMO reached up to 30 cm™ and drizzle drops (defined with diameter
larger than 64 pm) were observed during four measurement flights (Fig. 3.3d). This CDNC is
considerably lower than for comparable continental clouds, which typically have CDNCs of up
to 1000 cm ™2 (Lohmann et al., 2016b), but is representative for the pristine Arctic environment
where limited CCN availability results in low CDNCs, as discussed in e.g., Lance et al. (2011)
and Koike et al. (2019). Generally, ICNCp;~106 pm is orders of magnitude larger than INPCyp
and ICNC is orders of magnitude larger than INPCcr, except on 10 November 2019 (Fig. 3.3¢).
This indicates that primary ice nucleation via INPs cannot be solely responsible for the observed
ICNC, and suggests that SIP processes contributed to the ICNC.

On 8 November 2019, an occluded front moved over Ny-Alesund, producing strong south-
westerly large-scale winds (up to 20 m s at 2000 m a.s.l.) and about 12 mm of accumulated
precipitation (not shown). As the front passed, the low-level cloud field was overrun by a deep
cloud layer that extended to cloud top temperatures below -38 °C at an altitude of 5000 m
a.s.l.. At these temperatures, any cloud droplet would freeze independently of INPs via homo-
geneous freezing. On 9 November 2019, the sea level pressure dropped by about 7 hPa and
the surface wind speed increased from 2 to 8 m s as another low pressure system passed over
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Ny-Alesund (Fig. 3.3a,b). During the flights performed on 8 and 9 November 2019, HoloBalloon
measured mostly in subsaturated regions below cloud, where the cloud droplets and ice crystals
were evaporating and sublimating, respectively, as also indicated by the relative humidity below
100% below ~700 m observed by the radiosondes (Fig. 3.4). Evidence of ice crystal sublimation
can been deduced from the rounded edges of the ice crystals and the thin filaments connecting
parts of the crystals to their main body (Fig. 3.5a). It is evident that such ice crystals could
easily break up in two or more particles depending on their original shape, thereby creating
secondary ice crystals. However, unless these fragments were reintroduced into regions with ice
(super)saturation by updrafts, they will sublimate completely.
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Figure 3.3: (a) Ambient temperature and pressure measured from the weather mast two meters above
ground at the AWIPEV Observatory. (b) Horizontal wind speed measured with the wind lidar averaged
over 1h30 (wind barbs) and HoloBalloon measurement height (black line). (c) Cloud radar reflectivity
(color), HoloBalloon measurement height (black line), and cloud top temperatures from radiosonde
launches measured during the six-day measurement period. On 8 November 2019 and 1 April 2020
the temperature is shown at an altitude of 1800 m a.s.|. because the cloud top is higher than 3000 m
a.s.l.. (d) Total CDNC (black) and drizzle drops number concentration (DDNC) (orange) averaged
over 5 min. The uncertainty in the concentration of cloud and drizzle is estimated to be £6%. (e)
Total ICNC (black line) and ICNCpr<106 ym (red line) averaged over 5 min, INPCct (light blue crosses)
and INPCyg (dark blue crosses). For 10 November 2019, the ICNCs averaged over each flight are
shown with black circles because the ICNC are too low to display a time series. On 12 November
2019, the INPCyg were below the limit of detection of the INP instrumentation, therefore the limit of
detection (1.4-10* L) is displayed instead (INPCji,, dark blue dashed line). The uncertainty for the
concentration of ice particles smaller than 100 pm is estimated to +5% and to +15% for ice crystals
larger than 100 pym. The uncertainty for the INPC amounts to a factor of two. On 8 November
2019 and 1 April 2020, no INPCct can be provided as the cloud top temperatures were below the
observable nucleation temperatures of our INP instrumentation. All data are shown from 11:00 UTC
on 8 November to 18:00 UTC on 12 November 2019 and on 1 April 2020 from 05:00 to 16:00 UTC.
Note that the ticks are at 12:00 UTC for each day.

On 8 and 9 November 2019, updrafts estimated from the remote sensing observation at
the HoloBalloon location (see Appendix 3.3.2 for the methods) reached up to 2.5 m s and
1 m s, respectively. These moderate updrafts could have lifted some fragments back into ice
supersaturated regions, where they could have grown again and increased the ICNC. Otherwise,
if the ice crystals sublimated completely, the remaining INPs could have re-entered the cloud
and formed new ice crystals (e.g., Solomon et al., 2015; Possner et al., 2017; Fu et al., 2019).
Although this could act as a pathway to enhance ICNCs, the resulting ice formation mechanism
would be primary ice crystal nucleation and not SIP.

Figure 3.4: Temperature (red) and relative humidity (RH) with respect to water (bright grey) and ice
(dark grey) measured by the radiosonde launched at 11:00 UTC on 8 to 12 November 2019 and at
17:00 UTC on 1 April 2020. The 100% RH line is shown with the broken black line.

After the low pressure system moved eastward of Ny-Alesund on 10 November 2019, the
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flow became northwesterly and advected cold air towards Ny-Alesund. This cold northwesterly
flow pushed under the warmer air that was present in the fjord valley before, and by that
acted like a cold front lifting the air and causing the formation of a shallow and very lightly
precipitating stratocumulus cloud deck. Consistently, the temperature at the surface dropped
from approximately -3 °C to -10 °C within a few hours (Fig. 3.3a). Two measurement flights were
conducted on 10 November 2019 and HoloBalloon was able to penetrate through the cloud deck
with cloud top temperature of -17 °C (Figs. 3.3c and 3.4). The CDNCs measured by HOLIMO
were about 20-30 cm™ (Fig. 3.3d). A few dendrite-like ice crystals were measured by HOLIMO
during both flights (Fig. 3.5b) and the ICNC averaged over the entire flight period amounted
to 1.4 - 102 L' (Fig. 3.3e). No pristine ice crystals smaller than 106 pm were measured and
the mean ICNC lies in the daily variability of the INPCcp observed (Fig. 3.3e). Thus, we
conclude that the ice crystals formed by primary nucleation on INPs and that no SIP process
substantially increased the ICNCs on this day. Therefore, the INP availability determined the
ice crystal formation. This shows the ability of INPs to control ice crystal formation in remote
pristine areas like the Arctic in case of shallow clouds and weak dynamics.

On 11 and 12 November 2019, the weather in Ny-Alesund was influenced by the passage of
a warm front embedded with several precipitation showers. In these two days, the MPC evolved
from a SIP)o, state with ICNCpr<106 pm below 1 L7t to a SIPpign state with ICNCpr<106 um
greater than 50 L~!. As this is about 5 orders of magnitude higher than the estimated INPCyp,
we propose that SIP mechanisms were responsible for the sudden increase in ICNCp,; <106 um and
examine the contribution from the likely active SIP processes in detail in Section 3.2.2.

On 1 April 2020, a warm front passed over Ny—Alesund and produced a cirrostratus cloud at
8000 m. This cirrostratus deepened to an an altostratus deck that acted as a seeder cloud that
precipitated into the low-level mixed-phase feeder cloud below, thereby enhancing the ICNC in
the low-level MPC measured by HoloBalloon. However, the INPCyp was up to 1 to 2 orders of
magnitude smaller than the ICNCp;~106 ym, Which indicates that some SIP processes were likely
active in the low-level MPC. The microphysical properties of the low-level mixed-phase feeder
cloud are discussed in Section 3.2.3.

Figure 3.5: Representative examples of ice crystals observed with HOLIMO during the flights on (a)
8 and 9 November 2019 and (b) 10 November 2019. The scale bar applies to both panels.

3.2.2 High SIP event on 11 November 2019

On 11 November 2019, a precipitating low-level MPC was observed with a cloud base around
700 m a.s.l. and cloud top rising from about 1000 m a.s.l. to 2200 m a.s.l. (Fig. 3.6a). The surface
temperature increased from -3.1°C to -0.3°C between 11:00 UTC and 20:00 UTC (Fig. 3.3a),
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whereas the cloud top temperature decreased from -11°C C to -13.5°C as the cloud top height
increased. The cloud radar observed regions of enhanced reflectivity, indicative of the presence
of large ice crystals (Fig. 3.6a). Two flights were performed at 10:15-13:40 UTC and 15:50-19:00
UTC into the MPC with HoloBalloon (Fig. 3.6a). The measured cloud droplet size distribution
peaked at around 50 pm and drizzle drops were observed, except for a short period between 13:15
and 13:45 UTC when the CDNC spectra peaked at smaller sizes (Fig. 3.6b).

Figure 3.6: Overview of the cloud properties on 11 November 2019. (a) Cloud radar reflectivity
(color), HoloBalloon measurement height (black line), cloud base height measured by the ceilometer
(black dots), and temperatures at the corresponding altitudes measured by the radiosonde at 11:00
UTC, 14:00 UTC, and 20:00 UTC. Note that the lowering of the cloud base to the surface detected by
the ceilometer after 17:30 UTC is caused by precipitation. (b) Cloud droplet size distributions (color
shading) and total CDNC (black line). The uncertainty in the concentration of cloud and drizzle is
estimated to be £6%. (c) Ice crystal size distributions (color shading) and total ICNC (black line)
measured by HOLIMO averaged over 1 min. The uncertainty for the concentration of ice particles
smaller than 106 pym is estimated to +5% and for the concentration of larger ice crystals to +15%.

The measured cloud evolved from low total ICNC ranging between 0.3 and 10 L' and
ICNCpr<106 um below 1 L1 during the first flight (10:15-13:40 UTC), to a region with total
ICNC ranging mostly between 5 and 20 L' and ICNCp-106 ym between 1-3 L1 (contributing
about 3-30% to total ICNC) (15:50-18:10 UTC) and finally to a region with ICNC up to 150
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LY, out of which up to 90 L1 (60%) were ICNCpr-106 pm (18:10-18:45 UTC) (Figs. 3.6c and
3.7b,c). This last period (18:10-18:45 UTC) is marked by several peaks in ICNC above 100 L
and ICNC,;~106 pm above 10 L (Figs. 3.6c and 3.7b). On this day, the INPCgr varied between
1-103 and 9 - 103 L' and the INPCyg between 1 - 10 and 4 - 104 L! (Fig. 3.3¢), thus four
to five orders of magnitude lower than the ICNC and ICNCy;~106 ym- No increase in INPC is
observed during the course of the day. Hence, nucleation on INPs cannot explain the measured
peaks in ICNCpr-106 um at 18:10 UTC onwards. Therefore, we assign the increases to local SIP
processes.

Locally formed ice crystals smaller than 106 pm were mostly elongated columns with a large
aspect ratio between 3 and 9 (Fig. 3.7a). These habits are consistent with the environmental tem-
perature (-4.5 °C) at their measurement location. The high aspect ratio of the columns indicates
that the cloud layer had a relatively high water supersaturation (Nakaya, 1954; Libbrecht, 2005).
Note that columns with a maximum length larger than 106 pm were observed (see Fig. 3.7a) but
not accounted for in the ICNCp;-106 um-

Ice crystal habits help to understand which SIP processes contributed to the increase in ICNCpr <106 yum-
Ice crystals observed during SIP periods were frozen drops, aged particles, and recirculated par-
ticles (Fig. 3.7a), which are a mix of columnar and plate-like crystals due to the crystals growing

in different temperature regimes (Korolev et al., 2020; Pasquier et al., 2022a). The observation of
frozen drops during SIP periods suggests that the droplet shattering process produced splinters
during the freezing of drizzle drops (e.g., Lauber et al., 2018; Korolev and Leisner, 2020). In
particular, the ratios of frozen drops to total ICNC were especially large (0.6) at 18:05-18:10
UTC just before the first and largest peak in ICNCpr-106 ym (Fig. 3.7c). Coincidentally, some
observed frozen drops were identified on HOLIMO images to have accreted with small columns,
suggesting that the collision of drizzle drops with ice crystals initiated their freezing.

A likely explanation for this first ICNCp;~106 pm peak is therefore that the droplet shattering

mechanism caused the formation of splinters which grew to small pristine columns. Then these
small columns could collide with further drizzle drops, thereby initiating their freezing and the
formation of additional ice splinters. This could have led to a cascading SIP process via a
positive feedback loop that can explain the rapid increase in ICNCy,;~106 ym, as already proposed
by Lawson et al. (2015). The fraction of frozen drops is lower after this peak in ICNCpr106 um
at 18:10 UTC (Fig. 3.7c) and the concentration of large drops decreased after this peak as well
(Fig. 3.6b), indicating that the drizzle drops froze and precipitated out of the cloud. Thus, we
propose that droplet shattering was largely contributing to the peak of ICNCpy-106 pm (90 L)
at 18:10 UTC.
Between 18:20 and 18:55 UTC, droplet shattering plays likely a lesser role. Instead, SIP by ice-
ice collision seem to dominate after recirculation particles appear to concentration up to 10 L
after 18:15 UTC (Fig. 3.7b,c). As these particles contained fragile branches, their collision and
subsequent break-up could created additional ice crystals. Indeed, particles resembling broken
branches were observed (highlighted with the dark brown box in Figure 3.7a). The fraction of
recirculation particles to ICNC is especially large between 18:20 and 18:45 UTC. Therefore, we
suggest that the ice-ice collision break-up contributed to the peaks in ICNCp~106 pm observed
during this period together with droplet shattering.

The temperature was in the range of the rime-splintering process, however the CDNC was
between 0.1 and 3 cm™ between 18:10 and 18:45 UTC (Fig. 3.6b), and the concentration of cloud
droplets smaller than 12 pm required for the rime-splintering process (Mossop, 1978, 1985) was
between 0.01 and 0.2 cm™. Thus, the probability of collision of rimed particles with droplets at
these small concentrations is likely too low to have any important effect on the rime-splintering
process. Earlier on this day, the aged/rimed particles were the most frequent ice crystal ob-
served (Figure 3.7c) and the CDNCs (Fig. 3.6b) were larger, without a significant increase of the
ICNCspr<106 pm- Therefore, the rime-splintering process probably did not contribute significantly
to the increase in ICNCpr <106 pm-
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Figure 3.7: (a) Representative examples of ice crystals classified in typical habits observed with
HOLIMO between 18:00 UTC and 19:00 UTC on 11 November 2019. The scale bar applies to
all panels. (b) Concentrations of ice crystals classified into habits and ICNCp,<106um (black line).
(c) Fraction of ICNCpyr<106um, pristine ice crystals with diameter > 106 pm (ICNCpr<106um), aged ice
crystals, recirculation particles, and frozen drops concentrations to ICNC. The shaded area shows when
HoloBalloon flew out of the cloud. The measurements are averaged over 1 min. The uncertainty for
the concentration of ice particles smaller than 106 pm is estimated to 5% and for the concentration
of ice larger crystals to +15%.

In conclusion, we propose that droplet shattering was mainly responsible for the high peak
in ICNCpr<106 pm at 18:10-18:15 UTC and ice-ice collisions, in particular between recirculation
particles, contributed to the peaks in ICNCp;-106 um between 18:20-18:55 together with droplet
shattering. A comparable SIPhign event with ICNCpr-106 ym up to 55 L1 was observed on 12
November 2019. On this day, columns having formed in higher part of the cloud collided with
drizzle drops during sedimentation, thereby initiating their freezing and splinters production via
the droplet shattering mechanism as described in Pasquier et al. (2021).

49

€ HHLAVHD



Conditions favorable for secondary ice production in Arctic mixed-phase clouds

3.2.3 Seeder-feeder event on 1 April 2020

Figure 3.8: Overview of the cloud properties on 1 April 2020. (a) Cloud radar reflectivity (color),
HoloBalloon measurement height (black line), cloud base height measured by the ceilometer (black
dots), and temperatures at the corresponding altitudes measured by the radiosounding at 17:00 UTC.
(b) Cloud droplet size distributions (color shading) and total CDNC (black line). .The uncertainty in
the concentration of cloud and drizzle is estimated to be +6%. (c) Ice crystal size distributions (color
shading) and total ICNC (black line) measured by HOLIMO averaged over 1 min. The uncertainty for
the concentration of ice particles smaller than 106 pm is estimated to 5% and for the concentration
of larger ice crystals to +15%.

On 1 April 2020, a warm front passed over Ny-Alesund and caused the observed temperature
increase of 7 °C in less than 2 hours, the pressure drop from 1009 hPa to 994 hPa, the wind
direction change from southeasterly to northwesterly and the increase in wind speed at the surface
(Fig. 3.3a,b). Warm air overrunning produced a thickening cirrus cloud, which initially formed
at 7000 m and then continued to deepen into an altostratus cloud (Fig. 3.8a). The temperature
above ~4500 m a.s.l. was below -38 °C and thus, the ice crystals formed by homogeneous and /or
heterogeneous nucleation in the cirrus/altostratus cloud. The radar reflectivity signal indicates
that ice crystals were sedimenting to about 3000 m a.s.l., where a region of lower reflectivity
suggests their partial sublimation (Fig. 3.8a). This is in agreement with the relative humidity
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with respect to ice below 100% measured by the radiosonde above 2500 m a.s.l. (Fig. 3.4). A
low-level cloud formed at around 09:00 UTC with cloud top height rising from 1000 to 1500 m
a.s.l. during the day. This cloud is characterized by regions of higher reflectivity, indicating the
presence of larger ice crystals. Additionally, an increase in reflectivity is visible between 1500 m
and 2000 m a.s.l. from 12:00 to 14:00 UTC shows that the layer is saturated with respect to ice,
allowing the ice particles to grow, and suggests the presence of an embedded supercooled liquid
layer. This layer can also be seen in the cloud base measured by the ceilometer when the signal
is not attenuated by precipitation.

The CDNCs measured by HOLIMO was generally below 1 cm™ except at 13:10 UTC or
between 13:45 and 14:15 UTC, when increases in CDNC were observed (Fig. 3.8b). These
comparatively large CDNCs (> 10 cm™) are observed when HoloBalloon was in the transition
region from low to high radar reflectivity (i.e. in the embedded supercooled liquid layer). It
suggests that in this region water saturation was sustained and promoted the formation and
growth of cloud droplets, while below, the environment was subsaturated with respect to water
and the cloud droplets were evaporating.

Figure 3.9: (a) Representative examples of ice crystals classified in typical habits observed with
HOLIMO on 1 April 2020. Ice crystals with indication of broken features are highlighted with blue
frames. The scale bar is representative for both panels. (b) The concentration of the ice crystals by
habit and ICNCpr<106pm (black line) between 12:20 UTC and 14:40 UTC (bottom) on 1 April 2020
are shown. The uncertainty for the concentration of ice particles smaller than 100 pm is estimated to
+5% and for the concentration of larger ice crystals to +15%.

In the low-level cloud, the ICNC amounted up to 55 L' because of the contribution from
crystals sedimenting from the seeder cloud (Fig. 3.8). The ice crystal habits were composed of
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pristine plates and columns together with aged particles (Fig. 3.9a). The large aged ice crys-
tals likely originated from the seeder cloud aloft and experienced collisions with cloud particles
during their sedimentation. In contrast, the small columns and plates observed (Fig. 3.9a) must
have formed close to the measurement location due to their small size and pristine nature. At
temperatures below -22°C as experienced above 600 m, supersaturation relative to ice determines
whether ice crystals grow to plates or columns (Nakaya, 1954). The columns therefore originated
from regions with higher supersaturation (likely in the embedded supercooled liquid layer) and
plates from region of lower supersaturation with respect to ice. Indeed, peaks in the concen-
trations of columns at 13:10 and 14:00 UTC (Fig. 3.9b) coincide with the increases in CDNC
(Fig. 3.8b).
As the INPCyg (8 - 102 L!) was two to three orders of magnitude lower than the ICNCpr<106 pm

(15 L'Y) (Fig. 3.3c), SIP processes were active. Again, we use the ice crystal habits together
with the environmental conditions prevailing in this cloud to evaluate the likely SIP processes
contributing to ICNCp, <106 pm- Rimed particles were observed and the concentration of small
droplets may have been sufficient in some regions of the low-level cloud (13:10 UTC and 13:45-
14:15 UTC) to trigger the rime-splintering mechanism. However, the observed temperature (-24
° to -18°C) was far below the temperature range of rime splintering (-8°C to -3°C). Furthermore,
no large droplets necessary for the droplet shattering process were observed. Therefore, the
rime-splintering and the droplet shattering processes are unlikely to have played a significant
role as SIP mechanisms in the observed cloud. On the contrary, some ice crystals showed broken
features, as highlighted by the blue frames in Figure 3.9a. As the ICNCs were large (up to 55 L)
collisions between ice crystals have likely occurred. In addition, ice-ice collisions is believed to
be most efficient at colder temperature (Takahashi et al., 1995) such as observed on this day.
Therefore, we deduce that the ice-ice collisions were again the most likely active SIP mechanism
in the low-level feeder cloud.

3.3 Environmental conditions favorable for SIP

During the six days of observations performed with HoloBalloon during the NASCENT campaign,
2252 measurements of 30 s intervals were taken in-cloud, corresponding to a total of 18.7 hours
and a volume of 6425 L. Out of these measurements, SIP,) (representing all measurements with
ICNCpr<106 um > 0.3 L™1) was present during 40% of the measurements. When dividing by the
intensity of the SIP, SIPjow, SIPmoq and SIPhign occurred 20.5%, 16%, and 3.5% of the time,
respectively (Fig. 3.10).

Figure 3.10: Frequency of occurrence of SIPn, (ICNCprci06 ym < 0.3 LY, SIPy (0.3 LT <
ICNCprc1o6 ym < 1 L), SIPmod (1 L' < ICNCpc106 ym < 10 L), and SIPhign (10 L <
ICNCpr<106 ym)- The numbers refer to the number of 30 s intervals observed within each SIP class.
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As described in Section 3, several environmental conditions (e.g., cloud droplet concentration
and size, ice crystal size and habit, and temperature) influence the occurrence of SIP. Using the
assumption that pristine ice crystals smaller than 106 pm are associated with their environment
of origin, we can relate SIP to the environmental conditions prevailing at the measurement
location. The role of the different hydrometeor types and temperatures for the occurrence of SIP
observed on the six days of measurements in MPCs is discussed below.

3.3.1 Role of the hydrometeor types for SIP

The comparison between ICNCp;~106 ym representative of SIP and the concentrations of cloud
droplets (diameter < 64 pm), drizzle drops (diameter > 64 pm), frozen drops, and ice crystals
help to understand their relationship to SIP. The analysis of the influence of ice crystals on SIP
is delicate because it is possible that the larger ice crystals are secondary ice crystals having
grown to larger sizes than the threshold used (106 pm). To overcome this issue, we discuss only
the connection between SIP and ice crystals larger than 327 pm, and refer to these as snow
crystals. Snow crystals seem to follow the same trend as ICNCpr106 pm (Fig. 3.11a,d) and the
correlation coefficient between the concentrations of snow crystals and ICNCp <106 pm amounts
to 0.4. This demonstrates the obvious connection between snow crystals and SIP, i.e. primary
ice is needed in order for SIP to be initiated. On the contrary, no obvious connection between
ICNCpr<106 pm and cloud droplet is observed (correlation coefficient of 0.01). Indeed, the highest
CDNGCs prevail on 10 November 2019, when no evidence for SIP is observed and the CDNCs are
mostly below 5 cm™ during the prevalence of SIP,,0q4 and SIPpigh events on 11 and 12 November
2019 (Fig. 3.11a,b). Drizzle drops are always observed during SIP occurrence, except on 1 April
2020, when only snow crystals are observed (Fig. 3.11a,b,d). This suggests that on 1 April
2020, the presence of snow crystals alone was sufficient for the occurrence of SIP, likely via the
ice-ice collision process as discussed in Section 3.2.3. During the first flight on 11 November
2019, the highest drizzle drop number concentrations (up to 20 L'!) were measured, but no SIP
was observed. The reason is likely that there were not enough snow crystals colliding with the
drizzle drops, thereby not initiating their freezing causing a lack of SIP via the droplet shattering
process. In fact, no frozen drops were observed on this day. This indicates that freezing of drizzle
drops via immersion or contact freezing with an INP is not sufficient to trigger droplet shattering
at the temperature experienced (-8°C to -2°C), but the presence of snow crystals is needed to
initiate their freezing. Indeed, frozen drops are observed during 41.5% of SIP,; and 87.5% of the
SIPyign events (Table 3.1).

To quantify the importance of different hydrometeor types for SIP, we calculate an occurrence
enhancement factor (OEF) relative to SIP,,, for all the SIP classes and for the hydrometeor types:
cloud droplets, drizzle drops, frozen drops, and snow crystals. First, the frequency of occurrence
of a hydrometeor type during each SIP class (Fgp,, ) and the frequency of occurrence of a
hydrometeor type during when no SIP is observed (Fgrp,,) were calculated. Then, the OEF for

every hydrometeor type and SIP class (OEFgyp_,. ) was derived as follows:
F:
OEFSIPclass = % (31)
SIPno

An OEF greater than unity signifies that the hydrometeor type is more frequently present during
SIP than during SIP,, and thus hints at a possible connection between the hydrometeor type
and the occurrence of SIP.
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Figure 3.11: (a) ICNCpr<106 ym, (b) CDNC and drizzle drop number concentrations (DDNC), (c)
frozen drop number concentrations, and (d) snow crystals number concentrations retrieved with
HOLIMO averaged over 30 s. The uncertainty for the concentration of cloud droplets is estimated to
+6%, for the concentration of ice particles smaller than 100 pm to +5% and for the concentration
of snow crystals and frozen drops to £15%. (e) Temperature derived from the radiosondes at the
HoloBalloon location. The breaks on the time axis separate measurement flights. The black dashed
lines in panel (a) and (c) denote the SIPyoq (1 L) and SIPpig, (10 L) limits. The white regions
show the occurrence of SIP, whereas the grey shaded regions show no SIP.

During the presence of snow crystals, the frequency of occurrence of SIP,;; compared to SIP,,
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is enhanced by a factor of 2.7, and SIPpien by a factor of 2.9 (Table|3.1). This further demonstrates
that the production of ice crystals prior to SIP is required. The influence of a high concentration
of cloud droplets on SIP was identified by using a threshold of CDNC > 5 cm™, which represents
the mean CDNC over the six measurement days. The OEF of cloud droplets is below 1 for all SIP
classes except SIPhign, for which it is slightly increased to 1.33 (Table 3.1). This signifies that the
occurrence of SIP is reduced compared to SIP,, when the concentration of cloud droplets was
higher than 5 cm™ and indicates that concentrations of cloud droplets exceeding 5 cm™ were not
necessary for SIP occurrence in the measurements presented. In contrast, the occurrences of all
SIP classes are enhanced when drizzle drops are present, suggesting an influence of the droplet
shattering mechanism. Finally, the occurrence of SIP is enhanced by a factor between 3 and 10
compared to SIP,, when frozen drops are observed (Table 3.1). This large enhancement is also
consistent with a dominant role of the droplet shattering mechanism, especially for SIP,,q and
SIPhigh~

Previous studies have linked the presence of drizzle drops to the occurrence of SIP in tropical
and midlatitude convective clouds (e.g., Lawson et al., 2015, 2017; Keppas et al., 2017). In
convective clouds with a warm cloud base, the formation of drizzle drops occurs by collision-
coalescence in updraft cores that extend over a large portion of the troposphere (Lawson et al.,
2017). In other cases, the drizzle drops responsible for the initiation of droplet shattering close to
the melting layer were suggested to originate from melted ice crystals recirculating through the
melting layer within updrafts (Korolev et al., 2020; Lauber et al., 2021). Here, we propose that
the formation of large drizzle drops, which are related to SIP, is determined by the low CCN
concentration prevailing in the clean Arctic environment, together with the sufficiently high
updraft speeds as observed in cloud containing drizzle drops during NASCENT. A connection
between drizzle drops and ice crystal formation was already proposed by Rangno and Hobbs
(2001) and Lance et al. (2011). However, they did not relate the formation of the ice crystals to
SIP via the droplet shattering mechanisms.

In summary, no connection was found between the concentration of cloud droplets exceeding
5 cm™ and SIP. On the contrary, a strong relationship exists between drizzle drops and SIP,
with the prerequisite that sufficient snow crystals are present to initiate their freezing upon
collision and activate the droplet shattering process. Moreover, snow crystals can be sufficient
for triggering SIP via ice-ice collisions.

Table 3.1: Frequency of occurrence and OEF of the hydrometeor types cloud droplets (with concen-
trations larger than 5 cm -3), drizzle drops, frozen drops, and snow crystals during all measurements
(Nan), SIP,ii, SIPiow, SIPmod, and SIPpigh. Bold font signifies OEF values larger than 1, i.e. enhance-
ments.

Nan  SIPyo  SIPan  SIPiow  SIPpod  SIPhigh
Cloud droplets F (%) 32.5 355 28 28.5 22.5 47.5

OEF 0.78 0.8 0.63 1.33
Drizzle drops F (%) 585 53.5 65.5 69.5 56.5 85
OEF 1.22 1.3 1.05 1.59
Frozen drops  F (%) 22 8.5 41.5 32 7.5 87.5
OEF 4.95 3.78 9.2 10.37
Snow crystals  F (%) 58 35 93 87 99 100
OEF 2.7 2.5 2.8 2.9

3.3.2 Temperature

During the six days of MPC observations, measurements covered temperatures between -24 °C
and -1 °C, albeit with very few measurements between -14 °C and -10 °C (Fig. 3.12c,d). Between
-8 °C and -2 °C, evidence of SIP was observed between 55% and 75% of the time (Fig. 3.12c).
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Meanwhile, at temperatures below -18 °C, evidence of SIP was almost always observed, with 96%
of the measurements involving SIP (Fig. 3.12c). However, the measurements obtained at these
low temperatures originate solely from 1 April 2020 (Fig. 3.12d) and are related to the ice-ice
collision process, as discussed in Section 3.2.3. It should also be noted that the large number
of measurements without SIP at -16 °C occurred during the cloud case on 10 November 2019
(Fig. 3.12d) , when ice formation was limited by the INPC, as discussed in Section 3.2.1 (see
also the temperature evolution during the flights in Figure 3.11¢).

In addition to the frequency of occurrence of SIP, the number of secondary ice crystals
produced determine the impact of SIP. The distribution of the fraction of ICNCpr<106 pm to
total ICNC as a function of temperature and ICNCp106 ym (Fig. 3.12b) gives information on
the number of ice crystals produced by SIP at each temperature. The highest ICNCp;~106 ym
were observed at temperatures between -7 °C and -2 °C, with concentrations exceeding 50 L
(i.e., in the SIPyighn class) between -5 °C and -3 °C (Fig. 3.12b). Measurements performed on
11 and 12 November 2019 are responsible for this SIPpin event (Fig. 3.12d) and are mainly
caused by the droplet shattering and the ice-ice collision processes (as discussed in Section 3.2.2
and Pasquier et al. (2021)). Moderate to high ICNCpr<106 ym (SIPmod and SIPpigh classes) were
also observed at temperatures between -24 °C and -16 °C on 1 April 2020 (Fig. 3.12b,d). Note
that the warmer temperature range (-7 °C and -2 °C) overlaps with the rime-splintering process.
However, since the other criteria for the rime-splintering process (i.e., rimed ice crystals and
a sufficient concentrations of cloud droplets with diameters smaller than 12 pm) were not met
during the measurements with SIP, the contribution of the rime-splintering process is assumed
to be negligible.

Figure 3.12: (a) Number of measurements for each ICNCp<106um bin (note the log scale) for each
day of measurements (color lines) and all measurements (black line). The ICNCyr<106um regions
defined as SIPjoy, SIPmod, SIPhigh are shown on top and SIP,, is represented with a black box.
(b) ICNCpr<106um fraction from total ICNC for each temperature bin of 1 °C (color shading) and
ICNCpr<106ym bin. The frequency of ICNCpyrc106ym < 0.3 L? to ICNC (SIP,, class conditions) is
highlighted by the thick black frame. A concentration of 0.3 L' was used for the calculation of
ICNCpr<106um to total ICNC when no ice crystal was measured in the 30 s interval. (c) Number of
measurements (Nmeas) per temperature bin (1 °C) for measurements with SIP (red bars), and for
measurements with SIP,, (black bars). (d) Number of measurements (Nmeas) per temperature bin
for each day of measurements (colored lines). The data were averaged over 30 s for the analysis.

The concentrations of small ice crystals are higher (Fig. 3.12b), but the proportion of mea-
surements with SIP occurrence (Fig. 3.12c) was lower on 11 and 12 November 2019 between
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-7 °C and -2 °C, compared to measurements obtained on 1 April 2020 between -24 °C and -18 °C.
Thus, the droplet shattering processes found to be active at the warmer temperatures on 11
and 12 November seems to be less frequently active but to create more splinters than the ice-ice
collision process found to be active at the colder temperatures on 1 April 2020. This would
be in agreement with laboratory studies showing that a large number of splinters (>10) can be
produced from the freezing of a single drop (Lauber et al., 2018; Korolev and Leisner, 2020) Note
however that one measurement flight at lower temperature is not sufficient to draw a conclusive
statement about the number splinters produced at these temperatures.

To conclude, SIP occurred over the entire temperature range where measurements were per-
formed, with the highest concentrations of ice crystals smaller than 106 pm (>50 L) observed
between -3° and -5 °C caused mainly by the droplet shattering process and the highest percentage
of the measurements with SIP between -18° and -24 °C caused by the ice-ice collision mechanism.
This denotes the importance of the droplet shattering and ice-ice collision mechanisms over a
large temperature range and highlights the necessity to include these processes over a larger
temperature range in numerical weather and climate models.

Conclusion

In this paper, the microphysical properties of Arctic MPCs measured during the NASCENT
campaign with the tethered balloon system HoloBalloon during five consecutive days from 8 to
12 November 2019 and on 1 April 2020, together with ground-based INP and remote sensing
measurements as well as radiosonde profiling are discussed. An emphasis is placed on the for-
mation of ice crystals, especially on the occurrence of SIP, and on the environmental conditions
favorable for SIP. We used the concentration of small pristine ice crystals (ICNCpr-106 pm) to
identify SIP occurring in the 60 to 120 s preceding the measurements. The key findings are
summarized as follows:

- SIP regions were identified in 40% of the in-cloud measurements. In one probed MPC on
10 November 2019, ice crystal formation was limited by the concentration of aerosols acting as
INPs at -17 °C. In two other MPCs on 11 and 12 November 2019, the ICNCp;~106 um suddenly
increased from below 1 L1 (SIPjoy) to more than 50 L' (SIPhign) due to the droplet shatter-
ing mechanism, which most likely generated a positive SIP feedback loop by creating splinters
causing the freezing of additional droplets, creating splinters again. Finally, in two MPCs on 11
November 2019 and on 1 April 2020, the ice-ice collision mechanism was proposed to be respon-
sible for moderate to high SIP (ICNCp;-106 pm up to 15 L1).

- Drizzle drops were found to be favorable for the occurrence of SIP, as the frequency of
SIP was enhanced in the presence of drizzle drops. Moreover, the frequency of occurrence of
frozen drops was enhanced by a factor of 5 during SIP events (Table 3.1), whereby frozen drops
were measured in 87.5% of the SIPpien observations. Thus, freezing of drizzle drops was strongly
favorable for SIP, which indicates a large contribution from the droplet shattering mechanism.
We relate the presence of drizzle drops itself to the strong updrafts and low CCN concentrations
observed in the clean Arctic environment.

- SIP cloud regions were observed over a large temperature range (-24 °C to -1 °C). The high-
est concentrations of secondary ice crystals were measured between -5 °C and -3 °C (>50 L,
Fig. 3.12b) and related mainly to the droplet shattering mechanism (Section 3.2.2), while the
highest proportion of the measurements showed the occurrence of SIP between -24 °C and -
18 °C (up to 95%, Fig. 3.12c) in one MPC related to the ice-ice collision mechanism (Sec-
tion 3.2.3). This emphasizes the need to include SIP parametrizations for this two processes over
a large temperatures range in numerical weather prediction models, which generally only include
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a parametrization for the rime-splintering process active at temperatures between -8 °C and -3 °C.

Overall, this study observed a large variety of microphysical properties of Arctic MPCs dur-
ing the six days of measurements including two SIP mechanisms and the conditions favorable
for these SIP mechanisms were discussed. However, further field and laboratory studies are
required to better constrain the environmental conditions favorable for SIP in order to develop
robust SIP parametrizations for numerical weather prediction models. In particular, field studies
should characterize in-cloud INPC up to high sub-freezing temperatures (>10 °C) to accurately
constrain the SIP rate. Furthermore, we especially recommend to include the presence of drizzle
drops and their collision frequency with ice to estimate the contribution from the droplet shat-
tering mechanism, which was shown to play an important role for ice crystal formation in the
observed Arctic MPC. Finally, we propose to extend the SIP parametrizations to all sub-freezing
temperatures, as SIP was observed down to -24 °C in one sampled Arctic MPC.
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3.3. Environmental conditions favorable for SIP

Auxiliary parameters

Potential temperature and wind profile

The potential temperature and wind profiles observed from the radiosondes on the six days of
measurements suggest well-mixed boundary layers and no strongly decoupled cloud is observed.

Figure 3.13: Potential temperature and wind speed and direction measured by the radiosonde launched
at 11:00 UTC or 17:00 UTC on the six days of measurements. The mean cloud base (CB) measured
with the ceilometer is labeled.

Cloud top and HoloBalloon temperature and relative humidity determination
from radiosonde measurements

The temperature profile from the radiosondes was used to determine the ambient temperature at
HoloBalloon’s measurement location and the cloud top temperature. If several radiosondes were
launched during a day, the temperature profile between two launches was linearly interpolated
from the two closest profiles. If only the daily radiosonde was launched, the temperature profile
was used for the whole day. The same method was applied for the relative humidity. The cloud
top altitude was determined from the first altitude where the cloud radar does not measure the
reflectivity and a running mean over 5 minutes was used to smooth high temporal variability in
cloud top height. From this altitude the temperature at cloud top was derived.

Updraft wind speed estimate

As the Doppler velocity is the sum of the fall velocity of cloud particles and updraft/downdraft,
the largest Doppler velocities within a measured Doppler spectrum can be used as approximation
for the updraft velocities experienced by the smallest cloud particles (Shupe et al., 2008b) . We
use a similar approach as in Ramelli et al.| (2021b) to estimate the updraft velocity from the
maximum Doppler velocity derived from the Doppler spectra as shown in Figure 3.14. First, a
running mean was used to smooth the Doppler spectra. If the difference between Zpyax and Zmin
exceeded 20 dBZ, the maximum Doppler velocity vmax was derived as follows:

Umax = maximal Doppler velocity where Z >= (Znin + 0.2 % (Zimaz — Zmin)) (3.2)
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where Zax and Zyi, are the maximum and minimum radar reflectivity. If the difference between
Zmin and Zyin was lower than 20 dBZ, viyax was derived at -47 dBZ to avoid the selection of
noise in Doppler spectra with low amplitude. The threshold of -47 dBZ was chosen because it
is the lowest reflectivity that was typically above the noise level. A positive (negative) Doppler
velocity indicates downdraft (updraft). Note that in the absence of small cloud particles, the
updraft may be strongly underestimated by this method.

Figure 3.14: Schematic of the derivation of the maximum Doppler velocity vmax (red star) from the
Doppler spectra. Zmin and Zmax (green dots) are the minimum and maximum radar reflectivity (see
the text for more details).
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Abstract

The sizes and shapes of the ice crystals influence the radiative properties of the clouds, as well
as precipitation initiation and aerosol scavenging. Although the formation of ice crystals has
been investigated since decades (e.g., Nakaya, 1954; Libbrecht, 2005), their growth mechanisms
remain only partially characterised (Libbrecht, 2017). Here, we present the growth processes
of two types of complex ice crystal habits observed in Arctic mixed-phase clouds during the
Ny-Alesund AeroSol Cloud ExperimeNT (NASCENT) campaign. First, so-called recirculation
particles show evidences for successive growth in the column and plate temperature regimes.
These ice crystals originated from a column growing regions of the cloud between -10°C and
-3°C, were then lifted up or down in parts of the clouds where the temperature was below -
10°C or above -3°C where they grew in the plate regime, before being brought back to the
same environmental conditions where they had formed originally. Second, aged-rimed plates and
columns were observed, exhibiting faceted protuberances that were growing from rime on their
surface. Despite their complexity, the shapes of these ice crystals enable us to infer their growth
history and provides information about the environmental conditions prevailing in the clouds,
such as temperature, supersaturation and/or changing updraft velocities.
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Plain Language Summary

Snowflakes have a wide variety of shapes and sizes and not two of them look exactly the same.
The reason for this infinite number of shapes is that the environmental temperature and rel-
ative humidity prevailing during the snowflake’s formation determine their exact aspects. As
every snowflake is exposed to slightly different environmental conditions during its growth, every
snowflake is different. The shape of snowflakes provides therefore information about the envi-
ronmental conditions to which they were exposed during their growth. However, with increasing
shape complexity, the exact determination of the environmental conditions prevailing during the
snowflake’s formation is difficult. During a measurement campaign in the Arctic, we measured
two types of snowflakes with particularly complex shapes and were able to relate them to the
environmental conditions in which they grew in with precision. We could establish that some
snowflakes were recirculating to higher or lower parts of the clouds and that other snowflakes
had collided with cloud droplets only at the early stage of their growth.

4.1 Introduction

Clouds produce snowflakes of a fascinating diversity of shapes and patterns, and not two single
ice crystals are identical. The shape of ice crystals influence the radiative properties of clouds
(e.g., Jarvinen et al., 2018) as ice crystal habits influence their scattering properties (Wyser,
1999). Ice crystals with larger surface roughness cause additional shortwave cooling (Yi et al.,
2013; Jarvinen et al., 2018). In addition, the shapes and sizes of ice crystals determine their
fall velocities. This, in turn, impacts their collision rates with other cloud particles and hence
precipitation formation as well as the cloud lifetime, which is of high importance for the radiative
budget (Morrison et al., 2011). The shape and fall velocity of the ice crystals also affect their
collision rate with aerosol particles and thus the scavenging rate which influences the aerosol
concentrations and clouds, and their respective radiative forcings (Croft et al., 2009). However,
despite the extensive research performed since more than 75 years (e.g., Nakaya, 1954; Korolev
et al., 1999; Libbrecht, 2005, 2017), the ice crystals growth mechanisms remain only partly
understood and characterized (Libbrecht, 2017).

Ice crystals grow by water vapour diffusion to pristine columns or plates. Meanwhile, the
shape of hexagonal ice crystals depends on the experienced temperature and water vapour su-
persaturation with respect to ice (Nakaya, 1954; Libbrecht, 2005). If the nucleation barrier for
the basal face of the ice crystal is lower, it grows faster and the ice crystals develop into plates
(Libbrecht, 2005). On the contrary, if the nucleation barrier for the prism face is lower, they
develop into columns (Libbrecht, 2005). Nakaya (1954), who was the first to investigate ice crys-
tal shapes using precipitating snowflakes as well as synthetically grown ice crystals, summarised
his observations into a so-called snow crystal morphology diagram or Nakaya diagram (Nakaya,
1954). This diagram shows that the ice crystal’s growth is plate-like at temperatures above about
-3°C, columnar between -3°C and -10°C, and plate like again at colder temperatures. Further-
more, the structures of the ice crystals get more complicated with increasing supersaturation and
develop to e.g., needles, sheaths (hollow columns or bullets), dentrites or rosettes (Bailey and
Hallett, 2009; Pruppacher and Klett, 2010; Knight, 2012). In addition to growth by diffusion, ice
crystals can grow by aggregation of several ice crystals or by riming of cloud droplets on their
surface, and thereby loose their pristine plate or column shapes.

The appearance of ice crystals thus gives information about their history within clouds. In
particular, it indicates the mechanism involved in ice crystal growth (diffusional growth or growth
by accretion). Moreover, if ice crystal have a pristine shape, the temperature and supersaturation
experienced during the growth by diffusion can be deduced, and the time of formation can be
approximated from the size of the ice crystal. On the contrary, little can be determined from
ice crystals with complex shapes having grown by accretion, except for the presence of cloud
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droplets and/or other ice crystals within the cloud.

This work builds on previous studies that investigated the growth history of ice crystals using
their shapes and extends the analysis to two types of ice particles with complex habits. To this
aim, we use images obtained with a holographic imager mounted on a tethered balloon system
(Ramelli et al.; 2020) in Arctic mixed-phase clouds, together with temperature measurements
obtained from radiosondes and cloud radar retrieval obtained during the Ny-Alesund AeroSol
Cloud ExperimeNT (NASCENT) campaign (Pasquier et al., 2021).

4.2 Methods

The data presented in this paper was collected in Ny-Alesund, Svalbard (78.9°N, 11.9°E), during
the NASCENT campaign (Pasquier et al., 2021). The main instrument used was the HOLo-
graphic cloud Imager for Microscopic Objects (HOLIMO) that was mounted on the tethered
balloon system HoloBalloon (Ramelli et al., 2020). HOLIMO uses in-line holography to image
cloud particles in the size range from small cloud droplets (6 pm) to large precipitating ice parti-
cles (2 mm) in a three-dimensional sample volume of approximately 15 cm® (Henneberger et al.,
2013; Beck et al., 2017; Ramelli et al., 2020). Ice crystals of sizes down to 25 pm are captured
and the pictures are used to classify their habits manually based on their shape.

The in-situ holographic measurements were complemented by ground-based remote sensing
instruments installed at the French-German Arctic Research Base (AWIPEV). In particular, the
94 GHz cloud radar of University of Cologne (JOYRAD-94, Kiichler et al., 2017) and the the
ceilometer (Maturilli and Ebell, 2018, Vaisaila-CL51,) were used to acquire continuous informa-
tion on the vertical structure of the clouds. In addition, radiosondes were launched (Maturilli
and Kayser, 2017) to obtain information about the vertical distribution of wind, temperature,
and humidity in the atmosphere.

4.3 Results

A large variety of ice crystal sizes and shapes were identified with HOLIMO during the NASCENT
campaign. In particular, the typical ice crystal habits as defined in the snow crystal morphology
diagram were identified (Fig. 4.1). First, columns with lengths ranging from a few micrometers
to almost 1 cm and with varying aspect ratios (~1 to > 12). Some observed columns are
bright in their centre, indicating that they are hollow columns. Second, plates of varying size,
thickness, and pattern were observed (Fig. 4.1). Third, a few dendrite-like ice crystals were
observed, indicating a high supersaturation in the measured clouds. In addition to these pristine
ice crystal habits, many aged ice crystals with signs of aggregation and/or riming were observed.
For these ice crystals, it is impossible to determine with certainty their original ice crystal habit
(column, plate, dendrite).

In addition, two particular ice crystal habits having complex structures but still providing
information about their origin and growth history were observed. First, particles growing suc-
cessively in different temperature regimes, which is evidence for their recirculation within the
clouds, are named recirculation particles. Second, particles with faceted protuberances originat-
ing from growing rime are defined as aged-rimed particles. We will explain the growth processes
of these two ice crystal types in the following sections.

4.3.1 Observation of recirculation particles

On 11 November 2019, a stratocumulus with cloud top height increasing from 1700 m to 2200 m
a.s.l. was observed over Ny-Alesund (Fig. 4.2). The temperature retrieved from the radiosonde
was -3°C at 300 m a.s.l., -10°C at 1300 m a.s.l., and -14°C at cloud top at 2200 m a.s.l. The
Doppler velocity, which consists of the sum of the updraft and fall velocities of cloud particles,
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Figure 4.1: Examples of ice crystals observed with HOLIMO and classified manually as columns,
plates, dentrites, and aged particles. The scale bar at the bottom right applies for all panels.

indicates a turbulent cloud structure and rapidly changing updraft/downdraft velocities within
the cloud. A flight was performed with HoloBalloon into the cloud deck at temperature between
-3°C and -10°C (Fig. 4.2), which is the temperature regime where columnar growth is expected
(Nakaya, 1954; Libbrecht, 2005). Correspondingly, many columnar crystals together with aged
ice crystals showing signs of aggregation and riming were observed during this flight (not shown).
However, particles with columnar and plate-like shapes were also formed in this cloud (Fig. 4.3
right). This signifies that these ice particles have experienced growth both in columnar and
plate growth environments. As the ice crystal grew into plates or columns depending on the
temperature, which decreased with altitude, these ice crystals were growing at different altitudes
within the cloud. Indeed, we suggest that the particles started to grow as columns between
-10°C and -3°C between 300 m a.s.l. 1300 m a.sl. (Fig. 4.3). Then, they were transported
upward (above ~ 1300 m a.s.l.) to colder (< -10°C) or downward (below ~ 300 m a.s.l.) to
warmer (> -3°C) regions of the cloud, grew in plate growth conditions, and developed into capped
columns (Fig. 4.3). The crystals were then transported back to the columnar growth environment

64



4.3. Results

Figure 4.2: Doppler velocity (colour), HoloBalloon path (black line) and cloud base height measured by
the ceilometer (black dots) on 11 November 2019. The cloud top temperature as well as the altitudes
where -3°C and -10°C were measured by the radiosondes launched at 20:00 UTC are indicated.

(between -10°C and -3°C) and developed columns that grow out of their plate corners (Fig. 4.3).
The columns preferentially grow at the corners of the plate where the supersaturation is highest.
Such recirculation particles give insight on the cloud’s properties, which can be very helpful in the

Figure 4.3: Schematic of the growth of recirculation particles within clouds. See text for detailed
description. Examples of recirculation particles observed with HOLIMO. An example of two aggregated
recirculation particles is highlighted with the green frame, and of a recirculation particle with a missing
column is highlighted with the orange frame.

absence of collocated cloud radar and radiosonde measurements. First, the temperature at the
measurement location must range between -3° and -10°C, and the cloud top temperature below
-10°C or cloud base temperature above -3°C. Second, changing updraft velocities must have
been prevailing, enabling the lifting of the ice particles within the cloud. Third, the recirculation
particles observed show no sign of riming (Fig. 4.3). Despite their recirculation within the cloud,
the ice crystals were thus not colliding with cloud droplets. This suggest a low liquid water
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content within the observed cloud. Indeed the mean liquid water content observed with HOLIMO
amounted to 0.07 g m™. In addition, observed droplets were larg (mean droplet diameter 31 pm)
making riming less likely.

Some recirculation particles were aggregated (see the particle highlighted with the green frame
in Figure 4.3) and some particles had one or more columns growing from the plates missing (see
the particle highlighted with the orange frame in Figure 4.3). This suggests that some branches
broke off from the recirculation particles upon collision and created secondary ice particles. As
the outer columns of the recirculation particles seem to be rather fragile, these particles could
be favorable for the initiation of secondary ice production (Pasquier et al., 2022b).

4.3.2 Observation of aged-rimed particles

Figure 4.4: Doppler velocity (colour) and HoloBalloon path (black line) on 1 April 2020. The
temperature is indicated every 500 m in altitude as measured by the radiosondes launched at 17:00
UTC. Note that the cloud base measured by the ceilometer is not shown because its detection was
obstructed by snowfall and blowing snow.

Other ice crystals observed on 11 November 2019 with HOLIMO were aged-rimed columns.
These particles have particular faceted protuberances that grew in the columnar growth regime,
similar to the original column (Fig. 4.5 top). Ice crystal showing similar, but plate-like, faceted
protuberances growing on plates were observed on 1 April 2020 (Fig. 4.5 bottom). On this
day, the temperature in the cloud measured with HoloBalloon varied between -15°C to -23.5° C
(Fig. 4.4), hence in the plate growth regime with low supersaturation with respect to ice (Nakaya,
1954). The Doppler velocities measured by the cloud radar show less variation except at around
14:30 UTC (Fig. 4.4), therefore the updraft /downdraft velocities seem to be more constant than
on 11 November 2019 (Fig. 4.2). The formation of aged-rimed ice crystals occurs as follows (see
also Figure 4.5): first cloud droplets rime on the columnar or plate-like ice crystal and freeze. The
frozen protuberances then grow on the basal face (plate growth regime) or prism face (columnar
growth regime) depending on the temperature and supersaturation experienced. Note that the
orientation of the growing protuberance in the basal or prism face remains identical to that of
the original ice crystal. This creates faceted protuberances observed on aged-rimed particles,
in comparison to the smaller round protuberances observed on freshly rimed ice crystals. For
aged-rimed plates this produces rectangular-like protuberance are obtained because the columns
are observed from the side on the 2D holographic images. The presence of aged-rimed without
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fresh rime suggests that the ice crystal originates from a region with a higher liquid water content
than at the measurement location. In addition, several aged-rimed plates showed evidence of
breaking, as for example the particle highlighted with the orange frame in Figure 4.5, The
fragility of the aged-rimed particles could augment their chance of breaking upon collision with
other ice crystals. Therefore they could favor secondary ice production via the ice-ice collision
process.

Figure 4.5: Growth of columns and plates after a droplet collided, rimed, and grew in the columnar
or plate regime. These ice crystals are referred to as aged-rimed and examples of such ice crystals
measured with HOLIMO are shown in the black frames on the right. An aged-rimed plate showing
signs of breaking is highlighted with an orange frame.

4.4 Summary

The growth of ice crystals to typical habits has been investigated since decades (i.e., Nakaya, 1954;
Libbrecht, 2005) and is important for cloud radiative properties, for precipitation formation, and
scavenging processes. The habits of pristine ice crystals can be used to identify their growth
history within clouds, but determining the history of complex ice crystals having grown for long
enough in clouds and experienced aggregation or riming is generally almost impossible. Here,
we present two types of complex ice crystal habits observed in Arctic mixed-phase clouds during
the NASCENT campaign that reveal their growth history despite their complex shapes.

First, the so-called recirculation particles were growing successively in the column and plate
growth regimes and thus exhibited a special ice crystal shape similar to a capped-column with
columns growing out of the corner of their plates (Fig. 4.3). Because the plate and column growth
regimes depend on temperature, we could determine that these ice crystals were recirculating
in the upper or lower parts of the clouds where the temperature was below -10°C or above -
3°C respectively, before being brought back to the same environmental conditions in which they
originally formed between -10°C and -3°C. Second, aged-rimed plates and columns exhibiting
faceted protuberances were observed, indicative of rime at former stages of their growth process.
After the rime froze on the surface of the plates and columns, it grew as a faceted protuberance
with the same habit and along the same axis as the original ice crystal.

The aged-rimed ice crytals look similar to aggregated particles, but their angular shape
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originate from riming at an earlier stage of the growth process, and not from aggregation with
other ice crystals. Furthermore, the observations of broken ice crystals suggest that both the
outer columns of recirculation particles as well as the protuberances of aged-rimed plates are
fragile and break easily upon collision (Pasquier et al., 2022b). These ice crystals are therefore
likely to favour secondary ice production via the ice-ice collision process. Finally, the observation
of recirculation particles enables the determination of the cloud’s temperature profile and of
changing updraft velocities within the cloud, whereas the observation of aged-rime particles
allow to identify that regions of the clouds were characterised by larger liquid water content.
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Abstract

The Arctic is warming two to three times faster than the rest of the world and clouds play an
important role in the radiation budget of this remote region. The particle sizes and number
concentration in clouds influences their radiative properties. The insufficient description of ther-
modynamical phase distribution is partly responsible for the large uncertainties related to cloud
radiative feedback in the Arctic. Despite the importance to assess the impact of the microphys-
ical properties of clouds on their radiative fluxes, collocated in-situ microphysical and radiative
properties of clouds have rarely been performed in Arctic mixed-phase clouds. In this study, we
successfully use for the first time radiation sensors mounted on the measurement platform of the
tethered balloon system HoloBalloon to complement the cloud microphysical observations. The
in-situ microphysical and radiative properties are discussed for two case studies. A longwave
cooling at cloud top of a shallow stratocumulus mixed-phase cloud was measured during the first
case study. During the second case study, vertical profiles in a low-level feeder clouds revealed
that the ice crystal number concentrations determined the radiative properties of this optically
thin feeder cloud. We demonstrate the great potential of the combined microphysical and radi-
ation measurements on the tethered balloon platform HoloBalloon and identified possibilities to
improve the data quality for future measurements.
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Collocated in-situ measurements of radiation and cloud microphysical properties in Arctic
mixed-phase clouds with the tethered balloon system HoloBalloon

5.1 Introduction

Clouds play an important role in the Earth’s radiation budget as they influence the surface radi-
ation budget in two competing ways: they cool the surface by scattering solar radiation (spectral
range 300 nm to 3000 nm) back to space, and warm the surface by emitting longwave radiation
(spectral range 6000 nm to 20’000 nm) (Shupe and Intrieri, 2004; Nomokonova et al., 2019; Ebell
et al., 2020). Clouds play an important role in the faster warming of the Arctic, a phenomenon
called Arctic Amplification (e.g., Bennartz et al., 2013). The processes and feedbacks connected
with clouds in the Arctic are complex. The role of clouds in the Arctic’s shortwave radiation
budget is complicated because of the high surface albedo of the underlying sea ice, the lack of
solar radiation in the winter months, and the large solar zenith angle in the summer (e.g., Shupe
and Intrieri, 2004). The role of cloud in the Arctic is also particularly important for the longwave
radiation budget (e.g., Park et al., 2015; Dahlke and Maturilli, 2017) because the atmosphere is
drier in the Arctic than at lower altitudes. Therefore more clear-sky emissions are generated in
the absence of clouds. In addition, the cloud microphysical properties (i.e. the cloud thermo-
dynamic phase) influence the radiation budget in both spectral ranges (e.g., Shupe and Intrieri,
2004; Dong et al., 2010; Sedlar et al., 2012). Thus, mixed-phase clouds (MPCs) consisting of
water vapor, cloud droplets, and ice crystals play a particularly important role in the Arctic
climate. The cloud optical depth, corresponding to the extinction coefficient integrated over the
thickness of the cloud, especially influence its radiation properties. The extinction coefficient is
related to the square of the particle radius and the particle number. Liquid cloud have a larger
extinction coefficient because cloud droplets are smaller and more numerous than ice crystals
for a given cloud water path. Therefore, the optical depth of a liquid cloud is larger than the
one of an ice cloud. This combined with the difference in scattering properties between spherical
water droplets and nonspherical ice crystals (e.g. Jarvinen et al., 2018), causes a higher albedo
for liquid clouds than for corresponding ice clouds. Therefore, the surface shortwave cooling
effect of liquid cloud is larger. Additionally, liquid water clouds have the strongest impact on the
longwave radiative fluxes because of their larger optical depth, which increase their emissivity.
Radiative cooling occurs at cloud top of MPCs. This cooling is enhanced by the frequently mea-
sured cloud top supercooled liquid water layer in Arctic MPCs (e.g., Pinto, 1998; Jiang et al.,
2000; Shupe and Intrieri, 2004). However, MPCs have a net longwave warming effect at the
surface because the cloud base is warmer than the cloud top (e.g. Zuidema et al., 2005a; Shupe
and Intrieri, 2004).

It was found from combined remote sensing and modelling studies that the cloud radiative forcing
shows a distinct seasonality in the Arctic. Clouds induce a surface warming during most of the
year and a short period of surface cooling in the summer, when the shortwave cooling outweighs
the longwave warming effect (Shupe and Intrieri, 2004; Dong et al., 2010; Ebell et al., 2020).
The radiative effect of clouds in the Arctic have mostly been studied using radiation measure-
ments at the surface, combined with observations of cloud properties from remote sensing (e.g.,
Dong et al., 2010; Ebell et al., 2020), but also from aircraft measurements (Albrecht et al., 1985;
Zuidema et al., 2005a; Wendisch et al., 2019), and modelling (e.g., Stapf et al., 2020). Radia-
tive fluxes were less frequently measured with balloon-borne measurements, often together with
turbulence and humidity fluxes (Duda et al., 1991b; Dexheimer et al., 2019; Egerer et al., 2021).
In this work an innovative approach is introduced. We use collocated broadband radiation mea-
surements and phase-resolved microphysical cloud properties measured with the tethered balloon
platform HoloBalloon in the Arctic to discuss the effect of the cloud microphysical processes on
the radiation budget of the observed clouds. The measurements were conducted in the framework
of the Ny-Alesund Aerosol Cloud Experiment (NASCENT) in Ny-Alesund (78.9° N, 11.9° E),
Svalbard, during October-November 2019 and March-April 2020. First, the main instrumenta-
tion, and the specification of the newly installed radiation sensors are described in Section 5.2.
Second, two case studies are presented to discuss the longwave and shortwave radiative and mi-
crophysical properties of the measured MPCs (Section 5.3). Finally, the results are summarized
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and suggestions for improving the data quality for future measurements are given in Section 5.4.

5.2 Methods

5.2.1 Main intrumentation

The data used in this study was collected during the NASCENT campaign, which took place in
Ny-Alesund from September 2019 to August 2020 (Pasquier et al., 2021).

The remote sensing instruments installed at the French—German Arctic Research Base AWIPEV
were utilized. In this study, the 94 GHz cloud radar of University of Cologne (JOYRAD-94,
Kichler et al., 2017), and the ceilometer (Vaisaila-CL51, Maturilli and Ebell, 2018) were used.
Additionally, we used meteorological and radiation surface measurements sampled continuously
at the Baseline Surface Radiation Network (BSRN) measurement field (Maturilli, 2020c) and
daily radiosondes (Maturilli and Kayser, 2017).

The tethered balloon system HoloBalloon (Ramelli et al., 2020) measured in-situ cloud micro-
physical and radiation properties in October - November 2019 and March - April 2020. The
instrument platform was hanging 12 m below the tethered balloon. Phase-resolved particle size
distribution and particle habits were measured wiht the HOLographic cloud Imager for Micro-
scopic Objects (HOLIMO3B).

5.2.2 Radiation measurements
5.2.2.1 Sensors specifications

The shortwave and longwave radiative fluxes were measured by up- and downward looking pyra-
nometers and pyrgeometers (SP-510-SS; SP-610-SS; SL-510-SS; SL-610-SS, Apogee Instruments
Inc., Utah, USA). The sensors were installed on the backward side of HOLIMO3B (see Fig.A.4
in the Appendix). They were mounted on plates 7 cm from the main case, to avoid unwanted
influence from the box.
The SP-510 pyranometer uses a diffuser and a blackbody detector to measure direct incoming
shortwave radiation, whereas the downward looking SP-610 pyranometer consists of a quartz
window with a blackbody detector to measure reflected shortwave radiation. The SL-510 and
SL-610 pyrgeometers both consists of a thermopile detector, a silicon filter with a diamond-like
carbon coating, and a thermistor to detect the temperature of the measurements. Additionally,
all sensors have internal heaters to allow for sensor heating under conditions of dew or frost depo-
sition, or during precipitation events. The pyrgeometers and the downward-looking pyranometer
have a field of view of 150° and the upward-looking pyranometer has a field of view of 180°.
The SP-510 and SP-610 pyranometers have sensor-specific calibration factors that were estab-
lished during calibration by the manufacturer. The measured voltage signal Sp (in mV) must
be multiplied by this specific calibration factor kI‘L (W m2 mV-1) to obtain the downward and
upward (reflected) shortwave radiation thv in W m2:

i

_ Nt

SWHcloBalloon - kl SD (51)
The detector output from the pyrgeometers follows the Stefan-Boltzmann law (¢7%). The long-
wave radiation is calculated from the radiation balance measurement and from the detector

temperature measurement. For this, a modified form of the Stefan-Boltzmann law is used:

i = kY ST + okt (5.2)

LWHoloBalloon

where Fz%/VHoloBa”wn are the upward and downward longwave radiation (W m2), S]gi is the
millivolt signal from the detector, T is the temperature measured with the thermistor (K), o is
the Stefan-Boltzmann constant (5.67 x 10°® W m™ K#), and kgi and k:gi are the sensor-specific

calibration coefficients (W m2 mV-!).
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5.2.2.2 Comparison with BSRN radiation measurements

During the NASCENT campaign, the shortwave and longwave measurements of the sensors
mounted on HOLIMO3B were compared with broadband radiation measurements retrieved from
the BSRN site installed at Ny-Alesund (Maturilli, 2020c). To this aim, HOLIMO3B was placed
on the ground on a cloud-free day (Fig. 5.1) and horizontally aligned.

Figure 5.1: Picture of HOLIMO3B located on the ground during the comparison with the BSRN
measurements.

1 |
The FSWHoloBalloon and FLWHoloBalloon

and 14.14+4 W m™2, respectively, compared to the downward radiation measured at the BSRN site
(FéWBSRN and FiLWBSRN) (Fig. 5.2). After comparison of the downward radiation, HOLIMO3B
was turned upside-down, for a comparison of the downward-looking sensors with the BSRN mea-
surements. The longwave measurements of the downward-looking show a mean positive offset of
18.144 W m™ compared to Fé:WBSRN (not shown). The measurements of the downward-looking
shortwave sensor cannot be compared to the BSRN measurements as this sensor is designed to
measure solely reflected solar radiation, and not direct solar radiation. Possible reasons for the
observed offsets of about 10% could be the position of HOLIMO3B on the ground compared to
the BSRN measurements located at 2 m above ground or the distance of about 200 m between
HOLIMOS3B and the BSRN field. Moreover, the specification of the sensors on HOLIMO3B
are different from the sensors on the BSRN field. The field of view of SL-pyrgeometers is 150°,
whereas the pyrgeometers on the BSRN field have a field of view of 180°. The upward-looking
pyrgeometer (pyranometer) on the BSRN field measures at a spectral range between 4 - 50 pm
(200 - 3600 nm), whereas the pyrgeometers (pyranometers) on HOLIMO3B measure between
5 - 30 pm (385 - 2105 nm). Additionally, the solar zenith angle was larger than 75° during the
entire period of the comparison. The sensors on HOLIMO3B were calibrated for smaller solar
zenith angles. Higher uncertainty in the measurements can arise from higher solar zenith an-
gles. Finally, while BSRN radiation sensors are primary standard instruments correcting for the
dependence on the environmental temperature and for temperature artifacts in the sensor’s con-
struction (Beaubien et al., 1998), the sensors installed on HOLIMO3B have larger uncertainties
related to the temperature gradient in the instrument that can amount up to £25 W m™? during
field measurements (Eugster Werner, personal communication). For future field campaigns, we
recommend to use radiation sensors with lower instrumental uncertainties. A comparison with

measurements have a mean positive offset of 20.941.25 W m™2
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measurements from a BSRN field should be performed again, but in controlled conditions, e.g.
with HOLIMOS3B installed horizontally directly next to the BSRN field 2 m above the ground
at small solar zenith angles, as well as during night conditions. We do not correct for this offset
in the rest of this study, as the reason for the offset are not clear. One should keep in mind
that uncertainty of ~ 10% exist on the absolute values. However, the offset should cancel while
looking at net fluxes or albedo.
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Figure 5.2: Comparison of radiation sensors (upward-looking configuration) with downward radiation
measured by the BSRN station.

5.2.2.3 Measurement corrections

The pyrgeometer and pyranometer measurements are only reliable when the sensors are ap-
proximately horizontally leveled. Therefore, measurements are neglected when the pitch or roll
experienced by the measurement platform hanging 12 m below HoloBalloon were larger than
15°.

Radiation sensors need to adapt for changes in the incident irradiance. For precise measure-
ments of broadband irradiance, a high temporal resolution is needed as changes in irradiance
can occur more rapidly than the response time of the sensors (Ehrlich and Wendisch, 2015).
This is especially important when performing vertical profiles at cloud top, as the irradiance is
expect to change rapidly. The sensors used have a response time of 0.5 sec, which is faster than
most of the broadband radiation sensors and is assumed to be sufficient to resolve fast changes
in irradiance. In future studies, the method introduced by Ehrlich and Wendisch/ (2015) using
Fourier transform could be applied to the radiation measurements performed on HoloBalloon to
further enhance the temporal resolution of the measurements.

5.3 Results & Discussion

Ny-Alesund is located at 78.9° N, 11.9 ° E and the sun does not set between April and beginning
of September, and does not rise between October and March. There is therefore a lack of direct
solar radiation in the winter months. We present in this section two case studies of combined
in-situ microphysical and radiative properties, on 10 November 2019 (no direct sunlight) and on
1 April 2020 (direct sunlight).
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5.3.1 Longwave radiative cooling at cloud top

On 10 November 2019, a shallow stratocumulus cloud was observed over Ny-Alesund. Two flights
were performed through the entire cloud layer with HoloBalloon (Fig. 5.3). The cloud consisted
mostly of cloud droplets and only few ice crystals were measured (see Section 3.2.1 for detailed
description). No direct shortwave radiation was reaching the cloud, as the sun was below the
horizon (with a highest altitude of -6°). Therefore, only the longwave radiation measurements
is discussed. The 5-min averages of the net longwave radiative fluxes (Frynet) were calculated
along the path of HoloBalloon and at the surface using the BSRN measurements with:

Fpet = Frow — Fly (5.3)

A negative (positive) F7¢ indicates a net cooling (warming). The net longwave radiative flux

measured on HoloBalloon (FE‘%H i ) was increasing when HoloBalloon was flying closer to

the top of the cloud, dominated by a longwave radiative cooling at cloud top (Fig. 5.3). When
HoloBalloon penetrated deeper in the cloud starting from 15:00 UTC, FPr& rapidly

LWHoloBatloon

decreased in magnitude. The longwave cooling at cloud top varied between 65 W m™ and
75 W m2 (Fig. 5.3).The radiative cooling rate (RHR) was calculated with:
9 (AFLy
RHR(z) = = 5.4
© =5 (%5 e (5.4

A cooling rate of 1.5 K hr! was found at cloud top. Despite this cooling at cloud top, the
cloud had a warming effect at the surface. This can be seen on the decrease in magnitude of
the net longwave radiative flux measured at the surface (FP ) when the cloud was present

LWpBsrN

on Figure 5.3. The lower FE‘%BSRN when the cloud is present, indicates that less net longwave

radiation is emitted to space and more back to the surface, thus warming the surface.

Figure 5.3: Longwave radiative fluxes (red arrows) along HoloBalloon path (black line) and at the
BSRN station at the surface (at the bottom). The shading shows the reflectivity measured by the
cloud radar and the black dots the cloud base measured by the ceilometer.
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The cloud thickness was calculated from cloud base measured by the ceilometer and cloud
top detected by the cloud radar. FE%BSRN at the surface was inversely proportional to the cloud
thickness (Pearson’s correlation coefficient of -0.8, Fig. 5.4).

Figure 5.4: (a) Cloud thickness and the F7f = on 10 November 2019. (b) Cloud thickness vs.

Fret . The Pearson’s correlation and the linear fit over the data is shown.
LWpBsrN

5.3.2 Influence of ice crystal concentration on shortwave radiation

On 1 April 2020, the sun was above the horizon from 03:17 UTC to 19:20 UTC, with a minimum
zenith angle of 74.1° at 11:16 UTC. A seeder-feeder cloud event was observed above Ny-Alesund
and one flight was performed with HoloBalloon into the feeder cloud (Fig. 5.5a). The microphys-
ical properties of the feeder cloud are described in detail in Chapter 3.2.2. Note that mountains
located around Ny-Alesund block direct sunlight up to ~10° above the horizon (solar zenith
angle above 80°) in the southward direction.

The downward shortwave radiation measurements at the BSRN site showed an increase in the
total incoming shortwave downward radiation (FéWBSRN) at the surface straight after sunrise

(Fig. 5.5). The direct shortwave radiation (FéLWBSRN,dir) began to fluctuate as soon as the seeder
cloud aloft first appeared in the reflectivity signal and completely disappeared as soon as the
lower optically thicker feeder cloud formed. The diffuse shortwave component (FéLWBSRN,diff)
showed a steady increase until the appearance of the lower cloud, and then exhibited more fluc-
tuation and decreased after solar noon. The trend in FgWHOlOBa”wn and FgWHDlOBa”OW measured
in cloud with HoloBalloon had a comparable trend as the radiation at the surface, but lower
values were observed on HoloBalloon (Fig. 5.5). The reason is probably that the snow-covered
surface reflected shortwave radiation from the sun shining just above the horizon, which was
re-reflected back by the cloud, and thus increased the shortwave radiation at the surface. Addi-
tionally, the scattering of the shortwave radiation in cloud attenuated the diffuse radiation more
than below cloud.

The comparison of the cloud microphysical properties with the shortwave radiation on 1 April
2020 (Fig. 5.6) is discussed in the following. To this aim, the shortwave albedo at flight altitude
(albedooeloBalloon) Was calculated from the outgoing and incoming shortwave radiation using:

i

SW,
albedopoloBalloon = M (55)

SWHoloBalloon
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The albedogeloBalloon Was calculated along the path of HoloBalloon using 5-min averages and
is displayed in Figure 5.6. It was varying between 0.86 and 0.98. The cloud droplet number
concentration (CDNC) was generally lower than 1 cm™, with some regions of enhanced CDNC
up to 70 cm™ towards the end of the flight. The ice crystal number concentration (ICNC) in
comparison was relatively large and reached up to 40 L'!. Small ice crystals (ICNC- 106 ym)
contributed noticeably to the total ICNC. Note that here all small ice crystals were taken into
account and not solely the pristine faceted ice crystals as discussed in Chapter 3 because all
small ice crystals are influencing the shortwave radiation.

Figure 5.5: (a) HoloBalloon path (black line) and reflectivity measured by the cloud radar. (b)
Total Fé:WBSRN' Fg

and FéWH B The downward shortwave consists of the direct and diffuse shortwave radiation.
The normal component of the direct shortwave radiation was corrected with the solar zenith angle to

obtain its effective component to the total downward shortwave radiation.

+ : T
WosN.difs” and FSWBSRN,diT measured at the BSRN field, and FSWHoloBalloon

The region with the albedogeloBalloon Was larger than 0.91 (median albedopoloBalloon) are
highlighted in grey in Fig. [5.6. The albedosloBalioon did not seem to be dominantly influenced
by the fluctuation in CDNC, or to depend directly on altitude (e.g., on distance from cloud top).
Rather, the increase in albedopoloBalioon and the increase in ICNC were coinciding (Fig. 5.6).
These regions were also regions of enhanced reflectivity (Fig. 5.6a). The higher influence from
the ice crystals than from the cloud droplets can be understood by looking at their respective
extinction coefficients (Figure 5.6c). The extinction coefficients were obtained from the sum
of the particles area per volume and correspond to the local optical thickness of the cloud.
Until 13:45 UTC, the CDNC was too low to compensate for the larger area of the ice crystals.
Therefore the ice crystals had a larger extinction coefficient and were determining the optical
thickness of the cloud. After 13:45 UTC, the CDNC increased in some regions and had a
larger extinction coefficient than the ice. These peaks in CDNC and water extinction coefficient
affect the albedooloBalioon- The increase in albedoyoloBalioon 1S less than could be expected by
the high peak of the water extinction coefficient, but a correlation exists between the water
extinction coefficient and the albedopoloBaleon (Pearson’s correlation coefficient of 0.78) between
14:00 UTC and 14:10 UTC. A possible reason for the smaller increase in albedoyoioBalioon could
be that F ;WHoloBa”mn and F éWHoloBa”wn both decreased before the peak of the water extinction

coefficient, shortly before 14:00 UTC (Figure 5.6¢). As the absolute Fi

SWHoloBalloon Values are
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lower, an identical difference would result in a smaller albedo. The reason for the decrease of
thVHoloBa”wn could be that the thickness of the seeder cloud increased and less solar radiation
reached the feeder cloud, or that the terrain blocked the some of the solar radiation. The ice

and water extinction coefficients together determined the in-cloud albedo.

Figure 5.6: (a) HoloBalloon path (black line) and reflectivity measured by the cloud radar. (b)
CDNC, ICNC and ICNCc<106 ym measured by HOLIMO3B. (c) lce and water extinction coefficient
(m1). (d) SW ratio calculated from the F and F}

T \L SWHoloBalloon SWHoloBalloon
(e) Eovwr and Ev The grey shading highlight regions where the albedopoiogalioon

is higher than 0.9 and profile 3 is labelled. The data were averaged for 60 sec.

measured on HoloBalloon.

A closer look at the profile 3 (as labelled between the two black vertical lines in Figure 5.6a)
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gives further insight into the connection between the cloud microphysical and radiative prop-
erties. The region of largest albedopooBalioon Was located at 800 m a.s.l., together with the
region of enhanced ICNC. At 950 m a.s.l., a smaller increase in albedoggloBalloon Was observed
simultaneously with an increase in CDNC and ICNC. A strong correlation was found between
albedoroloBalloon and the ICNC for this profile 3 (pearson’s correlation coefficient of 0.87). Ac-
cordingly a strong correlation is found with the ice extinction coefficient too (pearson’s correlation
coefficient of 0.87 as well) whereas no correlation is found with the water extinction coefficient.
As explained above, the observed cloud was optically thin because of the low CDNC (~1 cm™).
Therefore, the shortwave reflection by the measured cloud was low and shortwave radiation was
transmitted through the cloud. When HoloBalloon entered a more dense region of the cloud with
higher ICNC (and higher extinction coefficient), more scattering of the light occurred. In these
regions, the diffuse shortwave radiation became nearly isotropic (F' éWHoloBalloon and F g
more similar), and the albedopeloBaloon Was approaching unity.

It is beyond the scope of this chapter to asses the exact causes for the inhomogeneities in the
CDNC and ICNC in the feeder cloud. A detailed description of the cloud microphysical mea-
surements is given in Chapter 3. Possible mechanisms could be increased updrafts leading to
higher supersaturations and growth of cloud droplets, or secondary ice production increasing the
ICNC of small ice crystals. This increase in (small) ICNC or CDNC increases the total extinction
coefficient of the cloud, increasing the optical thickness of the otherwise optically thin cloud, and
therefore impacting the cloud radiative properties. It may be that the occurrence of secondary
ice production increasing the small ICNC changes the radiative properties of the cloud when the
CDNC is low.

The theoretical LW Stefan-Boltzmann radiation (LW-SB) was calculated with the Stefan-Boltzmann
law using the temperature profile measured by the radiosonde launched at 17:00 UTC. The

Fgw and F]%W measured during profile 3 show a similar decrease with altitude
HoloBalloon HoloBalloon

than the calculated F , but an offset of about 20 W m™2 compared to the calculated F25
LWgsp LW

WHoloBalloon

FgWss‘ The offset is likely caused by the lower emissivity of the cloud compared to the assumed
emissivity of 1 in the Stefan-Boltzmann calculation.

Figure 5.7: Measured cloud and radiative properties during profile 3. The data were averaged over
50 m.
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5.4 Conclusion

The capability to perform collocated in-situ radiative and microphysical cloud properties mea-
surements with HoloBalloon was shown in this study. To this aim, upward and downward looking
pyrgeometers and pyranometers measuring longwave and shortwave radiation were mounted on
HOLIMOS3B hanging 12 m below the tethered balloon system HoloBalloon. The measurements
of the installed radiation sensors were compared with the standard radiation measurements per-
formed at the BSRN field. A positive offset of 14 to 20 W m™ was observed for the longwave
pyrgeometers and for the shortwave downward measuring pyranometers.

The radiation measurements performed during one autumn (no sunlight) and one spring (sun-
light) days in Ny-Alesund were discussed. On 10 November 2019, measurements were performed
through a shallow stratocumulus cloud, consisting mostly of cloud droplets and only of few ice
crystals. Longwave cooling was observed at cloud top, but the cloud had a net longwave warming
effect at the surface that was inversely proportional to the cloud’s thickness.

On 1 April 2020, a seeder-feeder cloud event occurred over Ny-Alesund and HoloBalloon per-
formed one flight into the feeder cloud. The measured CDNC was low during the first part of the
flight (~ 1 cm™) in the feeder cloud. Therefore, the optical thickness of the cloud was small, re-
sulting in a low amount of reflected shortwave radiation, and the shortwave radiation was mainly
transmitted through the cloud. In this case, the extinction coefficient of ice mostly increased the
optical depth of the cloud. When higher ICNC were prevailing, the diffuse shortwave radiation
became nearly isotropic and the FéWHOlOBa”OOn equaled FgWHOZOBa”DM and the albedoyoloBalloon P€-
came close to unity. The importance of the ICNC in such optically thin clouds with low CDNC
indicates that ice crystal formation, for example via secondary ice production, can change the
radiative properties of the optically thin MPCs. Further investigation should be performed to
assess the role of secondary ice production for the radiative properties of the Arctic MPCs.
The newly installed setup was able to measure cloud top cooling, to obtain profiles of shortwave
and longwave radiation to find possible connections to the cloud microphysical properties. This
demonstrates the huge potential of the combined microphysical and radiation measurements on
HoloBalloon.

In addition, this analysis helped to identify possibilities to improve the setups for future measure-
ments. (1) The use of more accurate radiation sensors correcting for the ambient temperature
dependence will allow fore more precise radiation measurements. (2) More frequent comparison
with other radiation measurements on the ground in better controlled setup or conducting ra-
diative transfer simulations in the field (to test the calibration of the manufacturer in the special
conditions of the campaign) would be beneficial. (3) The correction the radiation data for the
response time to get higher confidence in the profiles when the temperature is changing rapidly
could be useful. (4) Longer sequences above cloud top and more profiles for statistics would be
needed.
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Chapter 6

Conclusion and outlook

6.1 Summary and conclusion of the results

In this thesis, we investigated the cloud microphysical properties of Arctic MPCs using balloon-
borne in-situ observations and ground based remote sensing instrumentation in the framework
of the NASCENT campaign. The microphysical features of the Arctic MPCs observed on six
days are studied to improve the process understanding of Arctic MPCs, with a particular focus
on ice crystal formation and growth. The following section summarizes the main findings and
conclusions of this thesis:

6.1.1 Ice crystal formation from secondary ice processes

In this thesis ice crystal formation from SIP was investigated using pristine ice crystals smaller
than 106 pm as a indicator for SIP (Chapters 2 and 3). We assume from the pristine and
small nature of these ice crystals that they formed in the last 120 sec before being sampled and
remained associated with their environment of origin during this time. Further, we deduce from
larger concentrations of these ice crystals than of INPC that they originated from SIP processes
and not from nucleation on INPs. This allows to identify regions of SIP cloud regions and to
link SIP directly to the environmental conditions prevailing in these regions. In other words, this
method identifies SIP occurrence in the 120 sec preceding the measurements and the pristine
small ice crystals are used as tracers for the identification of the conditions favorable for SIP.

During the six days of measurements in MPCs with HoloBalloon, SIP regions were observed in
40% of the in-cloud measurements, and SIPyjg1 regions (with ICNCpr-106 ym > 10 L 1y in 3.6%
of the measurements. These frequencies of occurrence are considerable as only the SIP occurring
maximally 120 sec prior to the measurements are considered. The frequency of occurrence of
SIP attained even higher values at certain temperature ranges and reached up to 75% between
-3 °C and -8 °C and 95% between -18 °C and -23 °C (Chapter 3). This highlights the necessity to
incorporate SIP parametrizations at lower temperatures in numerical weather models, currently
generally only including parametrization for the HM process at temperatures above -8 °C. In
one sampled MPC however, the ice crystals merely formed by nucleation on INPs at -16 °C and
no substantial contribution from SIP was observed. This suggests that a critical ICNC must
been reached together with the adequate environmental conditions in order to initiate SIP which
then increases the ICNC appreciably. This is in accordance with persistent supercooled liquid
clouds observed in previous studies (e.g., Rosenfeld and Woodley, 2000; Silber et al., 2019). In
contrary, in two MPCs, the concentration of the small pristine ice crystals suddenly increased
by two orders of magnitudes from below 1 L™ to 55 L' and 92 L}, respectively (Chapters 2 and
3). Both sudden increases occurred close to cloud base at temperatures between -3 °C and -5 °C.
Comparable sudden jumps in ICNC caused by SIP have been reported in previous studies (e.g.,
Lawson et al., 2015; Korolev et al., 2020) and were explained by a cascading process initiated
by the production of splinters by freezing droplets which then collide with other supercooled
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droplets and further increase the number of droplets freezing and creating splinters (Lawson
et al., 2015).

Actually, our measurements show that the occurrence of SIP was strongly connected to the
freezing of drizzle drops, i.e. by the droplet shattering process, as the ratio of drizzle drops
occurrence was enhanced by a factor 2 during SIP,; and by a factor 4 during SIPy;en. Moreover,
the frozen drops were measured during 87% of the SIPyigh observations. Previous studies linked
the presence of drizzle drops to the occurrence of SIP in tropical and midlatitude convective
clouds (e.g., Lawson et al., 2015, 2017; Keppas et al., 2017). In convective clouds with warm
cloud base, the drizzle drops grow by collision-coalescence in updraft cores regions extending over
a large portion of the troposphere (Lawson et al., 2017). In other cases, the large liquid drops
responsible for the initiation of droplet shattering close to the melting layer were suggested
to originate from melted ice crystals recirculating through the melting layer with convective
turbulent updrafts (Korolev et al., 2020; Lauber et al., 2021). In this thesis, we propose that the
formation of large drizzle drops is determined by the low CCNC observed in the pristine Arctic
environment. Indeed, consistently as found in other studies (Reutter et al., 2009; Moore et al.,
2013), aerosols acting as CCN were limiting the CDNC, but the fewer droplets being activated
could grow to larger sizes (Chapter 2). Thus, aerosols are influencing the SIP in Arctic MPC by
(1) acting as INP forming sufficient ice crystals for initiating SIP processes, and (2) providing
limited CCN leading to the formation of large drops responsible for SIP.

6.1.2 Ice crystal habits as indicator for environmental properties

The holographic imager used in this thesis retrieved images of ice crystals, which were manually
classified into habits. Their habits help to determine their histories as well as the atmospheric
conditions prevailing in the clouds. Many ice crystals observed in Arctic MPCs during NASCENT
showed pristine features, compared to aged or irregular habits more regularly observed in MPCs
over orographic terrain (e.g., Lauber et al., 2021; Ramelli et al., 2021a). This facilitates inter-
pretation of the history of the particles.

For example, ice crystals growing subsequently in plate and column regimes were observed. The
growth as plate or column is favored depending on the ambient temperature, with plate growth
being enhanced at temperatures lower than -10 °C or larger than -3 °C and column growth fa-
vored between -10 °C and -3 °C. As in-cloud temperature decreases with altitude, the variations
in temperature growth environment are related to recirculation of particles through the cloud.
Interestingly, the observed recirculation particles were generally not rimed. This signifies that
the particles were recirculating up and down without colliding with cloud droplets. The recircu-
lation of ice crystals is an indicator for changing updraft velocities in the cloud. A growing ice
crystal is lifted by updrafts before precipitating to lower parts of the cloud when the updrafts
can not sustain its weight anymore, and gets then repeatedly lifted when updrafts increase.
Other interesting ice crystal habits observed were aged rimed particles, where cloud droplets first
rimed on the ice crystal and froze, then the frozen protuberance grew in the plate or columnar
growth environment depending on the ambient temperatures. This creates faceted protuber-
ances, in comparison to the smaller roundish protuberances caused by freshly rimed droplets.
Aged-rimed ice crystals showing no fresh rime likely originated from regions of the cloud with
higher CDNC.

A further observed ice crystal habit was ice crystals showing signs of sublimation. These ice
crystals show blunt edges, consistently with previous studies (e.g., Jambon-Puillet et al., 2018)
and indicated that the cloud region was subsaturated with respect to ice, which caused the ice
crystals to sublimate.

Finally, droplets stuck with columns (called droplet lollipops in this thesis) were observed. These
ice crystals demonstrate that large drops were freezing while colliding with columns. Because
the freezing of drops is a known secondary ice process, droplet lollipops can be used as indicator
of the droplet shattering process.
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Ice crystal habits helps to understand the cloud microphysical processes responsible for ice crys-
tal formation and growth, which in turn determine precipitation initiation, as well as the cloud’s
lifetime and radiative properties.

6.1.3 Arctic cloud and radiation

For the first time, the holographic imager measurements on the tethered balloon system were
supplemented with in-situ radiation observations, allowing for a direct comparison between cloud
microphysical and radiative properties.

Observations through the complete depth of a low-level stratocumulus MPC indicated a radiative
cooling rate of 1.5 K hr'! at cloud top. During another measurement day, profiling through a low
level feeder MPC enabled to relate the shortwave radiative fluxes to the cloud phase properties.
The measured CDNC was mostly low (~ 1 ¢cm™) in the feeder MPC. It therefore had a small
optical thickness, which was mainly determined by the ice phase. In regions with enhanced
ICNC, the diffuse shortwave radiation measured became nearly isotropic and the in-cloud albedo
became close to unity. This highlights the importance of fluctuations in ICNC in such optically
thin clouds with low CDNC.

Such increases in ICNC changing the radiative properties of MPCs can be caused by SIP pro-
cesses. In optically thin cloud with low LWC, an increase in ICNC would increase the albedo
leading to an enhanced cooling effect, but also increase the emissivity leading to an enhanced
longwave radiative warming at the surface. In optically thicker clouds with larger LWC, an
increase in ICNC would have the opposite effect. Indeed, it would favor the WBF process reduc-
ing the cloud droplet number concentration, thus reducing the albedo and the emissivity of the
cloud. To quantify these complicated processes between thermodynamical phase and radiation
cloud properties, more collocated measurements are needed.

In addition to the ICNC, the ice crystal habits influence the cloud radiative properties (e.g.,
Jarvinen et al., 2018). So far, modeling studies were used to assess the influence of ice crystal
habits to the cloud radiative properties (e.g. Harrington and Olsson, 2001; Liu et al., 2014).
In this thesis we demonstrate the feasibility to perform collocated in-situ measurements of ice
crystal habits and radiative cloud properties on the tethered balloon system HoloBalloon. The re-
sults reveal the huge potential of the combination of these measurements, but uncertainties in the
radiation instrumentation should be reduced to increase the confidence of the results (Chapter 5).

6.2 Outlook

6.2.1 Further analysis of dataset from the NASCENT campaign

The unique and multidimensional set of observations obtained during the NASCENT campaign
renders a holistic approach possible to study the effect of aerosol and clouds on the Arctic cli-
mate. The role of aerosol and secondary ice production processes for the phase partitioning of
Arctic MPC was investigated in this thesis. Yet, the understanding of clouds and aerosols and
their interactions in the Arctic climate can still be further improved. Ongoing work and analysis
on the NASCENT data set is being performed.

Among others, the advantage of the proximity between in-situ airborne and cloud radar measure-
ments for a relatively long temporal coverage in Ny-Alesund is being used. The two techniques are
complementary. While the high-resolution in-situ observations deliver detailed phased-resolved
data at a given point, remote sensing observations provide information about the entire cloud
structure. Thus, the in-situ measurements can be compared with the Doppler spectra at a pre-
cise point and then be related to other regions of the cloud with comparable Doppler spectra
features. For example, the peakTree analysis (Radenz et al., 2019) can be used to differentiate
between several cloud particle populations. With this technique, the small ice particles related
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to secondary ice production could be related to the Doppler spectra and it may be possible to
find other cloud regions with the same cloud particle populations. This would allow to assess
the importance of SIP in the entire cloud and not solely at the precise location measured with
the balloon-borne instrumentation.

Another approach is to relate the in-situ dataset and the skewness feature obtained from the
Doppler spectra, which was found to be connected to the presence of multiple cloud particle
populations with different fall velocities, i.e. of liquid and ice particles (e.g., Luke et al.; 2010;
Kalesse et al., 2016). Features in the Doppler spectrum skewness profiles that relate to changes in
the partitioning between liquid and ice were found in the Doppler spectra retrieved by the cloud
radar in Ny-Alesund (Rosa Gierens, personal communication). Comparison with the in-situ cloud
microphysical measurements sampled on HoloBalloon will help getting a better understanding
of the observed skewness features.

Furthermore, the secondary ice production processes are poorly represented in numerical weather
prediction models. The dataset obtained from the NASCENT campaign enables to prescribe the
aerosol concentration, as well as ice nucleating particles and cloud condensation nuclei concen-
tration to test secondary production parametrization and compare the results with the in-situ
cloud microphysical measurements and remote sensing observations. Simulations with several
models including the WRF model as discussed in Chapter 2 and the Norwegian Earth System
Model (NorESM2) are planned. This will help to obtain a better representation of the ice crystal
formation and phase partitioning in Arctic MPCs and thus to reduce the uncertainty related to
cloud radiative feedbacks in the Arctic Amplification.

6.2.2 Technical improvements of HoloBalloon

First, a more robust inner bubble inside helikite should be used in future campaigns. The inner
bubble is crucial for the successful measurements with HoloBalloon since it holds the helium
necessary for flying. It is protected from the outside by a more resistant but not elastic outer
bubble. Because of the large size and lifting capacity of HoloBalloon, the helikite was tightened
to the ground between measurement flights and could not be stored in warm and protected
storage rooms like other tethered balloons employed for cloud measurements. Thus, the inner
bubble encountered windy and cold conditions. During previous field campaigns in Switzerland,
the inner bubble resisted the atmospheric conditions (e.g. wind, temperatures). However, the
inner bubble did not resist the high wind speeds (> 10 m s™!) and /or low temperatures (~ -20 °C)
sometimes prevailing in the Arctic. Therefore, a new and more resistant inner bubble should be
used in future field campaigns if severe weather is expected.

Second, the collocated cloud microphysical and radiation measurements performed with HoloB-
alloon demonstrated the potential of combining these observations to study the influence of
the cloud particle concentration and thermodynamical phase on the cloud radiative properties
(Chapter 5). However, the comparison of the measurements obtained by the radiation sensors
mounted on HoloBalloon with the radiation measurements at the BSRN field site revealed large
uncertainties in the radiation measurements of the sensors mounted on HoloBalloon. The main
uncertainty is related to the temperature gradient inside the instruments, i.e. to the lack of
correction for the dependence on the environmental temperature of the thermal measurements.
More accurate pyranometers and pyrgeometers exist, such as the ones employed at the BSRN
field site. Installing such instruments on HoloBalloon would improve the accuracy of the radi-
ation measurements taken with HoloBalloon and enable more precise investigation of the cloud
radiative properties. This would be especially important when performing profiles inside clouds
and at cloud top, as the environmental temperature changes rapidly with altitude, especially at
cloud top. However, the weight of the payload hanging below HoloBalloon should be kept as low
as possible to ensure a sufficient lifting capacity for the HoloBalloon to reach the cloud altitude.
Therefore, it is important that the sensors are light. Last but not least, higher standard sensors
are generally more expensive than the sensors used in this thesis. Therefore, a balance should be
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found between increased accuracy, weight, and cost of the radiation instruments to be mounted
on HoloBalloon in future campaigns.

Third, the spatial and temporal resolution of HOLIMOS3B could be increased. HOLIMO3B has
a well-defined sample volume of approximately 45 cm™, but the number of frames per second
(fps) can be varied up to 80 fps. Because of the limited storage capacity in HOLIMO3B, the
choice of frame rate is a trade-off between high temporal and spatial resolutions or long time
series. So far, we opted for a balance between high resolution and long temporal coverage by
employing a frame rate of 5 to 6 fps. This allowed the investigation of phase partitioning on a
meter scale at wind speed below 1 m s™'. However, the frame rate could be increased in future
campaigns to allow for the investigation of the cloud properties on an even smaller scale.
Fourth, the temperature and humidity conditions at the measurement’s location are important
to understand the cloud microphysical properties. In this thesis, we benefited from the frequent
radiosonde launches at Ny—Alesund to obtain the temperature, relative humidity, and wind speed
and direction at the HoloBalloon’s location. However, such frequent and accurate radiosonde
measurements are rarely available. In Switzerland for example, two radiosondes are launched
every day from the MeteoSwiss station in Payerne. A discrepancy of several degrees can prevail
between the temperature observed at Payerne and the one observed more than hundred km away
a few hours after the radiosonde was launched. Therefore, we would suggest to mount temper-
ature and humidity sensors on the HoloBalloon platform. This will help to obtain an accurate
description of the environmental conditions prevailing in cloud.
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Figure 6.1: Ambient INPC measured from the inlet of the container at the Swiss Site (dashed lines)
and INPC found in the melted rime converted to INPC in ambient air according to Petters and
Wright (2015) assuming a cloud water content of 0.4 g m3 (stars) at -10 °C, -15 °C and -20 °C.
Figure courtesy Jorg Wieder.

Lastly, an important improvement would be the measurements of in-cloud INPs with the
HoloBalloon platform. In Chapters 2 and 3, we were limited to INP measurements on the
ground at the Swiss Site with a temporal resolution of a few hours, or to INP measurements at
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the Zeppelin Observatory (475 m a.s.l.) with a temporal resolution of several days. In-cloud INPC
measurements would enable a more accurate differentiation between primary ice nucleation from
INPs or SIP. In-cloud INPs have for example been determined using electrostatic precipitation
of aerosol particles onto silicon wafers on drones, with subsequent offline analysis of the INPC
(Schrod et al., [2017). A similar technique could be employed on HoloBalloon with subsequent
analysis with DRINCZ (David et al., 2019a). Another possible technique to estimate the in-
cloud INPC is the use of a cloud water sampler with subsequent offline analysis to retrieve the
INPC. We tested this approach during the NASCENT campaign. We carefully collected rime
on parts of the measurement platform after in-cloud measurements and analysed the samples
with DRINCZ. An example is shown in Figure 6.1 for 11 November 2019. The INPC is about
one order of magnitude higher in the rime than in the ambient air, indicating higher in-cloud
INPC than the INPC sampled close to the ground. The reason for this higher concentration
may be the collection of ice crystals with the cloud water. L.e. it is assumed that the rime on
the probe consists of activated cloud droplets, but ice crystals could also have been colliding and
staying stuck on the probe. If ice crystals were sampled together with the cloud water, it would
explain the higher INPC in the rime than in the ambient air. Therefore, an instrument sampling
separately ice crystals, cloud droplets, and air with subsequent determination of INPC would be
ideal for comparison with the ICNC. Additionally, a cloud water content of 0.4 g m™ was used
in this example to converted INPC from liquid to ambient air according to [Petters and Wright
(2015). However, HOLIMO3B retrieved a cloud water content of 0.1 g m™ on this day. Using
this cloud water content for conversion of INPC from rime to ambient air would decrease the
INPC by a factor of 4. In future studies, precise cloud water content derived from HOLIMO3B
should be used for accurate derivation of INPC in rime.

6.2.3 Automatic classification of ice crystal habits

One time consuming task of this thesis was the labelling of more than 50’000 ice crystals into
habits. The classification into habits was needed on the one hand to differentiate between pristine
and non-pristine small ice crystals used to define SIP cloud regions and on the other hand to
assess the importance of possible SIP processes (see Chapter 3). The ice crystals classified into
habits will serve to train a convolutional neural network resulting in an automatic classification
algorithm. This approach will save many hours in future holographic images analyses. Replacing
the manual classification by an automatic one can however be delicate for three reasons. First, ice
crystal habit classification depends on the goal of the study. For example frozen cloud droplets
aggregated with columns were classified as ’droplet lollipops’ and used as indicators for a possible
occurrence of droplet shattering in this thesis. In another study, these ice crystals could be
classified as aggregates or as rimed columns. Second, an ice crystal can exhibits simultaneously
several habits, for example a freshly rimed column aggregated with an aged-rimed plate. The
ice crystal exhibits the plate, column, aggregate, and (aged) rimed habits simultaneously. Third,
the two dimensional holographic image may not be sufficient to infer the ice crystal habit in three
dimensions. For example the differentiation between capped columns and two aggregated plates
is difficult. Examples of ice crystals with difficult habit identification are shown in Figure 6.2,
where particles that are difficultly distinguishable between capped columns and aggregated plates
are highlighted with orange frames.

The use of an automatic classification algorithm would allow a more objective classification of
the ice crystals into habits. However, the automatic classification would not consider specific
classification goals (e.g. classification into specific habits associated with different SIP processes).
We suggest in a first step to use the automatic classification for general habit classes (e.g.
columns, plates, dendrites). In a second step, an automatic classifier could distinguish between
e.g. pristine, rimed, or aged particles. This classification could also be done manually.
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Figure 6.2: Example of ice crystals that can be classified into several habits.

6.2.4 Need for a more accurate SIP process characterization

In-cloud studies highlighted the importance of SIP processes for ice crystal formation in MPCs
(e.g., [Lloyd et al., 2015; Lawson et al., 2017; Gayet et al., 2009; Korolev and Leisner, 2020).
We consistently found that SIP largely contributed to high ICNC in the low-level Arctic MCPs
measured during the NASCENT campaign. Despite the increased awareness of the importance of
SIP in MPC, an accurate description of the necessary and sufficient criteria for SIP occurrence is
lacking. Advanced knowledge should be gained from laboratory and field studies. Regarding the
laboratory studies, contradictory results and gaps in knowledge hinder an adequate description
of all SIP processes. Hence, future laboratory work should aim to acquire a precise characteri-
zation of the SIP processes, including a range of number of secondary ice crystals produced and
the evaluation over the entire heterogeneous temperature range from 0 °C to -35 °C for all SIP
processes. For this new instrumentation together with large cloud chambers could for example
be used.

Regarding in-cloud measurements, the uncontrolled environment complicates the characteriza-
tion of SIP processes. In this thesis, we investigated the atmospheric conditions prevailing during
SIP. However, only a subset of the possible environmental conditions could be investigated. More
in-cloud measurements should aim to assess the environmental conditions in which SIP are oc-
curring. To this aim, a variety of state-of-the-art instrumentation could be used in an automatic
way. For example, remote sensing instrumentation such as ceilometer and cloud radar could be
used to determine the presence of mixed-phase clouds, and trigger the flight of a drone carrying
a small and light holographic imager together with temperature, wind, and humidity sensors.
The drone could perform profiles through the entire cloud layer, using real time cloud top and
cloud base altitude determination from the remote sensing observations. Thereafter, the entire
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data processing could be automatized and SIP regions identified and compared to the envi-
ronmental conditions prevailing at these locations. Such an automatized processing from data
acquisition to identification of SIP regions and environmental conditions interpretation would
provide a extremely large database that would enable an accurate description environmental
conditions favorable for SIP. Ny-Alesund would be an ideal for such a project, because of (1)
the high frequency of low-level MPCs at this location, (2) the minor frequency of airplane flights
blocking the air space for in-cloud flights with drones, (3) the existing scientific infrastructure
such as aerosol and INP concentrations monitoring, as well as remote sensing observations (and
the recent installation of a polarimetric cloud radar), and (4) permanent scientific staff available
for maintenance of the instrumentation on-site.

Last but not least, the results from laboratory and field measurements should be used to derive
realistic SIP parametrizations over a wide temperature range. The improved SIP parametriza-
tion should be used in numerical weather prediction for improved precipitation forecasts and in
climate models to reduce the uncertainty of cloud radiative feedbacks in climate projections.
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In this supplementary material, we shortly describe the atmospheric situation on 12 November
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2019 in Ny-Alesund, Svalbard (Fig. |A.1), as mainly measurements taken this day are discussed
in the main manuscript. Additionally, the major instrumentation used in this manuscript or
installed in the framework of the Ny-Alesund Aerosol Cloud Experiment (NASCENT) at the
Swiss Site, the Zeppelin Observatory, Gruvebadet, the Climate Change Tower, and AWIPEV
are described. Finally, information about the WRF model setup are given, together with a short
description of the simulation during flights 2 and 3 of HoloBalloon. Summarizing tables with the
instrument parameters are included.

Figure A.1: Map of Svalbard with location of Ny-Alesund marked with the red star (topographical
data from Norwegian Polar Institute, 2014).

A.1 Meteorological situation on 12 November 2019

Figure A.2: Weathermap showing the relative humidity (green shading), temperature (colored lines)
at 1000 hPa and the estimated location of the warm front at 0600 UTC on 12 November. The
red triangle shows the location of Ny-Alesund. The model data are from the MEPS Weathermaps
Hellmuth and Hofer (2019).
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A warm front passed over Ny-Alesund on 11 November 2019. One day later, on 12 November
2019, Ny-Alesund was located in the warm sector behind the warm front (Fig. A.2). The tem-
perature at the ground was therefore relatively high (varying between 0°C and -3°C and the
pressure slightly increased from 1009 to 1011 hPa (not shown). Note that on this day the sun
was permanently below the horizon with a minimum altitude of -29° and a maximum altitude of
-7°. Thus no direct sunlight was shining.

On 12 November 2019, several short and intense precipitation events occurred and are rec-
ognizable as fallstreaks in the radar reflectivity (Fig. A.3a) with total precipitation summing up
to about 2.4 mm (not shown). The large-scale wind measured by the radiosondes (Fig. A.8) and
visible on the wind lidar measurements above 800 m a.s.l. (Fig. A.3b) was southwesterly. After
1500 UTC, a strong change in the horizontal wind direction below 500 m a.s.l. was observed,
which generated strong wind shear (Fig. A.3b). The Zeppelin Observatory was in cloud for large
parts of the day and three flights into clouds were performed with HoloBalloon (Fig. A.3).

Figure A.3: Cloud radar and wind lidar measurements on 12 November 2019. (a) Cloud radar
reflectivity and (b) wind lidar horizontal wind speed. The wind barbs show the wind direction and
the color the horizontal wind speed. The solid black line shows the height of HoloBalloon and the
dashed line the height of the Zeppelin Observatory. The black dots in (a) show the cloud base heights
measured by the ceilometer. The temperature measured by the radiosonde launch at 1700 UTC is
shown on the right y-axis at the corresponding altitude on the left y-axis.
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A.2 Swiss Site

A.2.1 Aerosol measurements at the container

During October - November 2019 and March - April 2020, the temporary Swiss Site was installed
at the southwestern end of Ny-Alesund. Ambient aerosol, cloud condensation nuclei (CCN), and
ice nucleating particles (INPs) were sampled through an inlet mounted on top of the observa-
tory container. Aerosol particles were measured in the size range of 10 nm to 20 pm using an
APS, scanning mobility particles sizer (SMPS, TSI Inc., Shoreview, MN, USA), condensation
particle counters (CPC, TSI Inc., Shoreview, MN, USA), and optical particle counters (OPC-N3,
Alphasense). A Wideband Integrated Bioaerosol Sensor (WIBS-NEO) provided information on
fluorescent properties of the particles.

To obtain a broader INP concentration - temperature spectrum, two methods were applied
in parallel. INPs were monitored continuously at -30 °C in the immersion freezing mode using
the online technique Horizontal Ice Nucleating Chamber (HINC, Lacher et al., 2017). HINC
sampled ambient air continuously at a total flow rate of 2.83 StdL min~"!, of which 90% consists
of recirculating particle-free sheath flow and the remaining 10% is compensated by aerosol flow.
To account for the false positive ice count originating from the internal chamber, e.g., falling
frost from the warmer plate, a motorized valve was applied to switch from sample flow to filtered
air measurements regularly (5 min) before and after each sampling period (15 min) to determine
a background count.

In addition, ambient aerosol particles were sampled from the heated inlet using a high flow-
rate impinger (Coriolis® p, Bertin Instruments, France) operating at 300 L min~!. For one
sample the impinger collected aerosol for one hour, probing a volume of 18 m?. Right after
collection, each sample was analysed for INP concentration via the offline technique DRoplet Ice
Nuclei Counter Zurich (DRINCZ, David et al., 2019a), which measured INP concentrations at
sub-freezing temperatures down to -20°C. See also Wieder et al. (2022b)), where the setup and
procedure are described in details.

CCN concentrations during the NASCENT campaign were measured by a cloud condensa-
tion nuclei counter (model CCNC-100), commercialized by Droplet Measurement Technologies
(DMT, Longmont, CO, USA). Unfortunately, this instrument malfunctioned during periods of
the campaign that include 12 November 2019. Therefore, we used a back-integrated SMPS to
calculate the aerosol concentration down to a particle mobility diameter of 70 nm to estimate
CCN concentrations, following the method by Koike et al. (2019). Data quality was ensured
by comparing total integrated concentration with two condensation particle counters (CPC, TSI
Inc., Shoreview, MN, USA) at the Zeppelin Observatory as well as another SMPS and a CPC
at sea level at the Swiss Site.

Additionally, at regions near shore close to Ny-Alesund, we used a clean glass plate withdrawn
vertically from the sea surface for sea surface microlayer samples. The thin microlayer film on
the plate was then transferred into sample bottles using a Teflon scraper to wipe down the
glass plate. The sub-surface bulk seawater samples were sampled by directly submerging sample
bottles to about 50 cm below the ocean surface.

A.2.2 HoloBalloon

The tethered balloon system HoloBalloon (Ramelli et al., 2020) was used to perform in-situ cloud
microphysical measurements. The main instrument on HoloBalloon is the HOLographic cloud
Imager for Microscopic Objects (HOLIMO3B, Fig. A.4), which can image an ensemble of cloud
particles in the size range from small cloud droplets (6 pm) to precipitation-sized particles (2 mm)
in a three-dimensional sample volume (Henneberger et al., 2013; Beck et al.; 2017; Ramelli et al.,
2020). HOLIMOS3B provides information about the phase-resolved particle size distribution and
particle habits. Particles larger than 25 pm can be differentiated between cloud droplets and ice
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crystals based on their shape, whereas all particles smaller than 25 pm are classified as cloud
droplets. Because of this size threshold, the reported ice properties can be considered as a lower
estimate. Cloud droplets and ice crystals larger than 25 pm were classified using convolutional
neural network trained on cloud particles from holographic imagers (Touloupas et al., 2020) and
smaller cloud droplets using support vector machines. The ice particle habits were classified
manually. The sampling volume of HOLIMO3B used was about 15.5 cm™3, and 6 frames were
taken per seconds. The processed data are averaged over 60 seconds, which gives a volume of
about 5.6 L per minute. The diameter used from the measurements by HOLIMO3B is the major
diameter, which correspond to the major axis of an ellipse around the detected pixels of the
particle. Two Optical Particle Counters (OPCs) and one 3D-sonic anemometer are furthermore
mounted on the platform. Expanding on the measurement platform described in Ramelli et al.
(2020), two pyranometers and pyrgeometers (Apogee SL-510/610, SP-510/610) measured upward
and downward solar and terrestrial radiation (Fig. A.4) were installed on the instrument and the
platform was suspended 12 m below the helikite to prevent turbulence effects.

Figure A.4: HoloBalloon Platform with description of the different parts. The platform is aligning in
direction of the wind thanks to the wind tail and is hanging 12 m bellow the helikite.

A.3 Zeppelin Observatory

Detailed in-situ observations of clouds, aerosols, and meteorology were made at the Zeppelin
Observatory. Figure A.5| presents a schematic of the set-up at the site during NASCENT which
is described below.

A.3.1 GCVI sampling and aerosol instrumentation

A ground-based counterflow virtual impactor inlet (CVI) was installed at the Zeppelin Obser-
vatory to sample ambient cloud droplets and ice crystals. The CVI is based on the technical
principles described by Shingler et al. (2012). The evaluation of the ground-based version of
the CVI at the Zeppelin Observatory is described in detail by Karlsson et al. (2021) and only
a brief description will be given here. The CVI separates particles according to their inertia
using opposing air flows. Large particles (e.g. cloud droplets or ice crystals) are sampled, while
small particles with low inertia (e.g. interstitial aerosol) do not penetrate through the virtual
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stagnation plate of the inlet and are not sampled. The cloud droplets or ice crystals are then
dried and the remaining particles are termed cloud residuals. The residuals are then character-
ized by various aerosol instruments. This includes a custom-made DMPS (differential mobility
particle sizer) for measuring the particle size distribution between approximately 10 and 945 nm
(electrical mobility diameter) of the cloud residuals (see Karlsson et al., 2021, for more technical
details). A condensation particle counter (CPC, Model 3772, TSI Inc, USA) determines the total
particle number concentration. A multi-parameter bioaerosol spectrometer (MBS, University of
Hertfordshire, U.K., see e.g., Ruske et al., 2017) was used to characterize the size, shape and
fluorescent characteristics of particles larger than 0.5 pm (optical diameter). The FIGAERO-
CIMS (see next section) was connected to the CVI to measure the chemical composition of cloud
residuals and aerosol particles. An impactor sampler (AS-24W, Arios Inc., Tokyo, Japan) was
used to collect particles for a single particle analysis using a transmission electron microscope
(TEM; JEM-1400, JEOL) with an energy-dispersive X-ray spectrometer (EDS; X-max 80, Ox-
ford Instruments). The extended-range single-particle soot photometer (SP2-XR, DMT Inc.,
USA Stephens et al., 2003; Schwarz et al., 2006) was used to characterize the black carbon con-
tent of cloud residuals. In addition, a cloud condensation nuclei counter (CCNC, DMT Inc.,
USA, see Roberts and Nenes, 2005) measured the (re-)activation of cloud residuals behind the
CVI

The CVI can be operated in manual or automatic mode. In automatic mode, the readings of
a visibility sensor were used to turn on the CVI (threshold was usually set to 1 km visibility).
A three-way valve enables the in-situ instrumentation to sample from the whole-air inlet during
non-cloudy periods, allowing additional validation with the standard aerosol instruments mea-
suring behind the whole-air inlet.
An iodide chemical ionization high-resolution time-of-flight mass spectrometer (FIGAERO, Lopez-
Hilfiker et al., 2014; Thornton et al., 2020) was coupled to a filter inlet for gases and aerosols
(CIMS) using iodide-adduct ionization. The iodide-FIGAERO-CIMS is sensitive to polarizable
or acidic organic aerosol components (Lee et al., 2014). The instrument was installed at the Zep-
pelin Observatory and connected with two separate inlet lines to ambient air. The particle phase
inlet was connected via a % inch stainless steel tube to a three-way valve switching between the
whole air inlet and the CVI inlet mounted at the top of the observatory. During the NASCENT
campaign aerosol particles were sampled with 4 L min~! on a Teflon filter for 2.5 hours. To de-
termine the particle background, air was passed through an additional Teflon filter upstream the
FIGAERO particle inlet, usually every third collection cycle. The data presented here is particle
phase data of one whole-air inlet sample and one CVI inlet sample (cloud residual). The gas
phase inlet was connected via % inch PTFE tubing to ambient air directly through a hole in the
wall. Gases were sampled at 1 Hz with 2 StdL min~!. To determine the gas phase background
during the campaign, zero air was frequently injected into the instrument for 15 minutes. The
FIGAERO-CIMS was installed in October 2019, and data is available from November 2019 until
December 2020, with some interruptions.

In parallel, size distributions of cloud residuals and ambient aerosols were characterized using
three differential mobility particle sizer instruments (see e.g. Karlsson et al., 2021), while the
black carbon (BC) mass concentration was determined using an extended-range single-particle
soot photometer (SP2-XR, Stephens et al.; 2003; Schwarz et al., 2006), a multi-angle absorption
photometer (MAAP, Petzold and Schonlinner, 2004), and a continuous soot monitoring system
(COSMOS, Kondo et al., 2011). Note that the measurement of BC mass relies on operational
definitions and is therefore method dependent, as discussed by Petzold et al. (2013). Note that
recently, a method to harmonize Arctic BC measurements using the COSMOS as a standard
instrument was developed, because COSMOS-derived BC mass concentration is traceable to a
rigorously calibrated SP2 and the absolute accuracy has been demonstrated previously to be
about 15 % in the Arctic (Ohata et al., 2021, submitted). The agreement between the BC mass
concentration measurements obtained during NASCENT indicates that the instruments are in
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accordance with this method.

On the terrace of Zeppelin Observatory, a Fine dust measurement device Fidas 200 S (FIDAS,
Palas GmbH, Germany) was installed to measure the particle size distribution from around
200 nm to approx. 18 um (optical diameter). The instrument is installed in its own temperature-
controlled stainless steel water protected cabinet. The Sigma-2 sampling head allows sampling
even at high wind speed conditions. The inlet pipe is automatically heated to ensure sampling
at dry conditions (controlled by an external RH/T sensor and monitored by an additional RH/T
sensor within the sampling line).

Figure A.5: Aerosol and cloud sampling at the Zeppelin Observatory during NASCENT. Various air
inlet systems were used to sample particles, gas phase, cloud particles and whole air (aerosol and
cloud particles) that were analysed in the laboratories below. In addition, various cloud probes and
aerosol instrumentation were placed outside on the observation terrace. For further details on the
CVI/whole-air inlet sampling see Karlsson et al. (2021).

A.3.2 CRAFT

Continuous year-round measurements of atmospheric INPs active in the immersion mode at the
Zeppelin Observatory were started in March 2018. Weekly aerosol sampling for measuring INPs
has been performed continuously and sequentially from Sunday (0000 UTC) to Saturday (2359
UTC) using a 10-line Global Sampler (GS-10N, Tokyo Dylec Corp.) connected with a PM10
common inlet. Kach sample has been collected on a precleaned Whatman Nuclepore track-etched
membrane filter (47 mm in diameter and 0.2 pm in pore size) supported by a filter cassette screen
(part no 59-005147-0010, Thermo Fisher Scientific) and mounted in a NILU inline filter holder
system at a flow rate of 3 L min~!. The samples were analyzed using the Cryogenic Refrigerator
Applied to Freezing Test (CRAFT, Tobo, 2016). The basic procedures for measuring the number
concentrations of atmospheric INPs using the CRAFT system are essentially the same as those
used for our previous studies (Tobo et al., 2019, 2020). As for the data obtained during the
NASCENT campaign, we quantified the INP number concentrations over a temperature range
down to -30°C.
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A.3.3 Hawkeye & MPS

Continuous year-round in-situ measurements of cloud and precipitating particles were made using
a fog monitor (FM-120, DMT Inc., CO USA), Meteorological Particle Sensor (MPS, DMT Inc.,
CO USA), and Hawkeye (SPEC Inc., CO USA), which were located on the deck of the Zeppelin
Observatory (Koike et al., 2019, 2021). The MPS is an optical disdrometer, which measures the
precipitating particle size distributions with radii between 12.5 and 775 pm (12.5 pm resolution)
using an optical array detector. Particles cast a shadow on the array as they gravitationally fall
through the laser. The subsequent decrease in light intensity on the diodes is recorded, and a
two-dimensional image is captured. In this study a maximum width is used as the particle size.
Hawkeye consists of three systems, namely, the Fast Cloud Droplet Probe (FCDP), the Two-
Dimensional Stereo Particle Imaging Probe (2D-S), and the Cloud Particle Imager (CPI). The
2D-S has two optical array detectors which are orthogonal to each other and normal to the
flow of particles. Each detector measures particles with radii between 10 and 1280 pm (10 pm
resolution) and 50 and 6400 pm (50 pm resolution). The CPI is a particle imaging system using
the CCD camera with an effective pixel size of 2.3 pm. In this study, a maximum dimension is
used as the particle size. The 2D-S and CPI measure particles, which are sucked into a straight
flow tube of the Hawkeye probe using an aspiration fan. The probe is mounted on a rotating
pedestal to orient it toward the wind direction.

On 12 November 2019, the 2D-S observed ice crystals consisting of column and frozen drops
that we named ’droplet lollipops’ in the main manuscript (Fig. A.6). Such droplet lollipops
were also measured by HOLIMO3B on HoloBalloon (see Fig. 10 of the main manuscript) and by
HOLIMO3G at the Zeppelin Observatory (not shown).

Figure A.6: Example of ice crystals classified to 'droplet lollipops’ observed with the 2D-S probe at
the Zeppelin Observatory.
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A.3.4 HOLIMO3G

The holographic imager HOLIMO3G (Henneberger et al., 2013; Beck et al., 2017; Lauber et al.,
2021) was mounted on the platform in October - November 2019 and March - April 2020. The
working principle of HOLIMO3G is identical with the one of HOLIMO3B (Section A.2.2). The
sampling volume of HOLIMO3G used in this study was about 13 cm™3, and 1 frame was taken
per second. The processed data are averaged over 30 seconds, which gives a volume of about 0.4
L per 30 sec interval.

A.4 AWIPEV

The German Alfred Wegener Institute for Polar and Marine Research (AWI) and the French Po-
lar Institute Paul Emile Victor (IPEV) operate their research stations in the town of Ny-Alesund
as the joint AWIPEV Research Base. Meteorological surface measurements are sampled contin-
uously on the measurement field south of the Ny-Alesund village, including up- and downward
short- and longwave surface radiation measurements that are performed within the Baseline Sur-
face Radiation Network (BSRN, Maturilli et al., 2013, 2015). Radiosondes are launched at least
once per day (Maturilli and Kayser, 2017), with additional launches performed during intensive
measurement periods. Additionally, a suite of remote sensing instruments observe the atmo-
sphere. In this study, we used the 94 GHz cloud radar of University of Cologne (JOYRAD-94,
Kiichler et al., 2017), the ceilometer (Vaisaila-CL51, Maturilli and Ebell, 2018), and the wind
lidar (Windcube200). The measurements of the cloud radar, the microwave radiometer HAT-
PRO and the ceilometer are combined with thermodynamic profiles from a numerical weather
prediction model to provide continuous, standardized information on cloud properties using the
Cloudnet algorithm suite (Illingworth et al., 2007). For details on the Ny-Alesund set-up, see
Nomokonova et al. (2019). Further examples of the use of the Cloudnet products in Ny-Alesund
are given in Nomokonova et al. (2020) and Gierens et al. (2020). In this work, we utilized
the vertically resolved hydrometeor classification to derive the monthly frequency of occurrence
for different cloud types during the NASCENT year (Section 3b, Fig. 2b). In addition to the
measurements used in this study, further instrumentation for observing aerosols, water vapor,
clouds and precipitation are operated at AWIPEV. Table A.1]lists the instrumentation relevant
for NASCENT.

A.4.1 CPS Sonde

Cloud particle observations using a cloud particle sensor sonde (Meisei Electric Co., Ltd.; here-
after, CPS sonde) were conducted at the French-German Arctic research base AWIPEV in Ny-
Alesund during March 2020. The CPS sonde connected to the Meisei RS-11G radiosonde can
measure the vertical profile of cloud parameters (e.g., total particle count, particle phases, and
particle size) and basic meteorological parameters (e.g., temperature, relative humidity, wind
speed). During this campaign, 13 CPS sonde observations were made under various synoptic
situations. In the lower troposphere (<2 km), mixed-phase and/or liquid water clouds were
frequently observed, while in the middle (2-6 km) and upper troposphere (>6 km), ice clouds
were occasionally detected, particularly in cases of low-pressure systems nearby Ny-Alesund. The
characteristics of estimated liquid water content (LWC) profiles from CPS sonde data agreed with
the adiabatic retrieval of LWC obtained by a humidity and temperature profiler (HATPRO) at
the AWIPEV base (Inoue et al., 2021).

A.4.2 Forward simulation with PAMTRA

To illustrate how different hydrometeors contribute to the radar Doppler spectrum (Section 4b,
Fig. 11), we utilized the Passive and Active Microwave radiative TRAnsfer tool (PAMTRA
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Mech et al., 2020). PAMTRA produces synthetic observations for a given atmospheric state by
combining a radiative transfer model with an instrument model. In the simulations carried out for
this paper, PAMTRA was run in full Doppler spectra mode for a ground based view to produce
synthetic cloud radar observations resembling the JOYRAD-94 measurements. Details of the
modelling framework are provided by Mech et al. (2020). In short, PAMTRA first calculates the
volumetric backscattering as a function of particle size np, where D is the maximum diameter of
the particle, based on the given hydrometeor properties and chosen scattering model. In the next
step, np is converted to a spectral radar reflectivity as a function of particle fall velocity (e.g.
the radar Doppler spectrum) by utilizing a hydrodynamic model, which provides a relationship
between particle size and fall velocity. To produce radar Doppler spectra that are comparable
to real observations, the radar simulator also accounts for kinematic broadening, vertical wind
speed, radar receiver noise, and attenuation (Mech et al., 2020, and references therein).

In this work, the simulated radar observations were considered at a fixed altitude of 350 m,
with 4 m range resolution. Further radar simulator settings corresponded to the parameters of
the JOYRAD-94 measurements. The thermodynamic profile was obtained from the sounding
launched at 1400 UTC. The vertical wind was set to 0 ms~!, and the eddy dissipation rate to
10~ m?s—3. Keeping these parameters constant is not realistic, but simplifies the interpretation
of the simulated Doppler spectra as all changes can be attributed to changes in the hydrometeor
properties, and changing thermodynamic conditions or range dependent factors of the radar
measurement can be ignored. Additionally, attenuation was neglected for simplicity.

The description of hydrometeor particle size distributions (PSDs) and single-scattering prop-
erties, especially for frozen hydrometeors, is a general problem for forward modelling (Kneifel
et al.; 2018; Mech et al.; 2020). Here, we took advantage of the full-bin interface of PAMTRA
and used the PSDs measured by HOLIMO3B, averaged over 5 min, as input for PAMTRA. Four
hydrometeor classes were used in PAMTRA: liquid, small ice (<106 pm), large ice (>106 pm),
and frozen droplets. For each hydrometeor class, phase (ice or liquid) and the scattering and fall-
velocity models need to be defined in order to calculate the synthetic radar Doppler spectrum.
Furthermore, with the full-bin interface used, the mass (M), cross-section area (A), density
(p) and aspect ratio for each size bin need to be set. For liquid droplets, the single-scattering
properties were calculated using Mie-theory (Mie, 1908) and fall velocity follows Khvorostyanov
and Curry (2002). The mass, area, and density were trivial to set, assuming liquid droplets are
spheres with constant density of 1000 kgm™2. Similarly, frozen droplets were assumed to be
spheres with a constant density of 917 kgm™3. The description of other ice particles (other than
frozen droplets) was less trivial. The large variability in ice particle properties in the studied
case (Fig. 9,10) makes it difficult to set bulk properties that describe well the entire ice particle
population. For simplicity, we assumed Rayleigh scattering (Petty, 2006), meaning that particles
were assumed to be spherical and backscattering only depends on the size and density of the
particle. This is a crude simplification, but the difficulty to precisely estimate key particle prop-
erties hinders the use of more sophisticated scattering models. Furthermore, the purpose of the
PAMTRA simulations was not to produce synthetic measurements matching the JOYRAD-94
observations, as a closure study is beyond the scope of this paper. Rather, the aim was to help
the reader to gain an understanding of how different hydrometeors contribute to reflectivity and
the cloud radar Doppler spectrum. The fall velocity of ice particles was estimated using the
model from Heymsfield and Westbrook (2010), which calculates the fall velocity depending on
the mass and area of the particle.

For ice particles (other than frozen droplets), the mass (M) and area (A) for each size bin were
determined using power laws in the form of M = aD? and A = yD°, where a, 8, 7, and o are
habit dependent coefficients (Pruppacher and Klett, 2010). All power laws used follow Mitchell
(1996). For small ice (<106 pm), which consists of mostly columns, we used the coefficients
for hexagonal columns smaller than 100 pm (M = 0.1677D?% and A = 0.684D*% where the
units of M, A and D are g, cm? and cm, respectively). For larger ice (>106 pm), which consists
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of a mixture of mainly columns, aggregates, and irregular, partially rimed particles, we used a
combination of hexagonal columns (M = 0.00166D'%* and A = 0.0696D'-*° for 100 pm < D <
300 pm, and M = 0.000907D'™ and A = 0.0512D"** for D >300 pm) and lump graupel
(M = 0.049D%® and A = 0.50D*?). The mass and area used for large ice were calculated as a
weighted average of the hexagonal column and graupel for each size bin, so that in the turbulent
period (until 1545 UTC, see Section 4b and Fig. 9) a weight of 2 was given for column and 1
for graupel, and in the fallstreak period (after 1545 UTC) both were weighted equal. In this
way, we could account for the shift in the ice particle population, which showed a large fraction
of columns (>106 pm) in the turbulent period and drops in the fallstreak period (Fig. 9f). An
effective density was calculated for each size bin as p(D) = M / V(D), where V(D) is the volume
of a sphere with diameter D, to be consistent with the other assumptions. As all hydrometeors
were essentially treated as spheres, the aspect ratio has no effect on the simulated radar Doppler
spectra and could therefore be neglected.

To produce the Doppler spectra shown in Fig. 11, a simulation was run for each hydromeoteor
class independently. Two simulations were run for liquid hydrometeors: one for cloud droplets
(<56 pm) and one for drizzle droplets (>56 nm). Finally, a simulation including all hydrome-
teor classes was performed, and the resulting reflectivity showed reasonable agreement with the
reflectivity measured by JOYRAD-94 (not shown).

A.5 Gruvebadet

At Gruvebadet the long-term aerosol monitoring set of measurements active since 2010 including
an SMPS + APS system (measuring the ambient aerosol size distribution) and filter-samplers
deployed for the offline chemical characterization of PM10 as better described in |Udisti et al.
(2016); Giardi et al. (2016); Becagli et al. (2019); Turetta et al. (2021) was operational.

In addition, during NASCENT ambient PM1 was also collected on pre-baked quartz-fiber
filters for the characterization of the Organic matter (OM) and Organic Nitrogen (ON) using
advanced spectroscopic techniques (namely, proton-Nuclear Magnetic Resonance spectroscopy
((H-NMR, Decesari et al., 2000) and C and N elemental analysis (CN-EA, Rinaldi et al.,
2007; Montero-Martinez et al., 2014). Due to the necessity of collecting sufficient amounts of
samples for the subsequent detailed chemical analyses, long (~3-4 days) time-integrated sam-
plings were performed. Even if results are not available yet, multivariate statistical techniques
(namely Positive Matrix Factorization, PMF, and other factor analysis methods) will be applied
on OM HR-TOF-AMS and NMR with the aim of the apportionment of different OA primary
and secondary sources and components (Paglione et al.; 2014).

In this study, a Particle Soot Absorption Photometer (PSAP - Radiance Research) which
measures light absorption coefficient at three wavelengths is used. Measurements are corrected
according to Virkkula et al. (2005) and normalized at standard temperature and pressure. Equiv-
alent BC (eBC) concentration is derived from light absorption coefficient at 660 nm.

A.6 Climate Change Tower

The 33 m high Amundsen-Nobile Climate Change Tower (CCT) is located about 1 km south-
westward of the town of Ny-Alesund and is equipped with a consistent set of meteorological
sensors installed at 10 m and 33 m and described in Mazzola et al. (2016). Additionally, a wind
lidar gives information about the vertical wind profile.

A.7 WRF Modeling

The model used is the Advanced Research WRF model (ARW), version 4.2.1 Skamarock et al.
(2019). We used a nested setup with three domains, where the outermost has a resolution of
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15 km, the middle domain has 5 km and the inner has 1 km resolution. The geographical extent
of the domains is shown in Figure |A.7.

Figure A.7: Visualisation of the WRF domains with the outermost domain in green, in yellow the
middle domain, and in red the inner domain.

Figure A.8: Radiosounding at 1100 UTC 12 November 2019 performed at Ny-Alesund (left) and
simulated with the WRF model (right).

The number of vertical levels is 172 between the surface and 50 hPa whereof 93 are below 3 km
altitude. We initialized and nudged the model with 6-hourly reanalysis input data from ERAS
on single and pressure levels (Hersbach et al., 2018a,b). The longwave and shortwave radiation
were treated by the CAM scheme (Collins et al., 2004), and for boundary layer processes we used
the Yonsei University (YSU) scheme (Hong et al., 2006). As a microphysics scheme we used the
double moment scheme developed by Milbrandt and Yau having six different classes for cloud
water and ice, rain, snow, graupel and hail (Milbrandt and Yau, 2005). Cumulus parametrization
was only active on the largest domain, here we used the Grell-Freitas ensemble scheme (Grell and
Freitas, 2014). We verified a satisfying model performance by comparing meteorological results
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with radiosonde observations before using the model data for comparison of cloud properties
(Fig. A.8). The CCN and INP concentrations were prescribed and are therefore independent of
the simulated background aerosol.

To complement the description of the WRF simulation for flight 3 in Section 4.c of the main
manuscript, we show here the simulated cloud properties averaged for each flights performed with
HoloBalloon on 12 November 2019 (Fig. A.9). The model correctly simulated an increase in the
cloud top height from flight 1 to 3 as can be seen from the increasing height where hydrometeors
are observed (Fig. S9). This is in accordance with the cloud top increase measured by the
cloud radar (Fig. S3,59). It also followed observed changes in cloud base height in agreement
with ceilometer retrievals, although the magnitude of the decrease before the third flight differs
(Fig. A.9). In this regard, it is important to note that snowfall may have attenuated the visibility
of the ceilometer below cloud base and thus led to a lower recorded liquid water cloud base than
in reality.

Figure A.9: The averaged vertical profiles during the three flights on 12 November 2019 (flight 1 from
1000 to 1100 UTC (yellow), flight 2 from 1215 to 1400 UTC (green), and flight 3 from 1545 to 1700
UTC (blue)) as observed by HOLIMO3B (solid lines) and simulated by WRF (dashed lines) of (a)
CDNC, (b) LWC, (c) ICNC & (d) IWC. The data from HOLIMO3B are averaged over 50 m altitude
bins and the WRF data over every model layer. The average cloud base and cloud top measured by
the remote sensing instrumentation (ceilometer and cloud radar, respectively) are represented by the
dotted horizontal lines. All frozen hydrometeor types (graupel, hail, snow and ice) from the WRF
model are merged together into the ICNC and IWC calculation and the rain and cloud droplet number
and mass for the CDNC and LWC calculation.

The liquid droplet number concentration (LDNC) and LWC measured by HOLIMO3B and
simulated by the model are comparable between 600-750 m a.s.l (which corresponds approxi-
mately to cloud base for flights 1 and 2), whereas below this height the model underestimates
the LDNC and LWC (Fig. A.9a,b). The simulated ICNC and IWC are underestimated during
flight 1, whereas during flight 2 the simulated ICNC is overestimated and the simulated IWC is
in the same order of magnitude as the in-situ measurements (Fig. A.9¢,d).
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Table A.1: Overview of all instruments and derived parameters installed in the framework of NASCENT

or used in this study. Note that more instrumentation is operational at Ny-Alesund.

Ground-based  virtual im-

pactor inlet (GCVI)

Multiparameter  Bioaerosol

Sensor (MBS)

Chemical ionization mass
spectrometer with filter in-
let for gases and aerosols
(FIGAERO-CIMS)
Differential Mobility Particle
Sizer (DMPS 1&2)
HOLIMO3G

Hawkeye

MPS

CDP2

CRAFT

Extended range Single Par-

ticle Soot Photometer (SP2-
XR)

SP2-XR

MAAP
COSMOS
CPC, DMPS, SMPS

Fog monitor

Location Instrument Derived Parameters
Zeppelin  Ob- | Ultrasonic Anemometer Wind speed and direction
servatory

Operational parameters
(flows, temperature, visibility,
ete)

Optical parameters on particle
size, shape and fluorescence
(single-particle data)

Mass spectra: ion signals in
counts per second

Particle size distribution (5 to
900 nm) and particle concen-
tration

Phase resolved distribution,
ICNC, CDNC, IWC, LWC
Particle size distributions (3 -
50 pm)

Precipitating particle size dis-
tributions (12.5 - 775 pm)
cloud droplet number concen-
tration ( 2 pm - 50 pm)

INP number concentration
(immersion mode)

Black carbon mass concentra-
tions and size distributions for
normal ambient aerosol as well
as for cloud droplet residuals
(sampled from the CVI inlet)
Black carbon mass concentra-
tions and size distributions for
normal ambient aerosol as well
as for cloud droplet residuals
(sampled from the CVI inlet)
Equivalent black carbon mass
concentrations

Equivalent black carbon mass
concentrations

Ambient aerosol size distribu-
tion

cloud droplet size distribution
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Swiss Site

APS, SMPS, CPC, OPC

Weather station
Laserdisdrometer

DRINCZ

HINC

WIBS-NEO

CCN-100 Counter

Ambient aerosol size distribu-
tion

Meteorological variables
Precipitation rate, particle
size and fall velocity distribu-
tion

INP concentration in ambient
air, snow, rime and snow pits
Continuous ambient INP con-
centration measurement (<
2.5,um , T = 243.15 K, RHw
— 104%)

Size distribution and fluores-
cence of aerosol particles
Count and size of CCN

HoloBalloon HOLIMO3B Phase resolved distribution,
ICNC, CDNC, IWC, LWC
Sonic Anemometer Wind speed and direction
OPC Ambient aerosol size distribu-
tion
Pyranometer & Pyrgeometer | SW & LW up & down
AWIPEV 94 GHz Doppler Cloud Radar | Radar  reflectivity  factor,
JOYRAD-94 (RPG-FMCW- | radar Doppler spectra and its
94-SP) moments
Wind Lidar Windcube200 Wind direction and speed pro-
file
Laserdisdrometer OTT | Precipitation rate, particle
Parsivel? size and fall velocity distribu-
tion
Vaisala CL-51 ceilometer Attenuated backscatter, cloud
base height
Digiquarz-6000, PT100, | Station level pressure, temper-
Vaisala HMT337,  Thiess | ature (2 and 10 m), relative
combined wind sensor classic | humidity (2 m), wind speed
and direction (2 and 10 m)
Radiosondes RS41 Profiles of T, p, RH, wind vec-
tor
CPS sonde Profiles of cloud parameters
(e.g., total particle count, par-
ticle phases, and particle size)
and of T, p, RH, wind vector
Gruvebadet PM10 filter sampling with | Ambient INP concentration -
subsequent offline analysis via | temperature spectrum
DRINCZ
Particle Soot Absorption Pho- | equivalent Black Carbon con-
tometer (PSAP) centration
PM1 filter samples with subse- | Organic Matter characteriza-
quent offline with H-NMR and | tion
HR-TOF-AMS
PM1 and PM10 with sub- | INP concentraion (condensa-
sequent offline analysis via | tion freezing)
DFPC
CCT Sonic Young Anemometer Wind speed and direction
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Cr radar constant, page 11

K? complex index of refraction, page 11

P, power received by the antenna, page 11

Z radar reflectivity, page 11

AA Arctic Amplification, page 1

AA Artic Amplification, page 16

CPC Condensation particle counter, page 22

APS Aerodynamic Particle Sizer, page 26

APS Aerodynamic Particle Sizer, page 108

AWIPEV Alfred Wegener Institut and Institut Paul Emile Victor, page 18
BC Black Carbon, page 18

BSRN Baseline Surface Radiation Network, page 13

C Celsius, page 2

CCN cloud condensation nucleus, page 3

CCNC cloud condensation nucleus concentration, page 3

CDNC cloud droplet number concentration, page 7

COSMOS continuous soot monitoring system, page 22

COSMOS continuous soot monitoring system, page 107

CPNC cloud particle number concentration, page 23

CTT Climate Change Tower, page 18

CVI Counterflow Virtual Impactor, page 23

DDNC drizzle drops number concentration, page 45

DDNC drizzle drops number concentration, page 110

DMA dimethylamine, page 27

DMA dimethylamine, page 108

DMPS Differential Mobility Particle Size Spectrometer, page 24

DMPS Differential Mobility Particle Size Spectrometer, page 107
DRINCZ DRoplet Ice Nuclei Counter Zurich, page 12

ERFai Effective Radiative Forcing due to aerosol-cloud interactions, page 7
ERF i Effective Radiative Forcing due to aerosol-radiation interactions, page 7
FIDAS Fine Dust Measurement Device, page 26

FIDAS Fine Dust Measurement Device, page 108

FIGAERO-CIMS iodide Chemical Ionization high-resolution time-of-flight Mass Spectrom-

eter coupled to a Filter Inlet for Gases and AEROsols coupled to a
Chemical Ionization Mass Spectrometer, page 27

fps frames per seconds, page 85

Gly glycerol, page 27

Gly glycerol, page 108

HINC Horizontal Ice Nucleating Chamber, page 12
HM Hallett-Mossop, page 4

HMSA hydroxymethane-sulfonic acid, page 27
HMSA hydroxymethane-sulfonic acid, page 108
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HOLIMO3B
hr

ICNC
ICNcpr< 106 pm
INP

INPC

INPCer
INPCyp

IWC

K

L

L

LDNC
LIDAR
LWC
MAAP
MAAP
MPC
MSA
MSA
NASCENT
NASCENT
NorESM2
OEF
PAMTRA
PM1
PM1
PM10
PM10
PSAP
PSAP
RADAR
S

Si

SI

SIP

SIP.n
SIPhigh
SIP)ow
SIPmod
SIP.o
SMPS

TMA
TMA
WBF
WRF

HOLographic Imager for Microscopic Objects, page 9
hour, page 74

ice crystal number concentration, page 4

number concentration of pristine ice crystals smaller than 106 p, page 42
ice nucleating particle, page 2

ice nucleating particle concentration, page 4

ice nucleating particle concentration at cloud top temperature, page 43
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Overview of the NASCENT study set-up at Ny-Alesund, Svalbard. Aerial photo
with the five measurement locations and the respective instrumentation. The
campaign logo is shown in the lower right corner.| . . . . . . . ... ... ... ..
Temperature and cloud seasonality observed during NASCENT. (a) Average tem-
peratures during NASCENT compared to the climatology of 1994 to 2018 (shading
represents the standard deviation) measured at the AWIPEV weather mast 10 m
above ground (Maturilli et al., 2013). (b) Monthly frequency of occurrence of
cloud types derived from the Cloudnet data during NASCENT. Colors represent
the different cloud types, while dashed lines show all clouds in the column and
solid lines the low-level clouds with cloud tops below three kilometers. Note that
multiple cloud layers of different kinds are accounted for separately, so that the
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sum of 'liquid’, ’ice’, and 'mixed-phase’ does not equal the frequency of ’any’ clouds. 20

Wind measurements during NASCENT throughout the Ny-Alesund area at the
different locations and retrieved from radiosondes. Data is shown for the AW-
IPEV weather mast (10 m), the Zeppelin Observatory, the CCT (10 m), and from
daily radiosondes between 3000-3500 m a.s.l.. The bar length gives the respective
frequency of occurrence with the maximum frequency value specified at the end
of the longest bar. Topographic map of the Ny-Alesund region from (Norwegian
Polar Institute, 2014). . . . . . . . ...
Monthly average distributions of (a) aerosol particle number and (b) black carbon
(BC) mass concentrations measured during NASCENT at Gruvebadet and at the
Zeppelin Observatory in comparison to previous climatologies. The box-whisker
plots show the quartiles and the 5th and 95th percentiles, respectively, while
outliers are marked with diamonds. The particle number concentrations were
measured using CPC’s, while BC concentrations were measured by four different
instruments: extended-range single-particle soot photometer (SP2-XR, Stephens
et al., 2003; Schwarz et al., 2006), a multi-angle absorption photometer (MAAP,
Petzold and Schonlinner, 2004), a continuous soot monitoring system (COSMOS,
Kondo et al., 2011), and a Particle Soot Absorption Photometer (PSAP).

Cloud in-situ measurements on 12 November 2019 at Zeppelin Observatory. (a)
Cloud particle number concentration and liquid water content measured by the
fog monitor. The period selected for the lower panels (c) and (d) is indicated. (b)
Cloud residual number concentration and ambient aerosol number concentration,
together with the fluorescent particle concentration (x 10%) within the cloud resid-
uals/ambient aerosol number concentrations, and ambient visibility measured at
the CVI inlet (note the reversed y-axis). The shading at the top of the figure in-
dicates when the CVI was in operation/ON. (c) Particle number size distribution
of the cloud residuals and whole-air aerosols (interstitial and activated aerosol)
measured by a tandem-DMPS system. (d) Cloud residual number concentration
measured by the CVI inlet, ambient ICNC (x 10) measured by HOLIMO3G, and
CPNC measured by the fog monitor. . . . . . . .. .. ... .. ... ... ...
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Overview of INPCs observed on 12 November 2019. Blue violin plots: six INP
samples measured with DRINCZ between -10 °C and -21 °C and with HINC at
-30 °C at the Swiss Site. The red lines indicate the median and the dashed black
lines the 25th and 75th percentiles. The blue dashed line shows the corresponding
exponential fit (INPC(T) = exp(—0.4146 - T' — 12.4059) (cf. Li et al., 2022)).
Purple and Magenta: one filter sample collected between 0900 - 1200 UTC at
Gruvebadet analyzed by the DFPC on PM1 and PM10. Orange line: one filter
sample collected from 10 - 16 November 2019 at the Zeppelin Observatory analyzed
by CRAFT. The error bars represent the 95% confidence interval. | . . . . . . ..

(a) Particle number concentration for sizes > 0.5 pm measured by the APS (aero-
dynamic diameter) at the Swiss Site and by the FIDAS (optical diameter) at the
Zeppelin Observatory, with a time resolution of 3 minutes for both instruments.
(b) INPC and activated fraction (INPC/Ng5) at -12 °C (left axis), and fluorescent
(particle) concentration and fluorescent (particle) fraction (right axis). We select
a temperature of -12°C to adequately evaluate the contribution from biological
aerosol particles (Kanji et al., 2017, and references therein). The INPCs are
measured by DRINCZ and the fluorescent particle concentration by an Wideband
Integrated Bioaerosol Sensor (WIBS). The fractions are normalized to the particle
fraction > 0.5 pm. . . . . L L

High-resolution chemical composition of (a) aerosol particles before a cloud event
(whole-air inlet) and (b) of cloud residuals during the cloud measured by the
FIGAERO-CIMS on 24 December 2019. Shown is the background-corrected ab-
solute signal of individual molecules, separated by the number of carbon and
oxygen atoms. (c) 'H-NMR spectra of ambient PM1 samples collected at Gruve-
badet for 12 November and 24 December 2019. Specific resonances are assigned to
levoglucosan (L), hydroxymethane-sulfonic acid (HMSA), methane-sulfonic acid
(MSA), dimethylamine (DMA), trimethylamine (TMA) and glycerol (Gly). Un-
resolved mixtures of aromatic compounds and linear aliphatic chains, including
possible contributions from lipids, are indicated in the spectra. The insert provides
a focus on the aliphatic region of the spectra characteristic of polyols/saccarides
compounds (H-C-O). Grey areas between 4.7 - 5.0 ppm and between 8 - 8.5 ppm
cover the disturbance due to solvent and buffer solutions needed for the analysis.

Overview of the cloud properties observed in-situ on HoloBalloon and by the cloud
radar on 12 November 2019. (a) Cloud radar reflectivity, HoloBalloon path and
Zeppelin altitude. (b) Doppler spectra and mean Doppler velocity at the height of
the HoloBalloon path. Positive values represent a downward velocity. (c) Cloud
droplet and (d) ice crystal size distributions (color) and total CDNC and ICNC
(black line) measured by HOLIMO3B. (e) Cloud droplets, drizzle drops, and ICNC
for crystals smaller and larger than 106 pm. This cut-off size is defined by the
bin size closest to 100 pm. (f) Frequency of occurrence of the ice crystal habits
and total ICNC. The data are averaged over 60 sec. Note that at around 1550
UTC, HoloBalloon flew out of the cloud, which explains the decrease in CDNC
and ICNC measured by HOLIMO3B (c-f) and the missing reflectivity data at the
HoloBalloon height (b). . . . . . .. ... ... ... ...
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Examples of ice crystals classified as typical habits observed with HOLIMO3B.
Plates and (hollow) columns with a diameter smaller than 106 pm were classified
as pristine, whereas larger columns were classified separately. Droplet ’lollipop’,
and drops showing evidence of freezing are classified as frozen drops. All the other
ice crystals, including rimed and aggregated particles are classified as "Aged’. The
scale bar in the right panel is representative for all of the panels. The respective
fractions of the typical ice crystals habits to the total ICNC are displayed in
Figure 2.9 . . . . . .

(a-c) Measured size distributions from HOLIMO3B. (d-f) Radar Doppler spectra
simulated with the PAMTRA tool using the size distribution shown in a-c. The
measured size distribution and simulated Doppler spectra are shown at three char-
acteristic time periods of 5 minutes: 1525-1530 UTC (a & d), 1600-1605 UTC (b
& e), and 1625-1630 UTC (C & £). | v v v

The averaged vertical profiles during flight 3 on 12 November 2019 observed by
HOLIMO3B and simulated by WRF. (a) LDNC, (b) LWC, (c¢) ICNC & (d) IWC.
The contribution of graupel to the ICNC and IWC are shown with the colored
dashed profile line in (c¢) and (d).The data from HOLIMO3B are averaged over
50 m altitude bins and the WRF data over every model layer. The average cloud
base and cloud top measured by the remote sensing instrumentation (ceilometer
and cloud radar, respectively) are represented by the black dotted horizontal lines
and the HM temperature range (-8°to -3°C) is highlighted in (c¢) and (d). . . . . .

(a) Map of Svalbard with the location of Ny-Alesund marked with the red star.
(b) Map of the peninsula close to Ny-Alesund. Ny-Alesund, the Kronebreen and
Kongsvegen glaciers, the fjord Kongsfjorden, and the Mt. Zeppelin mountain are
labelled. (Topographical data from Norwegian Polar Institute, 2014). . . . . . .

Examples of ice crystals observed with HOLIMO classified as pristine with diam-
eters < 106 pm , non-pristine ice crystals with diameters < 106 pm, and pristine
ice crystals with diameters > 106 pm. The presence of pristine ice crystals with
diameter < 106 pm was used for identification of SIP. The scale bar applies to all
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(a) Ambient temperature and pressure measured from the weather mast two me-
ters above ground at the AWIPEV Observatory. (b) Horizontal wind speed mea-
sured with the wind lidar averaged over 1h30 (wind barbs) and HoloBalloon mea-
surement height (black line). (c) Cloud radar reflectivity (color), HoloBalloon
measurement height (black line), and cloud top temperatures from radiosonde
launches measured during the six-day measurement period. On 8 November 2019
and 1 April 2020 the temperature is shown at an altitude of 1800 m a.s.l. because
the cloud top is higher than 3000 m a.s.l.. (d) Total CDNC (black) and drizzle
drops number concentration (DDNC) (orange) averaged over 5 min. The uncer-
tainty in the concentration of cloud and drizzle is estimated to be £6%. (e) Total
ICNC (black line) and ICNCpr-106 um (red line) averaged over 5 min, INPCcr
(light blue crosses) and INPCyp (dark blue crosses). For 10 November 2019, the
ICNCs averaged over each flight are shown with black circles because the ICNC
are too low to display a time series. On 12 November 2019, the INPCyp were
below the limit of detection of the INP instrumentation, therefore the limit of
detection (1.4-10 L!) is displayed instead (INPCy,, dark blue dashed line). The
uncertainty for the concentration of ice particles smaller than 100 pm is estimated
to £5% and to +£15% for ice crystals larger than 100 pm. The uncertainty for
the INPC amounts to a factor of two. On 8 November 2019 and 1 April 2020,
no INPCcr can be provided as the cloud top temperatures were below the ob-
servable nucleation temperatures of our INP instrumentation. All data are shown
from 11:00 UTC on 8 November to 18:00 UTC on 12 November 2019 and on 1
April 2020 from 05:00 to 16:00 UTC. Note that the ticks are at 12:00 UTC for
each day.|. . . . . . . .

Temperature (red) and relative humidity (RH) with respect to water (bright grey)
and ice (dark grey) measured by the radiosonde launched at 11:00 UTC on 8 to 12
November 2019 and at 17:00 UTC on 1 April 2020. The 100% RH line is shown
with the broken black line. | . . . . . . . . . .. ... ... ... ..

Representative examples of ice crystals observed with HOLIMO during the flights
on (a) 8 and 9 November 2019 and (b) 10 November 2019. The scale bar applies
to both panels. |. . . . . . .

Overview of the cloud properties on 11 November 2019. (a) Cloud radar reflectivity
(color), HoloBalloon measurement height (black line), cloud base height measured
by the ceilometer (black dots), and temperatures at the corresponding altitudes
measured by the radiosonde at 11:00 UTC, 14:00 UTC, and 20:00 UTC. Note
that the lowering of the cloud base to the surface detected by the ceilometer after
17:30 UTC is caused by precipitation. (b) Cloud droplet size distributions (color
shading) and total CDNC (black line). The uncertainty in the concentration of
cloud and drizzle is estimated to be £6%. (c) Ice crystal size distributions (color
shading) and total ICNC (black line) measured by HOLIMO averaged over 1 min.
The uncertainty for the concentration of ice particles smaller than 106 pm is
estimated to +5% and for the concentration of larger ice crystals to +15%.

(a) Representative examples of ice crystals classified in typical habits observed
with HOLIMO between 18:00 UTC and 19:00 UTC on 11 November 2019. The
scale bar applies to all panels. (b) Concentrations of ice crystals classified into
habits and ICNCpy—106pm (black line). (c) Fraction of ICNCpr—106pm, pristine ice
crystals with diameter > 106 pm (ICNCpr—106pm), aged ice crystals, recirculation
particles, and frozen drops concentrations to ICNC. The shaded area shows when
HoloBalloon flew out of the cloud. The measurements are averaged over 1 min.
The uncertainty for the concentration of ice particles smaller than 106 pm is
estimated to +5% and for the concentration of ice larger crystals to +15%.
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Overview of the cloud properties on 1 April 2020. (a) Cloud radar reflectivity
(color), HoloBalloon measurement height (black line), cloud base height measured
by the ceilometer (black dots), and temperatures at the corresponding altitudes
measured by the radiosounding at 17:00 UTC. (b) Cloud droplet size distributions
(color shading) and total CDNC (black line). .The uncertainty in the concentra-
tion of cloud and drizzle is estimated to be £6%. (c) Ice crystal size distributions
(color shading) and total ICNC (black line) measured by HOLIMO averaged over
1 min. The uncertainty for the concentration of ice particles smaller than 106 pm
is estimated to £5% and for the concentration of larger ice crystals to £15%.

(a) Representative examples of ice crystals classified in typical habits observed
with HOLIMO on 1 April 2020. Ice crystals with indication of broken features
are highlighted with blue frames. The scale bar is representative for both panels.
(b) The concentration of the ice crystals by habit and ICNCy,106um (black line)

between 12:20 UTC and 14:40 UTC (bottom) on 1 April 2020 are shown. The
uncertainty for the concentration of ice particles smaller than 100 pm is estimated
to 5% and for the concentration of larger ice crystals to £15%. . . . .. .. ..
Frequency of occurrence of SIPp, (ICNCpr106 ym < 0.3 L1), SIPjoy (0.3 Lt <

ICNCpr<106 pm < 1 L_l), SIP 104 (1 Lt < ICNCpr<106 pm < 10 L_l), and SIPhigh
(10 L't < ICNCpy-106 ym)- The numbers refer to the number of 30 s intervals
observed within each SIP class.| . . . . . . .. .. ... . o oL
(a) ICNCpr<106 ym, (b) CDNC and drizzle drop number concentrations (DDNC),
(c) frozen drop number concentrations, and (d) snow crystals number concen-
trations retrieved with HOLIMO averaged over 30 s. The uncertainty for the
concentration of cloud droplets is estimated to +6%, for the concentration of ice
particles smaller than 100 pm to £5% and for the concentration of snow crystals
and frozen drops to £15%. (e) Temperature derived from the radiosondes at the
HoloBalloon location. The breaks on the time axis separate measurement flights.
The black dashed lines in panel (a) and (c) denote the SIPy0q (1 L!) and SIPpign
(10 L!) limits. The white regions show the occurrence of SIP, whereas the grey
shaded regions show no SIP. . . . . . . . . . . .. .. ... ... ...
(a) Number of measurements for each ICNCy;~106pm bin (note the log scale) for
each day of measurements (color lines) and all measurements (black line). The
ICNCpr<106pm regions defined as SIPjoy, SIPpoq, SIPhign are shown on top and
SIP,, is represented with a black box. (b) ICNCpr-j06pm fraction from total
ICNC for each temperature bin of 1 °C (color shading) and ICNCp;—106pm bin.
The frequency of ICNCpr-106pm < 0.3 Lt to ICNC (SIP,, class conditions) is
highlighted by the thick black frame. A concentration of 0.3 Lt was used for the
calculation of ICNCy;~106pm to total ICNC when no ice crystal was measured in
the 30 s interval. (¢) Number of measurements (Ny,eas) per temperature bin (1 °C)

for measurements with SIP (red bars), and for measurements with SIP,, (black
bars). (d) Number of measurements (Npeas) per temperature bin for each day of
measurements (colored lines). The data were averaged over 30 s for the analysis.

Potential temperature and wind speed and direction measured by the radiosonde
launched at 11:00 UTC or 17:00 UTC on the six days of measurements. The mean
cloud base (CB) measured with the ceilometer is labeled. . . . . . ... ... ...
Schematic of the derivation of the maximum Doppler velocity vmax (red star) from
the Doppler spectra. Zpin and Zpyax (green dots) are the minimum and maximum
radar reflectivity (see the text for more details). . . . . . .. ... ... ... ...

Examples of ice crystals observed with HOLIMO and classified manually as columns,
plates, dentrites, and aged particles. The scale bar at the bottom right applies for
all panels. . . . . . . e
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