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Abstract

Mountains can trigger the formation of orographic clouds or modify the structure of incom-
ing cloud systems and thereby account for a large fraction of the Earth’s annual precipitation.
During winter, most of the precipitation-forming clouds are mixed-phase clouds (MPCs), which
consist of a mixture of supercooled cloud droplets and ice crystals. Although the coexistence of
liquid and ice is thermodynamically unstable, persistent MPCs have frequently been observed
in mountain regions, where the local topography produces sufficiently large updrafts to provide
a continuous source of condensate. Despite significant advances in the fundamental understand-
ing of MPCs and orographic precipitation over the past decades, large uncertainties remain
regarding ice initiation, the partitioning between the liquid and ice phase and the glaciation
time in MPCs. This limits the ability to obtain accurate forecasts of precipitation formation
and amounts in complex terrain. Innovative measurement strategies are required to improve
our understanding of the numerous microphysical and dynamical processes in orographic MPCs
and their convoluted interactions, which govern orographic precipitation.

The aim of this thesis is to improve the process understanding of orographic MPCs and precip-
itation through a multi-instrumental approach by combining observations from an extensive set
of in situ and remote sensing instrumentation. Since the ability of aircrafts to fly in cloudy con-
ditions in complex terrain is limited (e.g., in winding and narrow valleys) and cloud observations
at mountain-tops are influenced by surface processes, a new measurement platform on a tethered
balloon system (HoloBalloon) was developed to study boundary layer clouds in complex terrain.
The major component of the measurement platform is a newly developed HOLographic Imager
for Microscopic Objects (HOLIMO 3B), which was designed for balloon-borne measurements.
HOLIMO 3B uses digital in-line holography to image an ensemble of cloud particles in the size
range from small cloud droplets to precipitation-sized particles in a three-dimensional sample
volume. Based on two-dimensional images, information about the phase-resolved particle size
distribution and particle shape can be obtained. The velocity-independent sample volume of
HOLIMO 3B makes it particularly well suited for balloon-borne applications, which have to
deal with fluctuations in wind speed and direction. Additionally, the measurement platform is
equipped with an optical particle counter, a 3D ultrasonic anemometer, and a temperature, a
humidity and a pressure sensor.

The HoloBalloon platform was successfully deployed in different environments and atmospheric
conditions. In winter 2018, the HoloBalloon platform demonstrated its feasibility by obtaining
vertical profiles of microphysical and meteorological cloud properties up to 700 m above the
surface in low stratus clouds over the Swiss Plateau. In winter 2019, the HoloBalloon platform

was deployed in orographic clouds within the framework of the Role of Aerosols and CLouds

iii



Enhanced by Topography on Snow (RACLETS) campaign, which took place in the Swiss Alps
in the region around Davos.

A wide variety of orographic effects can enhance precipitation over complex terrain and influ-
ence its spatial distribution along the mountain barrier. In the present thesis, the complex
interplay between orography, dynamics, microphysics and precipitation is explored on the basis
of several case studies of the RACLETS campaign. The role of low-level blocking and shear-
induced turbulence on the cloud microphysics and precipitation formation was investigated in
an inner-Alpine valley. We suggest that aggregation, needle growth and secondary ice produc-
tion occurred within the turbulent shear layer, which enhanced ice growth and precipitation
formation. The amount of precipitation was determined by the strength of the cross-barrier
flow and of the low-level blocking, as precipitation was only observed at the ground when the
blocking was weakest and the altitude of the cloud base and shear layer were lowest. Addition-
ally, a persistent low-level liquid cloud was observed by the HoloBalloon platform, when the
low-level flow was forced to rise over a small-scale topographic feature in the mountain valley.
This shallow low-level cloud did not generate significant precipitation by itself, but was found
to "feed" on precipitation particles that formed at higher altitudes (i.e., in the seeder region of
the cloud) and to produce conditions favorable for secondary ice production processes. Seeder
regions were observed in connection with cloud top generating cells, within which enhanced ice
formation and growth occurred. In the present thesis, we propose different mechanisms that
potentially increase ice formation and growth within generating cells (convective overshooting,
radiative cooling, droplet shattering) by considering the ground-based ice nucleating particle
concentration and the ice crystal number concentration measured near cloud base. We found
that increased ice formation and growth within the seeder region can induce the full glaciation
of a MPC and suggest that secondary ice production may have been partly responsible for the
elevated ice crystal number concentrations that have been previously observed in feeder clouds
at mountain-top observatories.

The synergy of aerosol, cloud, dynamics and precipitation observations can improve our under-
standing of the microphysical pathways of precipitation formation in orographic MPC. These
microphysical processes (e.g., secondary ice production, glaciation of MPC) and the dynamical
response of the flow to the orography need to be represented accurately in atmospheric models

in order to improve the reliability of precipitation forecasts in complex terrain.
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Zusammenfassung

Gebirge konnen zur Bildung von orographischen Wolken fiihren sowie die Struktur von ankom-
menden Wolkensystemen beeinflussen und tragen damit zu einem Grossteil des jahrlichen Nie-
derschlages bei. Der meiste Niederschlag im Winter entsteht in sogenannten Mischwolken (MW),
welche aus einer Mischung aus unterkiihlten Wolkentrépfchen und Eiskristallen bestehen. Ob-
wohl die Koexistenz von Fliissigwasser und Eis thermodynamisch instabil ist, beobachtet man
langlebige MW héufig in Bergregionen, wo die lokale Topographie geniigend hohe Aufwindge-
schwindigkeiten produzieren kann um eine kontinuierliche Fliissigwasserzufuhr zu gewahrleisten.
Trotz bedeutender Fortschritte im Verstdndnis von MW und orographischem Niederschlag gibt
es immer noch grosse Unsicherheiten beziiglich der Eisbildung, dem Anteil von unterkiihlten
Wolkentropfchen sowie der Vereisung von MW. Innovative Messstrategien sind erforderlich fir
ein besseres Verstdndnis von den zahlreichen mikrophysikalischen und dynamischen Prozessen
in orographischen MW sowie deren Interaktionen und damit einer verbesserten Niederschlags-
prognose im Gebirge.

Das Ziel dieser Doktorarbeit ist es das Prozessversténdnis von orographischen MW und Nieder-
schlag mit Hilfe eines multisensorischen Ansatzes, der in situ- und Fernerkundungsmessungen
kombiniert, zu verbessern. Angesichts der begrenzten Féhigkeit von Flugzeugmessungen in Wol-
ken in komplexem Gebirge (z.B., in gewundenen und engen Télern) und dem Einfluss von Bo-
denprozessen auf Wolkenmessungen (z.B. auf Bergstationen), wurde eine neue Messplattform auf
einem Fesselballon entwickelt (HoloBalloon), um Grenzschichtwolken im komplexen Gelédnde zu
untersuchen. Der Hauptbestandteil der Messplattform ist ein neu entwickeltes holographisches
Messinstrument (HOLIMO 3B), welches fiir ballongestiitzte Anwendungen konzipiert wurde.
HOLIMO 3B verwendet digitale in-line Holographie um ein Ensemble von Wolkenpartikeln be-
stehend aus kleinen Wolkentrépfchen bis zu grossen Niederschlagspartikeln in einem dreidimen-
sionalen Volumen zu messen. Anhand von zweidimensionalen Bildern kénnen Informationen zur
phasenaufgelosten Partikelgrossenverteilung sowie zur Partikelform erhalten werden. Das Mess-
volumen von HOLIMO 3B ist unabhéngig von der Anstrémungsgeschwindigkeit und eignet sich
daher sehr gut fiir ballongestiitzte Anwendungen, da auf einem Ballon Fluktuationen in der
Windgeschwindigkeit und Windrichtung auftreten. Zusétzlich ist die Messplattform mit einem
optischen Partikelzahler, einem 3D Ultraschallanemometer sowie mit Temperatur-, Feuchte- und
Drucksensoren ausgestattet.

Die HoloBalloon Plattform wurde erfolgreich in verschiedenen Umgebungen und atmosphéri-
schen Bedingungen eingesetzt. Im Winter 2018 hat die HoloBalloon Plattform erstmals ihre
Funktionsfidhigkeit in tiefen Stratuswolken iiber dem Schweizer Mittelland unter Beweis gestellt,

indem Vertikalprofile von mikrophysikalischen und meteorologischen Wolkeneigenschaften bis



auf eine Hohe von 700 m iiber Boden gemessen wurden. Im Winter 2019 wurde die HoloBalloon
Plattform in orographischen Wolken im Rahmen der RACLETS Messkampagne eingesetzt, wel-
che in den Schweizer Alpen in der Region um Davos stattfand.

Eine Vielzahl an orographischen Prozessen kénnen die Niederschlagsbildung in komplexem Ge-
birge verstirken und die rdumliche Niederschlagsverteilung entlang der Gebirgskette beeinflus-
sen. Das komplexe Zusammenspiel zwischen Orographie, Dynamik, Mikrophysik und Nieder-
schlagsbildung wurde in dieser Doktorarbeit anhand von verschiedenen Fallstudien wahrend der
RACLETS Kampagne untersucht. Die Auswirkungen von blockierten Strémungen und Turbu-
lenzen auf die Mikrophysik und Niederschlagsbildung wurde in einem inneralpinen Tal erforscht.
Das Eiswachstum war innerhalb der turbulenten Scherschicht verstarkt aufgrund vermehrter Ag-
gregation, Nadelwachstum und der Bildung von Sekundéreis. Die Niederschlagsmenge hing von
der Stérke der Hohenstromung und der Gegenstromung in Bodenndhe ab, da Niederschlag nur
am Boden beobachtet wurde, wenn die Gegenstromung am schwéchsten war und die Héhe der
Wolkenbasis und der Scherschicht am tiefsten waren. Zudem wurde mit Hilfe der HoloBalloon
Plattform eine langlebige Fliissigwasserschicht in Bodennédhe beobachtet, welche durch das Anhe-
ben der bodennahen Strémung iiber eine kleinrdumige topographische Struktur gebildet wurde.
Diese tiefe Wolke konnte selbst keine erheblichen Niederschlagsmengen produzieren, konnte aller-
dings Wassertropfchen zum Anfrieren an Niederschlagspartikeln liefern (Feeder-Region), welche
in der hoher gelegenen Wolkenschicht (Seeder-Region) gebildet wurden, sowie geeignete Bedin-
gungen fiir die Bildung von Sekundéreis schaffen. Seeder-Regionen treten haufig in Verbindung
mit eisbildenden Zellen (generating cells) in der Nahe der Wolkenoberkante auf, in welchen ver-
mehrte Eisbildung und verstérktes Eiswachstum beobachtet wird. In dieser Doktorarbeit wurden
verschiedene Prozesse, welche die Eisbildung und das Eiswachstum in den eisbildenden Zellen
verstarken konnen ({iberschiessende Konvektion, Strahlungsabkiihlung, Bildung von Sekundéreis
durch Zersplitterung von Trépfchen), mit Hilfe der Analyse von Eiskeimkonzentrationen und
den Eiskristallkonzentrationen in der Nihe der Wolkenuntergrenze untersucht. Unsere Beobach-
tungen zeigen, dass verstiarkte Eisbildung und Eiswachstum innerhalb der Seeder-Region zur
Vereisung der MW fithren kann und dass Sekundéreisprozesse moglicherweise zu den erhohten
Eiskristallkonzentrationen, welche regelméssig auf Bergstationen gemessen werden, beitragen.
Die Kombination von Aerosol-, Wolken-, Dynamik- und Niederschlagsmessungen helfen unser
Verstandnis von den niederschlagsbildenden Prozessen in orographischen MW zu verbessern.
Diese mikrophysikalischen Prozesse (z.B. Bildung von Sekundéreis, Vereisung der MW) und der
Einfluss von Gebirge auf die Strémung miissen moglichst genau in den atmosphérischen Modellen

abgebildet werden, um die Niederschlagsprognosen im komplexen Gelande zu verbessern.
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Chapter 1

Introduction

The close connection between precipitation and mountains dates back to ancient times. From
far away, the ancient Greeks could see how towering mountains were triggering the formation of
clouds or diverting incoming cloud systems, influencing the distribution of precipitation. One
of the pioneers exploring the influence of mountains on weather and climate was Aristotle, who

writes in Meteorologica:

For mountains and high places act like a thick sponge overhanging the earth and
make the water drip through and run together in small quantities in many places.
For they receive the great volume of rain water that falls ... and they cool the vapor

as it rises and condense it again to water.

(Aristotle — 340 B.C.)

Nowadays, it is well known that mountains account for a large fraction of the annual precipita-
tion, form an important water storage (e.g., glaciers) and represent a major fresh water supply
for many rivers (e.g., Roe, 2005; Smith, 2019). While a solid understanding of orographic precip-
itation has been established over the last decades, many mechanisms responsible for orographic
precipitation remain unresolved. In particular, the complex interactions between numerous pro-
cesses spanning over a wide range of scales (e.g., dynamics, thermodynamics, microphysics,
orography), make quantitative precipitation forecasting in complex terrain challenging. The ice
phase was found to play a crucial role for precipitation formation, since more than 90 % of the
precipitation in mid-latitudes originates from ice containing clouds (e.g., Miilmenstadt et al.,
2015; Field and Heymsfield, 2015).

In addition, clouds play an important role for regulating the Earth’s energy budget by reflecting
solar shortwave radiation back into space (cooling) and by absorbing and re-emitting terrestrial
longwave radiation (warming) (e.g., Fu and Liou, 1993; Liou, 2002). It depends on the cloud
type and on the altitude, whether the cooling or warming effect is dominating. High, thin cirrus
clouds have a warming effect on the climate system, whereas the cooling effect usually domi-
nates for thick low- and mid-level clouds. Furthermore, the radiative impact of clouds strongly
depends on the partitioning of the liquid and ice phase, as the radiative properties of cloud

droplets and ice crystals differ significantly (e.g., Sun and Shine, 1994; Matus and L’Ecuyer,
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Introduction

2017). Ice clouds are optically thinner, due to the smaller refractive index of ice crystals and
the larger particle size compared to liquid cloud droplets. Thus, the reflectivity of a pure water
cloud can be 2-4 times larger than that of a pure ice cloud (Sun and Shine, 1994).

The warming climate adds an extra layer of complexity to the system. One of the largest sources
of uncertainty in climate models is how clouds, or more specifically, the radiative impact of clouds
and precipitation formation change in a warming climate (Boucher et al., 2013). Both factors
strongly depend of the phase partitioning between the liquid and ice phase (e.g., Boucher et al.,
2013). As temperature increases in a warming climate, a shift from the ice to the liquid phase
could increase the opacity of clouds, resulting in a net cooling effect (e.g. Tan et al., 2016). On
the other hand, precipitation is expected to intensify in a warming climate, increasing the risks
of extreme precipitation events such as flash floods and landslides (e.g., Donat et al., 2016).
However, these feedback mechanisms are highly uncertain and require further research. In par-
ticular, a comprehensive understanding of clouds and their phase partitioning in the present-day
climate is essential to make projections on how the clouds and precipitation will change in a
warming climate. The present thesis takes a step towards enhancing our understanding about
clouds, focusing on the Alpine environment, which plays an important role in the hydrological

cycle and is particularly vulnerable to changes in a warming climate.

1.1 The Swiss climate and typical weather conditions in the
Alps

The Swiss climate is characterized by a complex microclimate, which is strongly influenced by
the Alps as well as by the Atlantic Ocean. The predominant large-scale flow is from west-
ern/northwestern direction and thus brings moist ocean air towards Switzerland. With an
average height of 3000-4000 m a.s.l., the Alps represent a barrier for incoming weather systems.
If the moist large-scale flow encounters the Alps, the air mass is forced to ascend over the moun-
tain barrier, which leads to adiabatic cooling and eventually to condensation of water vapor and
thus to the formation of orographic clouds and precipitation. Several mechanisms have been
proposed how the interplay between orography, dynamics and microphysics can enhance pre-
cipitation over complex terrain (see Section 1.3). Moreover, the Alps can alter and reorganize
incoming weather systems and thus influence precipitation pattern.

In addition to their prominent role as a barrier for incoming weather systems, the Alps can also
influence other climate regions such as the Swiss Plateau, which is bound by the Swiss Alps in
the south and by the Jura mountains in the northwest. The Swiss Plateau is often covered by
fog and low stratus clouds during the autumn and winter months (e.g., Bendix, 2002; Scherrer
and Appenzeller, 2014). This local effect can be seen in the satellite picture in Figure 1.1, where
the Swiss Plateau was completely covered by low stratus clouds, whereas other parts of Central
Europe were practically cloudless. Most commonly, fog forms by radiative cooling along rivers
and lakes during high pressure situations in the winter half year (e.g., Roach et al., 1976; Sam-
purno Bruijnzeel et al., 2006). Additionally, cold air can flow from the Alpine valleys and the
Jura towards the Swiss Plateau, where the cold air can accumulate and form a cold air pool. If

the air is sufficiently moist, further cooling of the air by emission of longwave radiation can cause



1.2. Cloud microphysics

Figure 1.1: Satellite picture over Central Europe from 30 December 2016 taken by the Suomi
NPP/VIIRS (taken from NASA Worldview), showing the presence of a low-level stratus cloud over
the Swiss Plateau and the snow-capped Alps.

condensation and the formation of ground fog. Ground fog is often lifted up to higher altitudes
due to surface heat fluxes, forming a continuous layer of low stratus clouds (often referred to
as ’high fog’ in German). Furthermore, low stratus clouds can form over the Swiss Plateau
in connection with a Bise situation, when cold air from easterly to north-easterly direction is
pushed under warm air (see also Chapter 2). In autumn and winter, the solar radiation absorbed
by fog and low stratus clouds is often too small to dissipate the cloud layer. Thus, ground fog
and stratus clouds can persist for several days, until a change in the synoptic weather pattern
occurs.

Reliable forecasts of fog and low status clouds are particularly important for land transportation,
aviation and photovoltaic energy production. However, current numerical weather prediction
models have major issues in capturing the underlying physical processes and thus in predicting
the formation and dissipation of fog and low stratus clouds. In the following, we will discuss the

liquid-, mixed- and ice-phase processes in clouds in more detail.

1.2 Cloud microphysics

Clouds can consist of liquid cloud droplets (warm clouds), ice crystals (ice clouds) or a mix-
ture of both (mixed-phase clouds). The cloud phase is strongly determined by the temperature
and the physical processes. Pure liquid clouds occur at temperatures above 0°C. Liquid cloud
droplets can be supercooled down to a temperature of around -38 °C. Below -38 °C, supercooled
cloud droplets freeze homogeneously (i.e., without the need of an ice nucleating particle). In the
temperature range between 0°C and -38 °C, mixed-phase clouds (MPCs) can exist (e.g., Pinto

et al., 2001; Shupe et al.,; 2006). The coexistence of the ice and liquid phase is thermodynami-
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Introduction

cally unstable due to the lower saturation vapor pressure over ice compared to over liquid. In
the following, we discuss the microphysical processes and interactions that determine the parti-
tioning between the liquid and ice phase in MPCs.

Cloud droplets form through the activation of aerosol particles that can serve as cloud conden-
sation nuclei (CCN). The CCN concentration depends on the ambient supersaturation and is
generally higher over land (10%-10%cm™3) than over ocean (10'-103cm™3) (Lohmann et al.,
2016b). Cloud droplets grow initially by diffusion and condensation of water vapor. Con-
densational growth is too slow to be able to produce large precipitation-sized particles within
20- 30 minutes. Thus, additional microphysical processes must be active that can produce large
precipitation-sized particles more efficiently. The dominant precipitation formation process in
warm clouds is growth of hydrometeors by collision-coalescence (Rogers and Yau, 1989), which
involves the collision and subsequent coalescence of multiple cloud droplets. Collision-coalescence
is initiated upon broadening of the cloud droplet size distribution, which can be achieved either
by the presence of turbulence or giant CCN (Lohmann et al., 2016b).

Ice formation in MPCs occurs heterogeneously; i.e., it involves the presence of ice nucleating
particles (INPs) (e.g., DeMott et al., 2010; Hoose and Mohler, 2012; Murray et al., 2012; Boose
et al., 2016). INPs are less abundant in the atmosphere compared to CCN. INP concentrations
are strongly temperature dependent and usually range between 0.1 and 10L~!. Solid insoluble
particles with a large surface area (e.g., mineral dust, biological particles) are the most com-
mon INPs (Kanji et al., 2017). Heterogeneous ice nucleation can occur by different nucleation
pathways: (1) freezing can be initiated from a cloud droplet with an immersed INP (immersion
freezing), (2) freezing can occur by condensation of water that subsequently freezes on an INP
(condensation freezing), (3) freezing can be initiated upon collision of an INP with a super-
cooled cloud droplet (contact freezing) or (4) ice nucleation can occur by direct deposition of
water vapor on an INP (deposition nucleation). More recent studies have proposed that freezing
can be initiated within the pores of INPs (pore condensation and freezing), where liquid water
condensation can occur below water saturation (Marcolli, 2014; David et al., 2019b). Moreover,
ice crystals can originate from external sources such as from surface-based processes (e.g., blow-
ing snow; Geerts et al., 2015; Beck et al., 2018 and hoar frost; Lloyd et al., 2015) or from aloft
(seeder-feeder mechanism).

Newly formed ice crystals can grow by vapor deposition to a size of many tens of micrometers
within a few minutes (Lohmann et al., 2016b). In contrast to condensational growth of cloud
droplets, diffusional growth of ice crystals is more efficient in producing large precipitation-sized
particles because higher supersaturations with respect to ice are reached. The ice crystal habit is
strongly determined by the temperature of the environment (Magono and Lee, |1966; Bailey and
Hallett, 2009). Plate-like ice habits dominate in the temperature range between 0°C and -3 °C
and between -10 °C and -22 °C. On the other hand, columnar ice crystals are the predominant ice
habit at temperatures between -3 °C and -10°C as well as at temperatures below -22 °C. Thus,
the ice crystal habit can provide information about the growth history of ice particles and thus
help to understand the microphysical processes active within clouds.

Multiple ice processes can occur in MPCs, which can enhance the growth of existing ice crystals

or promote the formation of new ice crystals (see Figure 1.2). If the vapor pressure lies between
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Figure 1.2: Microphysical processes occurring in a convective cloud including warm-, mixed- and
ice-phase processes. Figure taken from Lohmann et al. (2016b).

ice and water saturation, then ice crystals grow rapidly at the expense of the surrounding cloud
droplets due the lower saturation vapor pressure over ice (Korolev, 2007). This process is known
as the Wegener-Bergeron-Findeisen (WBF') process (Wegener, 1911; Bergeron, 1935; Findeisen,
1938). The WBF process can lead to rapid glaciation and thus limits the lifetime of MPCs.
For example, Korolev and Isaac (2003) showed that the WBF process can lead to glaciation
within a few minutes or tens of minutes depending on the ice crystal size distribution, liquid
water content, updraft velocity and temperature. Additionally, similarly as growth by collision-
coalescence, multiple ice crystals can collide and clump together leading to the formation of
aggregated snowflakes (aggregation). Aggregation is known to be most efficient at temperatures
higher than -10°C because of the presence of a thicker quasi-liquid layer, which enhances the

stickiness of the ice particles (Lohmann et al., 2016b). Ice crystals can also collide with super-
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cooled cloud droplets, which freeze upon contact leading to the formation of graupel (riming).
The efficiency of riming is known to strongly depend on the cloud droplet size distribution and
thus also on the CCN concentration. For example, Borys et al. (2003) and Saleeby et al. (2013)
found that higher aerosol loadings reduce the mean droplet diameter and thus the riming effi-
ciency in MPCs.

In addition, ice crystals can be produced by secondary ice production mechanisms. Numerous
studies observed ice crystal number concentrations (ICNCs) that exceed observed INP concen-
trations by several orders of magnitude (e.g. Hobbs and Rangno, 1985; Cantrell and Heymsfield,
2005; Crosier et al., [2011; Crawford et al., 2012; Lloyd et al., 2015; Lohmann et al., 2016a; Law-
son et al., 2017). One explanation for the discrepancy between the INP and ice crystal number
concentrations are secondary ice production mechanisms. Several secondary ice production
mechanisms have been proposed, however their physical basis and their potential contribution
remain poorly understood (e.g. Field et al., 2017; Sullivan et al., 2017; Korolev et al., 2020).
For example, mechanical ice fragmentation upon ice-ice collision can lead to the production of
a large number of secondary ice particles (e.g., Vardiman, 1978; Takahashi et al., 1995). Turbu-
lence can increase the number of collisions (Pinsky and Khain, 1998) and potentially enhance
secondary ice production by collisional fragmentation. Furthermore, a few laboratory studies
have suggested that ice fragmentation might also occur upon sublimation in subsaturated re-
gions at or underneath cloud base (e.g., Oraltay and Hallett, 1989; Dong et al., 1994; Bacon
et al., 1998). However, the contribution of this mechanism to secondary ice production remains
unclear, since the ice fragments formed in the subsaturated environment need to be transported
in an ice supersaturated environment in order to influence the cloud microphysics (Korolev
et al., 2020). Another possible secondary ice production mechanism is ice splintering during
riming. Ice splinters can be formed when a supercooled cloud droplet of an appropriate size
(>25pm in diameter) collides and freezes upon contact with a rimed ice particle (> 0.5 mm in
diameter) (e.g. Mossop, 1978; Lamb and Verlinde, 2011). This process is usually referred to
as the Hallett-Mossop process (Hallett and Mossop, 1974) and is known to be active at tem-
peratures between -3 °C and -8 °C. Furthermore, secondary ice can be produced upon freezing
of drizzle-sized droplets (e.g., Langham and Mason, 1958; Mason and Maybank, 1960; Lauber
et al., 2018). This mechanism is known as droplet shattering or droplet fragmentation and has
been suggested to be active over a larger temperature range compared to the Hallett-Mossop
process (down to temperatures of -20 °C) and to be strongly dependent on the cloud droplet size
(Lauber et al., 2018). Droplet shattering could for example enhance secondary ice production
immediately above the melting layer, because the recirculation of ice and liquid through the
melting layer could lead to the formation of large droplets (Korolev et al., 2020). Additionally,
droplet shattering might also be important in regions with strong updrafts near cloud top (e.g.,
in cloud top generating cells), where large updrafts can lead to the production of drizzle-sized
droplets and enhance ice formation and growth (see Chapter 4). The proposed secondary ice
production mechanisms can increase the ICNC by several orders of magnitude. However, fur-
ther research is required to enhance the physical understanding of these mechanisms, to identify
conditions favorable for secondary ice production and to quantify their potential contribution.

Despite all processes that contribute to the formation and growth of ice particles and thus favor
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the glaciation of MPCs, persistent MPCs have been observed in the Arctic (e.g. Shupe et al.,
2006; Morrison et al., 2012) and in mountain regions (e.g. Borys et al., 2003; Geerts et al., 2011;
Lowenthal et al., 2011} Dorsi et al., [2015; |[Lloyd et al., 2015; Lohmann et al.; 2016a; Beck, 2017;
Lowenthal et al.; 2019). According to Rauber and Tokay (1991), two prerequisites need to be
fulfilled to sustain mixed-phase cloud regions. Firstly, the environment needs to be supersatu-
rated with respect to liquid water, which can be achieved through turbulence and sufficiently
large updrafts. Secondly, the condensate supply rate needs to exceed the diffusional growth
rate of ice crystals. These prerequisites can be fulfilled in an environment with limited INPs
(e.g., Arctic), in regions with small ice crystals and/or a low ICNC (e.g., at the cloud top) or in
regions with large updrafts (e.g., mountain regions). In the Arctic, long-wave radiative cooling
at cloud top was suggested as a major driver for the production of turbulence at the cloud top,
which resupplies the cloud top layer with condensate (Morrison et al., 2012). In an INP-limited
regime, the few ice crystals rapidly grow by vapor deposition and sediment out quickly. On the
other hand, in regions with complex terrain, the steep orography can produce turbulence and
high updrafts, providing a continuous source of condensate (e.g., Lohmann et al., 2016a). It is
important to understand the physical processes that govern the phase partitioning in MPCs,
because the delicate balance between the production of supercooled liquid (e.g., by orographic
lifting, radiative cooling, turbulence) and the consumption of supercooled liquid by ice processes
(e.g., WBF process, growth of ice particles by vapor deposition and collisional processes) deter-
mines precipitation formation and the lifetime of MPCs (e.g., Korolev et al., 2017). Additionally,
orographic effects can enhance precipitation formation and influence the spatial distribution of

precipitation in various ways, which will be discussed in the following section.

1.3 Orographic precipitation

The most traditional view of orographic precipitation includes an air flow that is forced to ascend
over a mountain barrier in a stable stratified atmosphere, which leads to adiabatic cooling of the
air and eventually to condensation and precipitation formation on the windward side (Figure
1.3.a). On the lee side of the mountain barrier, downward motion leads to adiabatic warming of
the air and consequently to the evaporation of the cloud. However, numerous studies have shown
that precipitation formation over and near mountains is much more complex (e.g., Roe, 2005;
Rotunno and Houze, 2007; Houze Jr, 2012; Smith, 2019). The microphysical time scale of cloud
particle growth determines how rapidly condensate is converted into precipitation (see Section
1.2). This, together with the spatial scale of the orography, determines where precipitation falls
along the mountain barrier (Houze Jr, 2012). On the other hand, the condensation, growth and
evaporation of cloud particles exchange latent heat with the ambient air, which can influence
the static stability of the atmosphere and thus the air flow (e.g., Fraser et al., 1973; Jiang,
2003). Consequently, the amount and distribution of orographic precipitation is determined by
a complex interplay between the height and shape of the orography, the dynamical response of
the flow impinging on a mountain barrier, the microphysics of cloud particle growth and the
thermodynamics of the flow (e.g., Houze Jr, 2012).

Numerous mechanisms have been identified by which mountains can influence the air flow and

enhance orographic precipitation (see Figure 1.3). For example, if the air flow toward a moun-
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Figure 1.3: Schematic illustrations of different mechanisms of orographic precipitation: (a) stable
upslope ascent, (b) partial blocking of the impinging air mass, (c) down-valley flow induced by
evaporative cooling, (d) lee-side convergence, (e) convection triggered by solar heating, (f) convection
owing to mechanical lifting above level of free convection, and (g) seeder-feeder mechanism. Figure
taken from Roe (2005).

tain is not strong enough or the atmosphere is too stable, the low-level flow might be blocked
and diverted around the mountain, because it cannot ascend over the mountain barrier (Figure
1.3.b). In the cases when the low-level flow is not diverted around the mountain, a stagnant
blocked layer might build up in front of the mountain barrier, which extends the effective width
of the mountain barrier and causes lifting further upstream (e.g., Rotunno and Ferretti, 2001;
Jiang and Smith, 2003; Medina and Houze, 2003). The interface between the blocked layer and
the stronger cross-barrier flow is often characterized by a shear layer, which can be a source of
turbulent motion (e.g., Houze Jr and Medina, 2005; Medina et al., 2005; Medina et al., 2007).
Shear-induced turbulence can produce pockets of locally enhanced liquid water content, which
can increase growth of precipitation particles through riming. In addition, turbulent motion can
increase collisions between cloud particles and thus growth by aggregation (see also Chapter 3).
A further mechanism that can enhance orographic precipitation is the so-called seeder-feeder
mechanism (Bergeron, 1965) (see Figure 1.3g). A pre-existing precipitating cloud (seeder cloud)
is advected over a hill or a small mountain, whereas a shallow orographically-induced cap cloud
(feeder cloud) forms above a small-scale topographic feature. The feeder cloud would not
have generated significant precipitation by itself, because growth by condensation and collision-
coalescence would not be able to form precipitation-sized particles within the time available.

However, the low-level liquid cloud can "feed" on the precipitation particles that formed in the
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seeder region of the cloud and thus enhance orographic precipitation through riming, collision-
coalescence or depositional growth (e.g., Hill et al., 1981; Bader and Roach, 1977; see also
Chapter 4).

Despite considerable efforts and progress in improving our understanding of MPCs and precip-
itation formation over the past decades, our understanding of the numerous interlinked cloud
processes remains incomplete (Korolev et al., 2017). Moreover, mountains add an extra di-
mension to this unresolved challenge. Innovative measurement strategies and approaches are

required to improve our understanding of MPCs and precipitation formation in complex terrain.

1.4 Cloud observations

Clouds can be observed by in situ and remote sensing instrumentation. In situ instruments
can directly measure the cloud properties along the measurement path (e.g., along the flight
track). However, these observations are too intermittent in time and space to obtain a thorough
characterization of the cloud structure. On the other hand, remote sensing instrumentation
can continuously measure the vertical cloud structure or provide a snapshot of the cloud by
scanning planes or volumes, but rely on cloud retrieval algorithms (i.e., are based on assumptions
regarding the cloud properties). Thus, the combination of in situ and remote sensing observations
is favorable to obtain a comprehensive understanding of the cloud structure. In the following
sections, we describe in situ instrumentation (Section 1.4.1) and remote sensing instrumentation

(Section 1.4.2), which are relevant for this thesis or frequently applied in atmospheric science.

1.4.1 In situ observations

In situ observations of clouds have been performed with different measurement platforms (Figure
1.4). Ground-based weather stations and measurement towers can provide continuous measure-
ments of clouds over several hours or days and are thus useful to study the temporal evolution
of clouds (e.g. Borys et al., 2003; Lowenthal et al., 2011; Henneberger et al., 2013; Lloyd et al.,
2015). However, ground-based measurements are limited to single point observations and can
be influenced by surface-based processes (e.g. Lloyd et al., 2015; Geerts et al., 2015; Beck et al.,
2018). Indeed, ICNCs of several hundreds to thousands per liter are frequently reported at
mountain-top stations (e.g., Rogers and Vali, 1987; Lloyd et al., 2015; Lowenthal et al., 2019).
On the other hand, aircraft can travel large distances and freely choose their flight path, which
is useful to obtain a thorough characterization of the cloud structure. However, the high travel-
ing velocity of aircraft (100 ms™!) limits their spatial resolution to several hundred meters or a
few kilometers, because a sufficiently large cloud volume needs to be sampled for robust statis-
tics. Moreover, aircraft have minimum altitude constraints, which limits observations within the
boundary layer in orographically complex terrain (e.g., in narrow mountain valleys).

To overcome the gap in observations within the planetary boundary layer between ground-based
measurements and manned aircraft, cable car platforms (Beck et al., 2017) and tethered bal-
loon systems (e.g. Siebert et al., 2003; Maletto et al., 2003; Lawson et al., 2011; Sikand et al.,
2013; Canut et al., 2016) can be used. Both platform benefit from a lower aspiration speed

(10ms~!) compared to aircraft (100ms~!), which is advantageous for obtaining high resolution
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Figure 1.4: Overview of different measurement platforms that can be used to obtain in situ ob-
servations of clouds: a) weather stations, b) mountain-top stations, c) measurement towers, d)
HoloGondel, €) HoloBalloon, f) radiosondes, g) aircrafts, h) helicopters. A picture of the newly
developed HoloBalloon platform is shown in (e).

observations of clouds on a scale of a few meters. The locations of cable cars are limited to
mountain regions, whereas the deployment of tethered balloon systems is more flexible in terms
of the measurement location and can for example also be used to study ground fog or low stratus
clouds above the lowlands. In this thesis, a new measurement platform on a tethered balloon
system is developed to study boundary layer clouds in complex terrain and in densely populated
regions. Due to fluctuations in the wind speed and direction towards an instrument that is
installed on a tethered balloon system, the choice of the instrument is of particular importance.
A large variety of instruments and measurement techniques exist to measure cloud microphys-
ical properties (Baumgardner et al., 2011; Brenguier et al., 2013). Most of the instruments
that measure the size distribution and shape of individual cloud particles are based on optical
detection. Single-particle light scattering instruments (e.g. FSSP-100, Field et al., 2003; CDP,
Lance et al., 2010; CAS, Baumgardner et al., 2001; CAS-DPOL, Glen and Brooks, 2013; SID1
and SID2, Ulanowski et al., 2013; Cotton et al., 2010) can measure cloud particles in the size
range from 1-50 pm. These instruments are based on the principle of light scattering by single
particles in a focused laser beam, whereby the intensity of the scattered light is proportional to
the particle size. The particle size cannot be measured directly, but is based on assumptions
about the particle shape, the refractive index and the orientation of the particles (e.g. Baum-
gardner et al., 2011; Brenguier et al., 2013).

As an alternative to the scattering technique, the image of a cloud particle can be captured.
Single particle imaging techniques have the advantage that the particle size and shape can be

measured directly and are not based on assumptions about the refractive index (Brenguier et al.,
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2013). However, uncertainties in the sizing can occur for out-of-focus particles. Two different
particle imaging techniques are applied: the first one scans a linear photodiode array (e.g.,
2D-S, Lawson et al., 2006; 2D-C and 2D-P, Knollenberg, 1970, Knollenberg), 1981; CIP and
PIP, Baumgardner et al., 2001; HVPS, Lawson and Cormack, 1995, Lawson et al., 1998) and
the second one uses a two dimensional photodetector array (CPI, Lawson et al., 2001) to capture
an image of the particles that pass through the sample volume.

The scattering and imaging probes presented above have a sample volume that depends upon
particle size and air speed (e.g. Baumgardner and Korolev, 1997; Baumgardner et al., 2011;
Brenguier et al., 2013). Thus, in order to account for fluctuations in wind speed and direction
on a tethered balloon system, most of the cloud probes use an inlet to ensure a steady sampling
velocity. However, the use of inlets can lead to size-dependent particle losses at the inlet and
anisokinetic sampling effects (Baumgardner et al., 2011). One technique that overcomes this
problem is digital in-line holography, which has a well-defined sample volume independent of
particle size and air speed, making it favorable for measurements on a tethered balloon system.
Digital in-line holography can measure the three-dimensional position, size and shape of each
individual particle of an ensemble of cloud particles inside a three-dimensional sample volume.
Besides the advantage of a well-defined sample volume, in-line holography is able (1) to mea-
sure cloud particles over a wide size range (6 pm-2mm) and thus to measure both small cloud
droplets and large precipitation-sized particles, (2) to measure the spatial distribution of an
ensemble of cloud particles within the sample volume (e.g. Beals et al., 2015), which enables
studying small-scale processes such as entrainment or particle clustering and (3) to measure a
large, coherent cloud volume (tens of cm~3) without assumptions about the homogeneity of the
cloud, since a snapshot of the cloud volume is captured (e.g. Baumgardner et al., 2011). The
working principle of in-line holography is described in more detail in Chapter 2.

Since several years, digital in-line holography has been applied more extensively in atmospheric
science and has provided insights into the microphysical structure of clouds. Digital holographic
cloud imagers have been installed on ground-based measurement stations (e.g., Thompson, 1974;
Kozikowska et al., 1984; Borrmann et al., 1993} Raupach et al., 2006; Henneberger et al., [2013;
Schlenczek et al., 2017), aircraft (e.g, Conway et al., 1982; Fugal and Shaw, 2009; Beals et al.,
2015; Glienke et al., 2017; Desai et al., 2019; Glienke et al., 2020) and cable cars (Beck et al.,
2017). To our knowledge, this is the first time that a holographic cloud imager is deployed on a

tethered balloon system.

1.4.2 Remote sensing observations

There are two types of remote sensing instrumentation - passive and active sensors. Passive
remote sensing instruments (e.g., radiometers) measure radiation that is naturally emitted or
scattered by atmospheric gases and cloud particles. On the other hand, active remote sensing
instruments (e.g., radar, lidar) emit their own radiation and measure the radiation that is
scattered back from the targets. In this section, we briefly summarize the basic principles of
active and passive remote sensors, which are relevant for the present thesis.

RADAR (RAdio Detection and Ranging) is the most commonly used active sensor in atmospheric

science. Radars emit electromagnetic waves in the radar frequency range (1-100GHz) in a
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specific direction (transmitted signal), which interact with an arbitrary target that lies along
the beam of the radar, and measure the signal that is scattered back from the target (received
signal). The run time of the pulse provides information about the distance of the target, since
electromagnetic waves propagate at the speed of light. Furthermore, the received signal contains
information about (1) the received power, from which the reflectivity of the target can be derived;
(2) the Doppler shift in frequency, which is indicating the target’s velocity along the radar beam
(radial velocity); and (3) the polarization of the signal, from which information on target shape
and orientation can be derived (Houze Jr, 2014). The following description of radar theory is
based on Houze Jr (2014).

The power received by the antenna averaged over a time interval of 0.01-0.1s is given by

— Z|K|?
P 2K
r*Cpr

(1.1)

where Z is the radar reflectivity, |K|? is the square of the absolute value of the complex index
of refraction and r is the distance between the scattering target and the radar (Houze Jr, 2014).

The radar constant Cr is given by the following equation

64\272

Cr = PtG2772‘/res

(1.2)
where A is the wavelength, P; is the transmitted power, G is the antenna gain and Vs is the
resolution volume. While all parameters are known or can be measured directly, |K|?> depends
on the frequency and on the composition of the scatterers and is different for water and ice.
Thus, the equivalent reflectivity factor Z, is often used instead, where |K|? is set to 0.93 (value
for liquid water): B

B r2P.Cr

0.93 (1:3)

e

A |K|? value of 0.197 is usually used for ice particles. Thus, the Z, value for liquid hydrometeors
is a factor of 4.7 higher than for ice particles of the same size.

If the Rayleigh scattering criterion is met (i.e., size of the scattering object is much smaller than
the wavelength of the electromagnetic wave), the radar reflectivity can also been obtained from

the sixth moment of the size distribution of the cloud particles (Houze Jr, 2014):
e}
7 = / DS N(D)dD (1.4)
0

where N (D) is the particle size distribution and D is the particle diameter. Since Z is propor-
tional to the sixth moment of the size distribution, the Z signal is strongly dominated by large
particles. Therefore, Z is often expressed on a logarithmic scale with the units:

dBZ = 7[dB] = 101og, <Z> (1.5)

mmb m—3

Typical values of Z for various hydrometeors and precipitation types are summarized in Ta-
ble 1.1.

In addition, useful information about the cloud properties can be obtained from radars that
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Table 1.1: Typical values of Z for various hydrometeors and precipitation types (adapted from
Lohmann et al., 2016b).

Scatterer 7 values

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

transmit and receive radiation polarized in several orientations (e.g., in vertical and horizontal
direction). One parameter that can be calculated from the polarization signal is the linear de-
polarization ratio (LDR), which is a measure of how much a horizontally transmitted signal is
depolarized (Houze Jr, 2014):

Z
LDR = 10log;, (ZHV) (1.6)
HH

where Zpy indicates signals that are horizontally transmitted and vertically received and Zgp
signals that are horizontally transmitted and horizontally received. Hydrometeors only depo-
larize electromagnetic waves if they are aspherical. Therefore, a spherical cloud particle returns
a signal that is purely horizontally polarized, resulting in a LDR of -co. If a hydrometeor is
aspherical, then the returned signal has both a horizontal and a vertical depolarization com-
ponent, resulting in a LDR >-co. The LDR values do not exceed 0, because the cross-polar
signal is generally smaller than the co-polar signal. Thus, the LDR can provide information
about the shape of the cloud particles and the hydrometeor type. Typical LD R values of cloud
particles range between -30dB (e.g., drizzle) and -10dB (e.g., needles) (e.g., Doviak and Zrni¢,
1993; North et al., 2014). Moreover, the LDR is a good indicator of the melting layer, because
the LDR values are enhanced for wet ice particles (-10 to -20 dB) due to the increased complex
index of refraction (e.g., Houze Jr, 2014).

Besides the information about the cloud properties from the Z and the LD R signals, the Doppler
shift of the frequency that occurs between the transmitted and received signal can provide in-
formation about the motions of the cloud particles and of the air. This phase shift occurs due
to moving targets, which are detected by the cloud radar. From the phase shift ¢, and the
wavelength A of the cloud radar, the radial velocity Vg can be calculated (Houze Jr, 2014):

dp, 4rVg

at A (L7)

The radial velocity Vg is the velocity of the target parallel to the direction of the beam. For
vertically-pointing cloud radars, the Doppler velocity is composed of the fall velocity of the hy-
drometeors and the vertical wind component. If the Doppler velocity is directed away from the
radar, this indicates regions with updraft conditions.

So far, we only considered interactions of the radar signal with single targets. However, nu-

merous targets are usually present in the sample volume of the radar. Each of the individual
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targets produces a Doppler shift in frequency according to its radial velocity, which leads to a
distribution of Doppler radial velocities (i.e., Doppler spectrum). From the Doppler spectrum,
the mean Doppler velocity (1st moment) and the width of the Doppler spectrum (2nd moment)
can be derived (e.g., Kollias et al., 2007). The spectral width is the standard deviation of the
Doppler spectrum. Small values indicate a narrow distribution, whereas higher spectral widths
indicate a larger variability of the Doppler velocities within the sample volume. Possible rea-
sons for a higher spectral width are turbulent motion and/or the presence of multiple particle
populations with different fall speeds.

Another active remote sensor is the LIDAR (LIght Detection and Ranging). Lidars work with
the same physical principles as radars, but transmit laser light (with wavelengths from ultra-
violet to infrared radiation) instead of operating in the microwave range. Consequently, the
lidar is sensitive to smaller particles (e.g., aerosols, non-precipitating clouds) and its signal gets
attenuated by large cloud particles or deep cloud layers. Thus, lidars can be used to complement
the information obtained from cloud radars by providing observations of thin cloud layers and
aerosol layers within the atmosphere.

In contrast to active remote sensors, microwave radiometers detect the microwave radiation
that is naturally emitted by atmospheric gases (e.g., water vapor, oxygen), cloud droplets and
ice crystals. Several atmospheric gases have specific absorption bands in the microwave range,
which can be used to derive information about the atmospheric properties. For example, mea-
surements along the wing of the 22.235 GHz water vapor absorption line can be used to obtain
the humidity profile of the atmosphere (Lohnert and Crewell, 2003). On the other hand, the
absorption band of oxygen (51-58 GHz) can be used to observe the vertical temperature profile
(Crewell and Lohnert, 2007). In addition, since microwave radiometers are usually equipped
with multiple receiving channels, information about the liquid water path and the integrated
water vapor can be obtained by measuring the emission of liquid water at two frequency channels
- one close to the center of the water absorption band (e.g., 22 GHz) and one close to the edge
of the absorption band (e.g., 31 GHz).

1.5 Motivation and objectives of this thesis

A complex interplay between numerous microphysical and dynamical processes on different tem-
poral and spatial scales determine the life cycle of MPCs. Mountain ranges such as the Alps add
further complexity to this multi-scale system, as orographic effects can influence the structure
of MPCs and further enhance precipitation. This makes accurate precipitation forecasting in
complex terrain challenging. Innovative measurement strategies are required to improve our
understanding of the dynamics and microphysics of orographic MPCs and precipitation.

Due to limitations on the ability of aircraft to fly in cloudy conditions in complex terrain (e.g.,
narrow valleys) and the influence of surface processes at mountain-tops, a new measurement
platform on a tethered balloon system (HoloBalloon) was developed in the framework of this
thesis to study boundary layer clouds in complex terrain. The HoloBalloon platform merges for
the first time the advantages of holography (well-defined sample volume, ability to observe the
spatial distribution of an ensemble of cloud particles) and the benefits of a tethered balloon sys-

tem (high-resolution measurements). However, as highlighted in Section 1.4, in situ observations
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Figure 1.5: Overview of the observed microphysical features and processes that will be discussed in
the present thesis. The chapters are indicated by C2, C3 and C4.

are limited in terms of temporal and spatial coverage and thus reinforce the complementary use
of in situ and remote sensing instrumentation. In the present thesis, observations from a multi-
dimensional set of instruments including remote sensing instrumentation, balloon-borne in situ
observations and ground-based precipitation and aerosol measurements are analyzed to obtain
a more comprehensive understanding of orographic MPCs and of the pathways of precipitation

formation.

With the aim to extend the current knowledge and understanding of orographic MPCs and

precipitation, the objectives of the present thesis are:

1. To design and develop a new measurement platform for boundary layer clouds in com-
plex terrain by exploiting the advantages of digital in-line holography and tethered balloon
systems (HoloBalloon): This includes the development of a new HOLographic Imager for
Microscopic Objects (HOLIMO) for balloon-borne application and the characterization of
the newly developed cloud imager (e.g., size calibration, optical resolution limit). The
measurement platform is also equipped with auxiliary instruments to observe the meteo-

rological cloud properties (see Chapter 2).

2. To wvalidate the HoloBalloon platform in low stratus clouds over the Swiss Plateau and to
highlight its potential in studying boundary layer clouds: The first observations with the
HoloBalloon platform were obtained in a supercooled low stratus cloud over the Swiss
Plateau. These observations are used to validate the newly developed measurement plat-
form in terms of its ability to accurately measure cloud properties and meteorological
parameters, to capture small-scale variations in the cloud properties (e.g., particle size dis-
tribution) and to obtain vertical profiles of the phase-resolved cloud properties on a meter

scale. Based on this case study, the scale-dependent analysis strategies of the HoloBalloon
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platform are demonstrated and its potential contribution to cloud research is discussed
(see Chapter 2).

3. To study the influence of orographic effects on the microphysics and precipitation formation
in an Alpine environment using a multi-dimensional set of instruments: An extensive field
campaign was performed in the Swiss Alps to investigate the Role of Aerosols and CLouds
Enhanced by Topography on Snow (RACLETS) by combining a multi-dimensional set of
instruments. The interplay between orography, dynamics, microphysics and precipitation
in orographic clouds is discussed on the basis of selected case studies. For example, the
influence of low-level blocking and shear-induced turbulence on the cloud microphysics
and precipitation formation in an inner-Alpine valley is investigated (Chapter 3). Addi-
tionally, the role of flow blocking for the formation of low-level feeder clouds is examined
(Chapter 3).

4. To investigate the microphysical pathways of precipitation formation in the seeder and
feeder regions of orographic MPCs using an aerosol-cloud-precipitation perspective: The
RACLETS campaign was designed to observe the pathways of precipitation formation from
an aerosol-cloud-precipitation perspective, which allows studying a wide range of processes
from ice nucleation, to secondary ice production, to ice growth by vapor deposition and
collisional processes, to fallout of precipitation-sized particles. Unique microphysical sig-
natures contributing to precipitation formation were identified in the seeder regions (e.g.,
cloud top generating cells) and feeder regions (e.g., orographically-induced low-level feeder
cloud) of mixed-phase clouds and discussed on the basis of a case study. The impor-
tance of cloud top generating cells for precipitation formation is investigated and potential
mechanisms that enhance ice formation and growth within generating cells are proposed.
Additionally, the role of secondary ice production within the low-level feeder cloud is ex-

amined (see Chapter 4).

5. The thesis ends with a summary and outlook in Chapter 5.
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Chapter 2

Using a holographic imager on a
tethered balloon system for
microphysical observations of

boundary layer clouds

F. Ramelli’, A. Beck', J. Henneberger! and U. Lohmann'

I Department of Environmental System Sciences, Institute for Atmospheric and Climate Sci-
ence, K'TH Zurich, Switzerland

This work has been published in Atmospheric Measurement Techniques.
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Abstract

Conventional techniques to measure boundary layer clouds such as research aircraft are unable
to sample in orographically diverse or densely populated areas. In this paper, we present a
newly developed measurement platform on a tethered balloon system (HoloBalloon) to measure
in situ vertical profiles of microphysical and meteorological cloud properties up to 1 kilometer
above ground. The main component of the HoloBalloon platform is a holographic imager, which
uses digital in-line holography to image an ensemble of cloud particles in the size range from
small cloud droplets to precipitation-sized particles in a three-dimensional volume. Based on a
set of two-dimensional images, information about the phase-resolved particle size distribution,
shape and spatial distribution can be obtained. The velocity-independent sample volume makes

holographic imagers particularly well suited for measurements on a balloon. The unique combi-
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nation of holography and balloon-borne measurements allows for observations with high spatial
resolution, covering cloud structures from the kilometer down to the millimeter scale.

The potential of the measurement technique in studying boundary layer clouds is demonstrated
on the basis of a case study. We present observations of a supercooled low stratus cloud during
a Bise situation over the Swiss Plateau in February 2018. In situ microphysical profiles up to
700 m altitude above the ground were performed at temperatures down to -8 °C and wind speeds
up to 15ms~!. We were able to capture unique microphysical signatures in stratus clouds, in
the form of inhomogeneities in the cloud droplet number concentration and in cloud droplet size,

from the kilometer down to the meter scale.

2.1 Introduction

Boundary layer clouds play a key role in regulating the Earth’s climate and controlling its
weather systems and are important for many aspects of our daily life. First, low-level clouds are
an important part of the Earth’s radiation balance (Hartmann et al., 1992). For example, low
stratus clouds cover an extensive area over ocean and land (Warren et al., 1986; Warren et al.,
1988), can persist for several days (e.g., Bendix, 2002) and cool the surface in the annual mean
(e.g., Randall et al., 1984). Second, low visibilities associated with fog can impact road, ship
and aviation traffic, causing accidents, delays or cancellations (e.g. Fabbian et al., 2007; Bartok
et al., 2012). The resulting economic losses are comparable to those caused by winter storms
(Gultepe et al., 2007). Moreover, with the constantly increasing contribution of photovoltaic
power, reliable forecasts of low-level cloud cover are of increasing importance for the renewable
energy sector (Kohler et al., 2017).

However, current state-of-the-art numerical weather prediction (NWP) models have major issues
in predicting the exact time and location of the formation and dissipation of low-level boundary
layer clouds (e.g., Bergot et al., 2007; Miller et al., 2010; Steeneveld et al., 2015; Romén-Cascén
et al., 2016). This is due to an incomplete understanding and a poor representation of the
numerous processes occurring in boundary layer clouds, spanning from the microscale to the
synoptic scale. The life cycle of boundary layer clouds is a result of complex interactions among
microphysical, thermodynamic, radiative, dynamic, aerosol and land surface processes. These
processes are often not well parameterized in current operational NWP models, and the horizon-
tal (Pagowski et al., 2004) and vertical (Tardif, 2007) resolution of these models is insufficient
to cover the characteristic cloud scales. From an observational perspective, there is a need for
additional comprehensive and high-quality observations of boundary layer clouds, especially of
their vertical structure. Presently, a large fraction of the observations of boundary layer clouds
are performed by satellites (e.g., Bendix, 2002; Bennartz, 2007; Cermak et al., 2009; van der
Linden et al., 2015). Satellites have a continuous spatial coverage and are useful to obtain cli-
matologies of the optical and microphysical properties of clouds (Bendix, 2002; Cermak et al.,
2009). However, current satellite observations are typically too coarse to resolve scales below
250 m and have limitations in measuring cloud properties in the lowest kilometer of the planetary
boundary layer (PBL) due to interference signals from the ground (e.g., Marchand et al., 2008;
Liu et al.; 2017). Thus, in situ measurements of boundary layer clouds are important to gain a

better understanding of the microphysical pathways in clouds.
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2.1. Introduction

Commonly, microphysical in situ measurements within the PBL are performed using a variety
of measurement platforms, such as research aircraft (e.g., Sassen et al., 1999; Verlinde et al.,
2007), helicopters (e.g., Siebert et al., 2006), cable cars (e.g., Beck et al., 2017), tethered balloon
systems (TBSs) (e.g., Siebert et al., 2003; Maletto et al., 2003; Lawson et al., 2011; Sikand et al.,
2013; Canut et al., 2016) or launched balloon platforms (e.g., Creamean et al., 2018), each of
which has its own advantages and disadvantages. For example, research aircraft can travel large
distances and freely choose their flight path, but they have minimum altitude constraints, which
limits observations within the lowest kilometer of the PBL. Moreover, due to high traveling
speeds (100ms~!), aircraft measurements have limited spatial resolution and can be influenced
by ice shattering (Korolev et al., 2011). Ice shattering occurs if an ice crystal impacts the in-
strument tips or an inlet prior to entering the detection volume, which can result in a large
number of small ice particles being a measurement artifact. To investigate small-scale processes
in clouds, measurement platforms with lower true air speed are advantageous. The aspiration
speed on cable cars (10ms~!) is one order of magnitude lower than on aircrafts, which enables
us to probe the cloud with a much higher spatial resolution (Beck et al., 2017). However, the
locations of cable cars are limited to mountain areas. TBS can achieve an instrumental resolu-
tion similar to that of cable cars and are more flexible in terms of choosing the measurement
location. Measurements with TBS can cover the full vertical extent of the PBL from the surface
up to 1-2 kilometers. However, conventional, blimp-like TBSs are limited to wind speeds below
10ms~! due to the instability of the balloon at higher wind speeds (e.g., Lawson et al., 2011;
Canut et al., 2016; Mazzola et al., 2016). Moreover, TBSs can be deployed further away from
the ground, reducing the effects of surface-based processes such as blowing snow (Lloyd et al.,
2015; Beck et al., 2018).

In this paper, we present a newly developed measurement platform for boundary layer clouds
(HoloBalloon), consisting of a holographic cloud imager and a meteorological instrument pack-
age on a kytoon. Kytoons are a hybrid balloon-kite combination allowing stable flight at wind

speeds up to 30ms~L.

The stability in high wind speeds makes kytoons a promising mea-
surement platform for cloud research, especially in locations with strong wind conditions (e.g.,
mountain regions). Due to the low aspiration velocities of TBS, the choice of the instrument
is of particular importance, since fluctuations in wind speed and direction could influence the
measurements. Most cloud probes use an inlet to ensure a steady sampling velocity in fluctuat-
ing wind speeds (Baumgardner et al., 2011). However, the use of inlets increases measurement
uncertainty, due to size-dependent particle losses at the inlet and non-isokinetic sampling effects.
One technique that overcomes this problem is digital in-line holography, which provides a well-
defined sample volume independent of particle size and aspiration velocity, making holographic
cloud imagers particularly well suited for measurements on TBS. Digital in-line holography can
simultaneously capture single particle information (position, size and shape) of an ensemble of
cloud particles within a three-dimensional detection volume. Thus, it provides information of
the phase-resolved particle size distribution (e.g., Beck et al., 2017), as well as the spatial distri-
bution of an ensemble of cloud particles within a cloud volume on a millimeter scale (e.g., Beals
et al., 2015). More detailed information about the working principle of a holographic imager

will follow in Section 2.3.1. Digital holographic cloud imagers have been used in previous field
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campaigns on ground-based (e.g., Thompson, 1974; Kozikowska et al., 1984; Borrmann et al.,
1993; Raupach et al., 2006; Henneberger et al., 2013; Schlenczek et al., 2017), airborne (e.g.,
Conway et al., 1982; Fugal and Shaw, 2009; Beals et al., 2015; |Glienke et al., 2017; Desai et al.|
2019) and cable car (Beck et al., 2017) platforms, but have not yet been deployed on TBS.
The HoloBalloon platform merges the advantages of holography (well-defined sampling volume,
spatial distribution of cloud particles) with the benefits of a TBS (high-resolution measure-
ments) with the aim to observe the cloud structure on different scales. Information about the
macroscopic cloud structure can be obtained from the vertical profiles up to 1 kilometer above
the ground, and information about the cloud microstructure can be extracted from the cloud
particle spatial distribution within a single hologram. The HoloBalloon platform was tested in
boundary layer clouds over the Swiss Plateau. Here we present observations of a case study
during a stratus cloud event. The cloud structure is analyzed on different scales, starting with
the large-scale cloud structure of tens of kilometers and moving down to the cloud microstruc-
ture on the meter scale. A particular emphasis is placed on cloud inhomogeneities. Previous
observations found inhomogeneities in cloud properties on scales of a few tens of meters (e.g.,
Korolev and Mazin, 1993; Garcia-Garcia et al., 2002; Gerber et al., 2005) or even on the sub-
meter scale (e.g., Baker, 1992; Brenguier, 1993; Beals et al., 2015; Beck et al., 2017; Desai
et al., 2019), which were attributed to different physical processes such as turbulent mixing
or entrainment. These microphysical signatures can have important implications for the cloud
structure. For example, on a millimeter scale, they can be of importance for particle growth by
collision-coalescence and thus for the efficiency of precipitation formation. Inhomogeneities at
scales of hundreds of meters and kilometers can be important for radiative heating and cooling.
In this paper, we investigate inhomogeneities in the microphysical properties of stratus clouds
and aim to understand the formation mechanisms of such inhomogeneities. Throughout this
study, inhomogeneities are defined by the variability in the cloud droplet number concentration
and cloud droplet size.

The first part of the paper introduces the HoloBalloon measurement platform (Section 2.2). The
working principle and the setup of the newly developed holographic cloud imager is described
in Section [2.3. Observations of a case study in stratus clouds obtained with the HoloBalloon
platform are presented in Section 2.4. On the basis of these observations, the potential of the

HoloBalloon platform in studying boundary layer clouds is discussed in Section [2.5.

2.2 Description of the HoloBalloon measurement platform

The HoloBalloon platform is designed to obtain vertical, in situ profiles of the microphysical and
meteorological cloud properties of boundary layer clouds up to 1 kilometer above ground. Our
TBS consists of a 175 m? kytoon (Desert Star, Allsopp Helikite, UK), a 1200 m long Dyneema
cable and a gasoline winch to launch and recover the TBS (see Figure 2.1). The balloon has a
net lift of 85kg at sea level. Kytoons are a hybrid combination of a helium balloon and a kite,
exploiting both for lift. The helium balloon creates static lift, while the kite creates aerodynamic
lift in wind. The kite utilizes a long keel to provide stability in high-wind conditions. The
maximum operational wind speed of our TBS is 25ms~!. So far, we operated the TBS in wind

speeds of up to 15ms~!. A further advantage of the kite is that it ensures that the instrument
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2.2. Description of the HoloBalloon measurement platform

Figure 2.1: Experimental setup of the HoloBalloon platform consisting of a tethered balloon system
(a) and the instrument package (b). The winch is visible in (a). The instrument package includes
the holographic cloud imager HOLIMO 3B, a 3D sonic anemometer as well as a temperature and
humidity sensor (not visible). The left picture has been taken by Pascal Halder (naturphotos.ch)

platform is oriented into the wind, allowing for the spatial distribution of cloud particles to be
assessed.

The cable and winch are designed to withstand forces up to 4 tons, which can occur during
high wind speed conditions (>15ms~!). The 7mm Dyneema cable has a length of 1200m and
a breaking strength of 8200kg. At wind speeds larger than 5ms~!, the TBS can have a flight
angle of up to 45° due to the kytoon design, reducing the maximum flight height to 850 m. A
system of three Platipus anchors is used to secure the balloon to the ground. The tethered
balloon is launched and retrieved with a winch powered by a V8 Chevy engine (Skylaunch,
UK). The winch has a line speed of 1 ms™! forward and reverse, which allows a vertical profile
of 500 m in 8 minutes.

The instrument package is installed at the keel of the HoloBalloon platform. The key component
is the HOLographic Imager for Microscopic Objects (HOLIMO) (see Section 2.3) which can
measure phase-resolved cloud properties. Additionally, the HoloBalloon platform is equipped
with a meteorological instrument package (see Figure 2.1) consisting of a 3D sonic anemometer
(Thies, 4.3830.20.340) and a heated temperature and humidity sensor (HygroMet4, Rotronic)
in an actively ventilated radiation shield (RS24T, Rotronic). The platform is powered by a
1000 Wh battery, which allows for continuous operation of the instrument package for up to
5 hours. Data are temporally stored on a 4 TB solid-state drive and a mobile router enables
remote access of the platform via a mobile data network connection (similar to Beck et al.,
2017). The HoloBalloon instrument platform has a total weight of about 22 kg, consisting of
the HOLIMO 3B instrument (13 kg), the meteorological instrumentation (5kg) and the battery
pack (4kg).

To obtain reliable measurements of wind speed and direction, the motion of the balloon needs to
be removed (e.g., Canut et al., 2016). Here we used a GPS antenna (TW3740, Tallysman) and
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Figure 2.2: Schematic of the working principle of digital in-line holography. A collimated laser beam
is scattered by two particles. The scattered waves interfere with the reference wave and form an
interference pattern (i.e., a hologram) which is recorded by a digital camera.

an inertial navigation system (Ellipse2-N, SBG Systems) to measure the position, velocity and
orientation of the instrument package. The GPS antenna and the inertial navigation system are
fixed on the HOLIMO 3B instrument and are thus an integral part of the instrument package.
We followed the procedure described in Elston et al. (2015) to convert the wind measurements
from the inertial frame to the sonic anemometer frame and thus to correct for the motion of
the balloon. The corrected wind measurements are presented and compared to other wind

observations in Section 2.4.2.

2.3 HOLographic Imager for Microscopic Objects

The main component of the HoloBalloon instrument package is the holographic cloud im-
ager HOLIMO 3B, which can image cloud particles between 6 pm and 2mm within a three-
dimensional detection volume. Despite its open-path configuration, HOLIMO 3B has a velocity-
independent well-defined sample volume. This property makes HOLIMO 3B particularly well

suited for application on a TBS due to fluctuating aspiration speeds towards a TBS.

2.3.1 Working principle of digital in-line holography

HOLIMO 3B works on the principle of digital in-line holography (Figure 2.2), which consists
of a two-step process requiring a coherent light source and a digital camera. In the first step,
the interference pattern of a reference wave (laser) and a scattered wave (the light scattered by
a cloud particle in the sample volume) is recorded as a hologram. The second step involves a

reconstruction process, in which the 2D shadowgraphs and 3D in-focus position of the particles
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2.3. HOLographic Imager for Microscopic Objects

are extracted from the interference pattern, using the HoloSuite software package (Fugal et al.,
2009; Schlenczek, 2018). The resulting 2D shadowgraphs can be classified as cloud droplets,
ice crystals and artefacts based on a set of parameters using supervised machine learning (e.g.,
Fugal et al., 2009; Beck et al., 2017; Touloupas et al., 2019). In the present study, a set of around
7000 particles was classified manually, which served as a training data set on support vector ma-
chines. From the classification, the phase-resolved particle size distribution is computed. The
particle diameter is calculated based on the number of pixels (see also Section 2.3.3) and the
number concentration can be computed from the particle counts within the well-defined sample
volume. Only particles that exceed a size of 2 x 2 pixels (6 um) are considered. Moreover, be-
cause holography provides a snapshot of an ensemble of cloud particles, the spatial distribution
of the cloud particles can be recovered from the interference pattern. Unlike light scattering
instrumentation, no assumptions about the particle shape, orientation or refractive index are
required, because an image of the cloud particles is recorded. The major disadvantage of holog-
raphy is the high computational power associated with the reconstruction process and the data
analysis. The working principle of digital in-line holography and HOLIMO has been described
in more detail in Fugal et al. (2009), Henneberger et al. (2013) and Beck et al. (2017).

2.3.2 Instrument description

A series of holographic instruments have been developed in the Atmospheric Physics group at
ETH Zurich in the last decade (Amsler et al., 2009; Henneberger et al., 2013; Beck et al., 2017).
HOLIMO 3B consists of two main units: the control unit, which comprises the temperature
control system and the control and data-acquisition computer, and the optical imaging unit,
which is integrated in the two instrument towers. Like the previous version (HOLIMO 3G; Beck
et al., 2017), HOLIMO 3B has an open-path configuration. In contrast to the previous versions,
HOLIMO 3B uses a 355 nm laser and an improved optical system to enlarge the detection vol-
ume and improve the optical resolution of the instrument.

A schematic of the optical system of HOLIMO 3B is shown in Figure 2.2. The laser (FTSS355-
Q4__1k, CryLaS, Germany) emits pulses with a wavelength of 355nm, with a pulse width of
1.4ns and a pulse energy of 42 uJ. The beam is attenuated by a neutral density filter and fo-
cused through a 10 pm diamond pinhole (Lenox Laser HP-3/8-DISC-DIM-10), which acts as a
point light source. The diverging laser beam is expanded by a biconcave lens and collimated to a
beam diameter of around 40 mm. After passing through a turning prism and a sapphire window,
the collimated laser beam traverses the sample volume, before entering the imaging lens system
in the opposite tower of the instrument. The bi-telecentric lens system (Correctal S5LPJ2755,
TDL65/1.5 UV, Sill Optics, Germany) has a magnification of 1.5 and a numerical aperture
of 0.13. The holograms are recorded with a 25 MP camera (hr25000MCX, SVS-Vistek, Ger-
many) with 5120 x 5120 pixels, a pixel pitch of 4.5 um and a maximum frame rate of 80 frames
per second (fps). The quadratic cross-sectional area of the camera allows for more uniform illu-

mination of the edges than a rectangular camera image, which was used in the previous versions.

The optical resolution of the system was tested using a US Air Force resolution target (1951 USAF),

which is placed at different positions inside the detection volume, following the procedure de-
scribed in Spuler and Fugal (2011) and Beck et al./ (2017). The optical system described achieves
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Figure 2.3: Optical resolution measurements of the HOLIMO 3B instrument as a function of the
reconstruction distance. The blue dots represent the resolutions measured with a US Air Force
resolution target 1951 USAF (Dyesobs). The three lines indicate theoretical resolution limits due to
the pixel size (Dres pixel, red solid line), the optical limitation of the lens system (Dyes jens, gray dashed
line) and the optical setup of the instrument (Dyes rec, black solid line). The strongest resolution limit
constraint determines the optical resolution of the instrument at a specific reconstruction distance.
More information about the theoretical resolution constraints for holographic systems can be found
in Henneberger et al.| (2013) and Beck et al. (2017).

a resolution (Dresobs) of 6 im within the first 110 mm of the reconstruction distance (see Fig-
ure 2.3). This is consistent with the theoretical resolution limit of the pixel size (Dyes pixel). For
reconstruction distances larger than 110 mm, the resolution limit decreases and is determined by
the resolution limit from the diffraction aspects of in-line holography (Dyesrec). In general, the
measured optical resolutions are in good agreement with the theoretical resolution constraints.
Particles within the first 10mm and close to the image border (<0.2mm from image edges)
are not included in the analysis due to flow distortion effects from the towers and edge effects.
With an effective cross-sectional area of 15 mm x 15 mm and an effective depth of 100 mm, this
results in a sample volume of 22.5 cm? and a maximum sample volume rate of 1800 cm®s~! (with
80 fps).

2.3.3 Size calibration of HOLIMO 3B

Accurate sizing of cloud particles is important to obtain reliable measurements of cloud prop-
erties such as water content and size distributions. For holographic instruments, the sizing
algorithm should be precise and accurate over a large particle size range (6 pm-1cm) and ap-
plicable for the entire detection volume. The sizing of the particles strongly depends on an
amplitude threshold value that separates particle pixels from background pixels. From the num-
ber of particle pixels, the area-equivalent diameter is derived. In the standard HoloSuite version,

a uniform amplitude threshold is used for particle detection and particle sizing. However, a uni-
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Figure 2.4: Size distributions from calibration experiments of the HOLIMO 3B instrument. The
symbols show the normalized particle concentration measured by HOLIMO 3B (filled) and the APS
(unfilled) instrument. The lines indicate the Gaussian distributions fitted to the HOLIMO 3B data
(solid) and APS data (dashed). The numbers represent the mean diameter of the APS size distribu-
tion.

form amplitude threshold leads to unsatisfying results for particle sizing due to a decreasing
signal-to-noise ratio with increasing reconstruction distance z in the large detection volume of
HOLIMO 3B. This has the effect that the amplitude image of the particles becomes less distinct
with larger z distances and thus the observed particle size decreases with increasing z distance.
To overcome this issue and to ensure a uniform sizing of the particles over the entire detection
volume, Beck (2017) introduced a new method by normalizing the in-focus particle image. In
the normalization step, the darkest particle pixel is set to 0 (black), the mean of the background
pixels is set to 1 (white) and the rest of the pixels are scaled relatively. This results in a more
uniform signal-to-noise ratio and allows the application of a uniform amplitude threshold. The
amplitude threshold can be used as a tuning parameter to calibrate the sizing algorithm of the
HoloSuite software for the HOLIMO 3B instrument.

The sizing algorithm was calibrated using a vibrating orifice aerosol generator (VOAG model
3450, TSI, Minnesota, USA) for particle generation and an aerodynamic particle sizer (APS
model 3321, TSI, Minnesota, USA) for particle sizing. Particles with diameters between 5pm
and 18 pm were generated by the VOAG using a liquid oil-water solution. The generated particles
were introduced into a 120 mm x 1000 mm cylindrical tube and measured by the HOLIMO 3B
instrument and an APS that were installed at the end of the tube. The APS covers the size range
between 1 pm and 20 pm and is used as a reference measurement. The amplitude threshold was
used as a tuning parameter to fit the HOLIMO 3B measurements to the APS measurements.
An amplitude threshold of 0.47 was found to fit the APS data best (smallest sum of squared

errors).
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Table 2.1: Results of the size calibration experiments of HOLIMO 3B and an APS. The mean diameter
and the standard deviation are derived from a Gaussian fit to the normalized size distribution.

Particle diameter (pm)
HOLIMO 7.02£0.93 7.68+1.15 9.41+1.21 10.97£1.59 14.52+1.45 19.01£1.28
APS 5.914+0.24 8.214+042 9.67+0.50 11.79+0.60 14.88+1.18 18.254+0.96

The size distributions of the calibration experiments are shown in Figure 2.4/and are summarized
in Table 2.1.

The size distributions of the HOLIMO 3B and APS instruments were normalized to their maxima
and a Gaussian distribution was fitted to the data. The results of the HOLIMO 3B instrument
agree with the mean diameter of the APS within instrumental uncertainty. In general, a trend
towards an underestimation of the particle diameter compared to the APS is observed, except
for the calibration measurements at the measurement limits of HOLIMO 3B (6 pm) and the APS
(18 pm). The overestimation of the particle diameter by HOLIMO 3B for 6 pm particles may
be due to the optical resolution limit of the HOLIMO 3B instrument. While HOLIMO 3B can
only detect particles larger than 6 um, the APS can detect particles down to a diameter of 1 pm.
On the other hand, the overestimation of the particle diameter at 18 pm could be caused by a
bias of the APS instrument, which has an upper detection limit of 20 pm. Thus, particles in the
second peak at 23 pm are not detected by the APS (see Figure 2.4). To conclude, no correction

to the sizing algorithm was made, because all size measurements agree within the square root
of the pixel size (1/3.01 pm=1.73 pm).

2.4 Case study - supercooled low stratus clouds

As a case study, we present observations of a supercooled low stratus cloud event (also referred
to as high fog) during a Bise situation over the Swiss Plateau, obtained on 24 February 2018
between 08 UTC and 10 UTC. Bise is a typical weather situation in Switzerland during winter
(Wanner and Furger, 1990). The case study focuses on nine vertical profiles of microphysical
and meteorological cloud properties measured by the HoloBalloon platform. The analysis starts
with an overview of the synoptic weather situation and the large-scale cloud structure and moves
towards smaller scales, providing information about the cloud microstructure.

The Swiss Plateau, which lies between the Jura mountains and the Swiss Alps, is often covered by
fog or low stratus clouds during fall and winter due to its geographic location. A satellite-based
climatology of fog and low stratus cloud coverage over the Swiss Plateau during high-pressure
situations in winter is shown in Figure 2.5. In regions along rivers and lakes, a fog frequency
of up to 90 % is observed. Most commonly, fog forms by radiative cooling during clear nights.
Additionally, cold air flows from the alpine valleys and the Jura towards the Swiss Plateau, where
the cold air can accumulate. This cooling of the air can cause condensation and the formation
of ground fog. However, the case study presented here was connected to a Bise situation; a cold,
dry east / north-east wind. During Bise, cold air is advected and pushed under warm air, leading
to the formation of a strong temperature inversion. The cold air in the lower layer cannot easily

escape the Swiss Plateau because it is bound by the Jura mountains and the Swiss Alps. If the
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Figure 2.5: Map of the fog frequency during winter (adapted from the 'Atlas of Switzerland 3.0,
2010, https://www.atlasderschweiz.ch/, last access: 24 January 2020) and of the measurement
locations. The climatology of fog is based on satellite images. The field locations include the
measurement site in Aarwangen from which HoloBalloon was launched (red circle), ground-based
weather stations from MeteoSwiss providing measurements of meteorological parameters (green stars)
and the field site in Payerne from which radiosondes are launched twice a day (yellow triangle).

air is sufficiently moist, condensation sets in and fog or low stratus clouds can develop. The
top of the cloud layer is defined by the height of the temperature inversion. The solar radiation
reaching the boundary layer is often too weak to dissipate the fog layer in fall and winter. Thus,
ground fog or stratus clouds can persist for several days, until a change in the synoptic weather

pattern occurs.

2.4.1 Measurement location and data analysis

The measurements with the HoloBalloon platform were performed in Aarwangen (47°14’N,
7°45’E) in the Swiss Plateau 40 km northeast of Bern (Figure 2.5). The field site is located at
a gravel station next to the Aare river at an altitude of 440 ma.s.l. and is surrounded by grass-
land and forests. The balloon measurements were performed in a temporarily closed air space
of 2 km in diameter, which was activated on measurement days. The maximum flight height
allowed was 700 m above ground because of air traffic regulations. The experimental setup of
the HoloBalloon platform is shown in Figure 2.1.

The measurements taken on the HoloBalloon platform were complemented and validated by
observations of surrounding MeteoSwiss weather stations and radiosondes (see Figure 2.5). The
weather stations are located within a radius of 30 km from Aarwangen and cover altitudes be-
tween 420 m a.s.l. and 1400 ma.s.l. Radiosondes are launched twice a day (00 UTC and 12 UTC)
from Payerne, which is located 80 km southwest of Aarwangen. We used the radiosondes to de-
termine the inversion and cloud top height, because we were not able to measure the whole cloud
layer due to the air traffic restrictions on flight height.

A total of nine vertical profiles measured with the HoloBalloon platform were analyzed in this
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Table 2.2: Summary of the start and end time of the nine vertical profiles observed with the HoloB-
alloon platform.

Profile number Profile type Start time (UTC) End time (UTC)

1 ascending 08:01 08:10
2 descending 08:11 08:23
3 ascending 08:24 08:34
4 descending 08:35 08:45
) ascending 08:46 08:58
6 descending 08:59 09:11
7 ascending 09:12 09:22
8 descending 09:23 09:37
9 ascending 09:38 09:57

case study, with an average of 800 holograms (~ 5L sampled volume) or 600’000 cloud particles
per profile. The battery of the instrument package was empty after profile 9; thus no observa-
tions were available afterwards. Each profile had a duration of 10-15 minutes. With a mean
horizontal wind speed of 10ms™!, this results in a horizontal resolution of around 6-9 kilo-
meters. The start and end times of the individual profiles are summarized in Table 2.2. At
least 10 holograms were grouped together to obtain better counting statistics. This results in
a vertical resolution of 5m. Only data points with a liquid water content (LWC) larger than
0.01 gm~—3 (definition for cloud base) are considered in the analysis. Cloud particles smaller than
25 nm were classified into the three categories of cloud droplets, ice crystals and artifacts using
support vector machines (see Section 2.3.1), whereas particles larger than 25 um were classified
manually (visual classification). Only particles within a reconstruction distance between 20 mm
and 50 mm were included in the analysis. A smaller detection volume than described in Sec-
tion 2.3.2 was chosen due to the mean droplet size being close to the instrumental resolution

limit and noise in the holograms.

2.4.2 Meteorological situation

Figure 2.6 shows vertical profiles of the meteorological parameters during the measurement
period. The meteorological conditions during the 2-hour measurement period were relatively
stable. The temperature profile was characterized by a strong temperature inversion, which was
located at around 1450 ma.s.l. The temperature varied between -1 °C at the surface and -8.9 °C
at the inversion base. The height of the temperature inversion defines the top of the cloud layer.
The relative humidity increased from the ground up to 850 m a.s.l., where it remained constant up
to the inversion. We assumed that this constant relative humidity interval indicates conditions
of water saturation and thus marks the extent of the cloud layer. No relative humidity values
above 95 % were observed by the HoloBalloon platform. This can be explained by the challenges
of measuring relative humidity at in-cloud conditions (e.g., Korolev and Mazin, 2003; Korolev
and Isaac, 2006). Wind speeds between 6.7ms~! and 8.6 ms~! were observed in Wynau with
wind gusts up to 10.6ms~!. The wind speed in Aarwangen increased in the first 200 m above
the ground from 7ms™! to 10ms~!. As it can be seen from the radiosondes, the wind speed was

relatively constant up to the inversion layer. The prevailing wind direction was northeast with
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Figure 2.6: Vertical profiles of the meteorological parameters (a-d). The HoloBalloon measurements
are averaged over nine profiles and an altitude interval of 75m. The black dots indicate the mean
and the shaded area the standard deviation of the data. The vertical profiles of two radiosonde
ascents (00 UTC (solid) and 12UTC (dashed)) are shown by the red lines. The box plots represent
the data from MeteoSwiss weather stations (Wynau (420 ma.s.l.), Napf (1400 ma.s.l.)). In each
box, the central line indicates the median and the left and right edges of the box mark the 25th
and 75th percentiles, respectively. The whiskers extend to the minimum and maximum of the
data not considered as outliers. Panel (e) shows the vertical profile of the Brunt-Vaisala frequency

(N = \/%g—g) and the wind shear (s = g—g) calculated from the radiosonde ascent at 12UTC. The
shaded area in Figure 2.6 indicates regions with a positive Brunt-Vaisala frequency.

a slight turn towards east with increasing altitude. At the inversion, a change in the horizontal
wind speed and direction with height (vertical wind shear) occurs. In this region, a positive
Brunt-Véiséld frequency N is observed (Figure 2.6.e). These conditions are favorable for the

development of boundary layer waves and Kelvin-Helmholtz instability (see Section 2.4.4).

2.4.3 Microphysical cloud structure

Figure 2.7 shows the mean vertical profiles of the microphysical cloud properties averaged over
nine profiles. The mean cloud droplet number concentration (CDNC) increases from 10 cm ™3
at the cloud base (920m) to 150 cm ™3 at 1100 m (Figure 2.7a). The mean liquid water content
(LWC) ranges between 0.01 gm 2 and 0.08 gm ™ and on average approaches an adiabatic profile
(Figure 2.7b). The mean cloud droplet diameter increases from 9 um to 9.5 pm between the cloud
base and 1000 m and stays constant above (Figure 2.7c). The observed CDNC of 150 cm 3, LWC
of 0.08gm ™3 and mean cloud droplet diameter of 9.5 um are in the observed range for fog and
continental stratus clouds (Lohmann et al., 2016b), but rather at the lower end of the range.
Despite the supercooled conditions, only a few ice crystals were observed (< 1L71).

The increase in CDNC with increasing height is in contrast to the theory of an adiabatic cloud
profile and might be explained by different factors. An adiabatic cloud model assumes that cloud
droplets activate at the cloud base and grow in size with increasing altitude. Thus, CDNC is

expected to remain constant with height after the maximum supersaturation is reached. There
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Figure 2.7: Mean vertical profiles of the cloud droplet number concentration (a), liquid water con-
tent (b) and mean cloud droplet diameter (c) averaged over the nine profiles measured with the
HoloBalloon platform. The data are averaged over an altitude interval of 10m. The shaded area
represents the standard deviation. The black line in b) shows the adiabatic LWC profile w;_4q, which
is obtained as follows: i) calculate the saturation vapor pressure e, at the cloud base, ii) use the
E;ii(g;), iii) calculate
w; = w, + w; at the cloud base assuming w; =0.01gkg™! and assuming constant w; with height
(adiabatic), and iv) calculate wy at all height levels, determine w; and multiply w; by local dry air

density to obtain w;_gq4.

pressure at the cloud base to determine the saturation mixing ratio ws (T, p) =

are several possibilities why this theoretical concept is not applicable for the case study presented
here. Firstly, HOLIMO 3B does not detect cloud droplets smaller than 6 pm. This can lead to an
underestimation in CDNC, especially at cloud base where the droplets are smallest. Secondly,
an adiabatic cloud model assumes a constant updraft, but fluctuations in the updraft speed
or turbulence could generate supersaturated conditions and activate cloud droplets at higher
altitudes than cloud base. Thirdly, the increase in CDNC with height could be driven by
radiative cooling at the cloud top by producing either supersaturation or instabilities and thus
turbulence within the cloud layer. On the other hand, a database of stratus clouds (Miles
et al., 2000) showed that the CDNC in continental clouds was more variable with height than in
marine clouds where CDNC was determined near cloud base. Therefore, it is unclear whether
the observed increase in CDNC is a measurement artifact or a real feature of the observed
cloud. Regardless, we recommend that future balloon-borne measurements of clouds include

instruments capable of measuring even the smallest cloud particles.

2.4.4 Inhomogeneities in the microphysical cloud properties of stratus clouds

Upon further analysis, we investigate cloud inhomogeneities in stratus clouds on different scales
and discuss potential physical processes, which could influence these cloud signatures. In the
present study, cloud inhomogeneities are defined by the variability in the CDNC. Therefore,
we introduce the term CDNC anomaly (CDNC}), which describes the variability of the CDNC
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Figure 2.8: Height-temporal evolution of the CDNC (a) and the CDNC anomaly (CDNC}, b) (see
text for explanation of anomaly). The data points are averaged over an altitude interval of 10 m.
The upper x-axis shows the horizontal distance s of the cloud, assuming a mean wind speed v of
10ms~! over time t (s = v -t). The numbers represent the profile number according to Table 2.2.

over a given height interval h. The CDNCY is calculated by dividing the CDNC observed in
the height interval h (CDNC}) by the mean CDNC in that height interval averaged over the
nine profiles (CDNCy,) (i.e. CDNC? = CDNC,,/CDNCy). As Korolev and Mazin (1993), we
define areas with CDNC} < 0.5 as regions of decreased CDNC and areas with CDNC} > 1.5 as
regions of increased CDNC.

The height-temporal evolution of the CDNC and CDNC} is shown in Figure 2.8. CDNC$ reveals
areas of increased and decreased CDNC (Figure 2.8b). For example, profile 7 shows regions of
decreased CDNC, whereas profile 9 shows regions of increased CDNC compared to the mean
profile. The CDNC at 1100m in profile 9 (200cm™3) is more than a factor of 3 higher than
in profile 7 (60 cm~3). From a single profile perspective, all profiles show alternating regions
of higher and lower CDNC. It is likely that the observed variations in CDNC exceed statistical

variations and are the result of different physical processes.
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Figure 2.9: Vertical profile of CDNC (in red) and CDNC anomaly (in black, CDNC}) (a) and number
size distribution (b) of profile 7. To the left of the dashed vertical line in panel (a), CDNC? is less
than 0.5. The data are averaged over a 10 m interval. The black rectangle in panel (b) shows the
region of decreased CDNC (discussed in text).

The variability in CDNC on a scale of several kilometers might be explained by the presence of
boundary layer waves. Boundary layer waves can cause entrainment of dry air into the cloud
(Mellado, 2017) and could affect the cloud structure (e.g., Bergot, 2013). As discussed for
example by Wanner and Furger (1990), strengthening or weakening of the Bise due to dynamic
effects could induce oscillations within the cold air and lead to the formation of boundary layer
waves at the cloud top. The presence of wind shear and a positive Brunt-Viiséla frequency
(N=0.04s71) at the inversion (see Figure 2.6e) represent favorable conditions for the formation
of Kelvin-Helmholtz instability and boundary layer waves. However, in order to further test
this hypothesis, microphysical observations up to cloud top and an extended set of auxiliary
measurements (e.g., three-dimensional wind field, turbulence) over a time period of several
hours would be necessary.

Inhomogeneities in CDNC on a meter scale can be the result of different processes, depending on
their location within the cloud. We will discuss these cloud inhomogeneities based on profile 7,
because it has CDNC% below 1 almost everywhere (see Figure 2.8b). Profile 7 shows a gradual
increase in cloud droplet size and number concentration with height until a sudden decrease in
particle concentration and cloud droplet size occurs between 1070 m and 1130 m (Figure 2.9b).
In this region, CDNC is less than half of the average CDNC (CDNC} < 0.5, Figure 2.9a). In
addition, the cloud droplet spectrum shows an increase in small droplets and an absence of
cloud droplets larger than 14 pm. Korolev and Mazin (1993) propose several mechanisms for the
formation of cloud inhomogeneities on a meter scale such as (i) entrainment, (ii) variability of
the condensation level and (iii) evaporation in descending motions. Considering the location of
our region of decreased CDNC (300-400 m from cloud top, 200 m from cloud base), we assume
that this CDNC} below 1 is most likely formed by evaporation in descending motions. The

temperature inside a descending air parcel increases due to adiabatic compression and heating,
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and in response cloud droplets, evaporate leading to regions of decreased CDNC. However, more
sophisticated analyses of turbulence and microphysical observations up to cloud top are required
to further investigate these cloud inhomogeneities and the corresponding physical processes,

which is beyond the scope of this study.

2.5 Discussion

2.5.1 Validation of the HoloBalloon platform and further improvements

The HoloBalloon platform was successfully deployed in various meteorological conditions. In situ
profiles up to 700 m altitude above the ground were obtained, limited by air traffic restrictions
in the maximum altitude. Unfortunately, because of this limitation in the maximum altitude,
we were not able to penetrate the whole cloud layer and perform measurements at the cloud top.
The platform was deployed at temperatures down to -8 °C. Despite the supercooled conditions,
we observed only a few ice crystals (<1L~!). Even though parts of the balloon and of the cable
were covered in ice, this did not affect our measurements and the flight performance. However,
based on our experience, we recommend covering the balloon with a tarp at night to prevent
accumulation of snow and water on the balloon. We flew the TBS in wind speeds up to 15ms~".
The TBS was stable in these high wind conditions, but the ground handling became challenging
at wind speeds above 10ms~!, especially in the presence of wind gusts.

For setting up and operating the HoloBalloon platform, several aspects need to be considered.
Firstly, a closed air space was required to perform cloud measurements with a TBS. The process
of obtaining a closed air space was closely coordinated with the aviation safety authority. In ar-
eas with dense air traffic, such as the Swiss Plateau, it can be difficult to find a suitable location.
Secondly, a large, reasonably flat surface area (~20mx40m) is required to prepare and launch
the TBS. No major obstacles (e.g., trees, power lines) should be within a radius of around 60 m
of the launching site and it should be possible to insert an anchor into the ground. The system
set up takes approximately 3 days and requires two to three trained persons for operation. A
third person can especially be helpful during difficult wind conditions.

HoloBalloon was able to measure temperature, relative humidity and wind profiles in boundary
layer clouds. In general, the measurements agreed well with the observations from the Me-
teoSwiss weather stations and the radiosondes (see Figure 2.6). The temperature sensor showed
a delayed response to changes in the ambient temperature (not shown), similarly to what was
observed by Beck et al. (2017) on the cable car platform HoloGondel. To overcome this issue,
the temperature was calculated from the virtual temperature of the 3D sonic anemometer, as-
suming water saturation in the cloud. It is well known that it is difficult to measure relative
humidity in clouds (e.g., Korolev and Mazin, 2003; Korolev and Isaac, 2006). The relative hu-
midity measured by the HoloBalloon platform in clouds ranged between 93 % and 98 %. We
assumed in-cloud conditions when the relative humidity remained constant with height. Wind
speed and direction measurements of the 3D sonic anemometer were corrected for the motion
of the balloon. As described in Section 2.2, this was done using the output from an inertial
navigation system and a GPS antenna following the procedure described in Elston et al. (2015).

The corrected horizontal wind speed and wind direction measurements agreed well with the
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radiosonde observations. Vertical wind speed and turbulence measurements were not considered
in this study, because we cannot exclude an influence from the balloon on the turbulence mea-
surements, as the instrument package was installed on the keel below the balloon (Figure 2.1).
For future field campaigns, we will install the instrument package 20-30 m below the balloon in
order to minimize potential influences from the balloon and to also analyze turbulence data of
the 3D sonic anemometer. The feasibility of a hanging mount was already successfully tested in
the field in the fall of 2019.

The vertical profiles of the microphysical measurement showed no systematic difference between
ascending and descending profiles (see Figure 2.8b), suggesting that the balloon was not signif-
icantly influencing the microphysical measurements themselves. With a mean horizontal wind
speed of 10ms~! and a cable speed of 1 ms™!, the horizontal wind speed is by a factor 10 larger
than the cable speed. This, in combination with a flight angle of up to 45° (due to the kytoon
design), minimizes shading effects and further supports the assumption that a ’pristine’ cloud
volume is measured.

Generally, the measured size distributions during the present case study showed the maximum
number concentration close to the resolution limit of HOLIMO 3B. This demonstrates the limits
of the instrument in measuring small cloud particles (< 6 um). This bias can lead to an under-
estimation of CDNC, especially close to cloud base or in fog or clouds with a small mean cloud
droplet diameter. For future field campaigns, we will equip the HoloBalloon platform with an

optical particle counter in order to cover the entire cloud droplet size distribution.

2.5.2 Using the HoloBalloon platform to study boundary layer clouds

The potential of the HoloBalloon platform in studying boundary layer clouds is summarized
in a conceptual picture (Figure 2.10), which is described with the help of the presented case
study. Based on the research questions, different analysis strategies can be applied. Firstly,
by analyzing a series of vertical profiles, the HoloBalloon platform can investigate the temporal
and spatial evolution of cloud properties on a kilometer scale (Figure 2.10, top row). A vertical
profile of 500 m can be accomplished within 8 minutes. Thus, a vertical profile can be obtained
faster than with an aircraft. Secondly, individual profiles obtained with the HoloBalloon plat-
form can provide information about the vertical cloud structure (Figure 2.10, middle row). With
a sample rate of up to 80 fps and an aspiration speed on the order of 10ms~', the HoloBalloon
platform can provide high-resolution measurements on the meter scale. We found that stratus
clouds can exhibit complex dynamic structures with microphysical signatures on different scales
(Section 2.4.4). For example, we observed a large variability in the CDNC and cloud droplet
size within the stratus cloud. More sophisticated analyses of numerous cloud cases are required
to further investigate cloud inhomogeneities and their physical implications. However, no gen-
eralization was possible in this study.

Furthermore, the analysis of individual holograms, or more specifically the analysis of the spatial
distribution of an ensemble of cloud particles in the sample volume (Figure 2.10, bottom row),
allows the study of small-scale processes and particle-particle interactions. For example, a spa-
tial distribution analysis can provide insights into the physical nature of the interface between

cloudy and ambient air and thus can be used to study entrainment and turbulent mixing at the
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Figure 2.10: Conceptual picture describing the potential of the HoloBalloon platform in studying
boundary layer clouds. It shows the scale-dependent analysis strategy (left), exemplary HoloBalloon
observations of the presented case study (center) and possible physical processes that can be studied
with the HoloBalloon platform (right). The scale-dependent analysis strategies include the analysis
of a series of vertical profiles (top), a single vertical profile (middle) and a single hologram (bottom).

cloud top. However, a quantitative analysis of the spatial distribution (e.g., Larsen and Shaw,
2018; Larsen et al., 2018) is required to assess these small-scale processes, which is beyond the
scope of this study. Future work will focus on the spatial distribution of cloud particles.

The HoloBalloon platform can be used to study processes over a wide range of scales from the
kilometer down to the millimeter scale. However, the present case study also revealed some
limitations of the HoloBalloon platform. For example, the vertical profiles are limited by the
cable length (1200 m) or air traffic regulations regarding the maximum flight height (700 m) and
it can only observe the cloud properties along the measurement path. In order to obtain a more
comprehensive understanding of boundary layer clouds, a multidimensional set of instruments
would be necessary. For example, the HoloBalloon measurements could be complemented by
remote sensing instruments (e.g., cloud radar), which can provide continuous information of the

large-scale cloud structure. Moreover, a wind profiler could be used to characterize the three-
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dimensional wind field and to identify dynamical patterns such as boundary layer waves. Such

a multi-scale approach could help to improve the microphysical and dynamical understanding

of boundary layer clouds in future field campaigns.

2.6 Conclusions

In this study, we have introduced the newly developed measurement platform HoloBalloon and

have shown its ability and potential in studying boundary layer clouds. Here, we presented in

situ observations of a supercooled low stratus cloud during a Bise event over the Swiss Plateau

in February 2018. Our main findings are summarized as follows:

HoloBalloon merges the advantages of holography with the benefits of a TBSs. Unlike other
single particles measurement techniques, holographic cloud imagers have a well-defined
sample volume independent of particle size and air speed despite fluctuating aspiration
speeds on a TBS. The low aspiration speed on the TBS in combination with the high

acquisition rate of HOLIMO 3B allows for measurements with high spatial resolution.

The HoloBalloon platform was successfully deployed at temperatures down to -8 °C and
wind speeds up to 15ms~!. While conventional blimp-like TBS are limited to wind speeds

1

below 10ms~!, kytoons are designed for wind speeds up to 25 ms~!, making them an

interesting measurement platform for atmospheric research.

HoloBalloon was able to reliably measure in situ vertical profiles of the microphysical cloud
properties and meteorological parameters up to 700 m above ground. The meteorological
measurements agreed well with observations from radiosondes and weather stations, and
the observed cloud properties were within the expected range for fog and stratus clouds.
Cloud particles between 6 um and 24 pm and CDNC up to 200 cm™> were observed with
HOLIMO 3B.

HoloBalloon was able to capture cloud inhomogeneities on different scales. For example,
we observed a large variability in the CDNC and mean cloud droplet diameter from a
kilometer down to a meter scale. We hypothesize that boundary layer waves and droplet
evaporation in a descending air parcel might have influenced the cloud structure. However,
further analyses are required to investigate these hypotheses. Moreover, HOLIMO 3B
is capable of measuring the spatial distribution of an ensemble of cloud particles on a
millimeter scale (e.g., Beals et al., 2015; Beck et al., 2017). This outstanding feature of
holography allows studying processes on the particle scale such as entrainment, turbulent

mixing or cloud particle growth.

For future balloon-borne cloud measurements we recommend installing the instrument
package 20-30m below the balloon to reduce potential influences from the balloon on the
cloud and turbulence measurements. In addition, we recommend that instruments covering
the entire cloud particle spectrum are installed to accurately capture cloud activation and

entrainment.
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Data availability

Pre-processed data are available for download at https://doi.org/10.5281/zenodo.3608035.

The raw hologram data are available from the authors on request.
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Abstract

Previous studies that investigated orographic precipitation have primarily focused on isolated
mountain barriers. Here we investigate the influence of low-level blocking and shear-induced
turbulence on the cloud microphysics and precipitation formation in a complex inner-Alpine
valley. The analysis focuses on a mid-level cloud in a post-frontal environment, by combining
observations from an extensive set of instruments including ground-based remote sensing instru-
mentation, in situ instrumentation on a tethered balloon system and ground-based precipitation

measurements.
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During this event, the boundary layer was characterized by a blocked low-level flow and a
turbulent shear layer, which separated the blocked layer near the surface from the stronger
cross-barrier flow aloft. Cloud radar observations indicate changes in the microphysical cloud
properties within the turbulent shear layer including enhanced linear depolarization ratio (i.e.,
change in particle shape) and increased radar reflectivity (i.e., enhanced ice growth). Based on
the ice particle habits observed at the surface, we suggest that needle growth and aggregation
occurred within the turbulent layer and that collisions of fragile ice crystals (e.g., dendrites,
needles) might have contributed to secondary ice production.

Additionally, in situ instrumentation on the tethered balloon system observed the presence of
a low-level feeder cloud above a small-scale topographic feature, which dissipated when the
low-level flow turned from a blocked to an unblocked state. Our observations indicate that the
low-level blocking (due to the downstream mountain barrier) caused the low-level flow to ascend
the leeward slope of the local topography in the valley, thus producing a low-level feeder cloud.
Although the feeder cloud did not enhance precipitation in the present case, we propose that
local flow effects such as low-level blocking can induce the formation of feeder clouds in mountain
valleys and on the leeward slope of foothills upstream of the main mountain barrier, where they

can act to enhance orographic precipitation through the seeder-feeder mechanism.

3.1 Introduction

Mountains can alter and reorganize incoming weather systems or force air masses to lift and thus
produce a large proportion of the Earth’s annual precipitation (Roe, 2005). Besides the total
amount of precipitation, also its spatial distribution across the mountain range becomes of in-
creasing importance for public warning (e.g., avalanche, flash flood), water resources, hydropower
production and winter tourism (Stoelinga et al., 2013). In addition to orographic lifting and
the subsequent production of condensate, additional processes are required to efficiently form
precipitation-sized particles within the lifetime of the cloud as it crosses the mountain barrier
(e.g., Smith, 1979; Frei and Schar, 1998; Roe, 2005; Houze Jr, 2012; Smith, 2019). As such,
an extensive knowledge of these physical processes and the interplay between dynamics, micro-
physics and orography is essential to understand precipitation formation over complex terrain.
Numerous mechanisms have been identified to affect the air flow and enhance orographic pre-
cipitation (e.g., Borys et al., 2003; Rotunno and Houze, 2007; Lowenthal et al., 2011; Houze Jr,
2012; Medina and Houze Jr, 2015; Kirshbaum et al., 2018; Smith, 2019). For example, if the air
flow impinging on a mountain barrier is sufficiently weak, or the mountain barrier is too high
or the atmosphere is stably stratified, the low-level flow might be blocked or diverted around
the mountain. As a consequence, a stagnant blocked layer can form in front of the mountain
barrier, which extends the effective width of the mountain barrier and causes lifting further
upstream (e.g. Rotunno and Ferretti, 2001; Medina and Houze, 2003; Jiang and Smith, 2003).
Additionally, a layer of strong shear is usually present at the interface between the blocked layer
and the strong cross-barrier flow aloft, which can be the source of turbulent motions. This
shear-induced turbulent layer can enhance orographic precipitation (e.g. Houze Jr and Medina,
2005; Medina et al., 2005; Medina et al., 2007) and will be the focus of the present study.

Besides the dynamical response of the air flow to the orography, a wide range of microphysical
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interactions can occur between cloud droplets, ice crystals and water vapor. For example, indi-
vidual ice crystals can grow by vapor deposition, can collide and stick together with other ice
crystals (aggregation) or can collide with supercooled cloud droplets that freeze upon contact
(riming) (e.g. Pruppacher and Klett, 1980; Lohmann et al., 2016b). Turbulence and updrafts
can accelerate ice growth by riming and aggregation and thus precipitation fallout, by sustaining
the production of supercooled liquid water (Rauber and Tokay, 1991) and by increasing the col-
lision efficiencies between cloud particles (Pinsky et al., 2016a). Furthermore, enhanced ice-ice
collisions can promote mechanical break-up of ice crystals and lead to the production of a large
number of small secondary ice particles (e.g., Vardiman, 1978; Yano et al., 2016).

In the present study, we investigate the influence of low-level blocking and shear-induced turbu-
lence on the microphysics and precipitation formation of a mixed-phase cloud in an inner-Alpine
valley. Previous studies found that flow blocking and shear-induced turbulence can facilitate
rapid ice growth and ultimately enhance orographic precipitation (e.g., Marwitz, 1983; Over-
land and Bond, 1995; Yu and Smull, 2000; Hogan et al., 2002; Neiman et al., 2002; Neiman
et al., 2004; Houze Jr and Medina, 2005; Loescher et al., 2006; Olson et al., 2007; Olson and
Collel, 2009; |Geerts et al., 2011; Medina and Houze Jr, 2015} |Grazioli et al., 2015; Aikins et al.,
2016). For example, turbulent updraft cells were observed over the Oregon Cascade Moun-
tains in regions where the wind shear exceeded 10ms~!'km~! (Houze Jr and Medina, 2005).
Houze Jr and Medina, (2005) suggested that these turbulent updraft cells can enhance ice growth
through riming and aggregation. Both mechanisms can lead to rapid conversion of condensate
to precipitation-sized particles. More recent studies confirmed the findings by Houze Jr and
Medina/ (2005) that turbulent updraft cells enhance ice growth and precipitation (e.g., Medina
and Houze Jr, 2015; Geerts et al., 2011; Aikins et al., 2016). However, Geerts et al. (2011) could
not draw any conclusions regarding the dominant ice growth processes, due to restrictions in
the aircraft flight level. On the other hand, Aikins et al. (2016) proposed depositional growth
and aggregation as the dominant ice growth mechanisms for their study rather than riming due
to the low amounts of liquid water observed in the shear layer. Thus, the dominant growth
process within shear-induced turbulent layers depends on the environmental conditions such as
temperature, updraft velocity and the ice crystal size distribution.

The present work builds on the previous studies that investigated the implications of shear-
induced turbulence on the cloud microphysics and precipitation formation and extends the
analysis to a more complex terrain. While previous observational studies have mainly focused
on the effect of an isolated mountain barrier, we will investigate the role of shear-induced tur-
bulence in an inner-Alpine valley near Davos, Switzerland. The region around Davos, or more
generally the Alpine region, is characterized by complex terrain with narrow valleys and mul-
tiple mountain barriers, which can cause complex interactions between numerous mechanisms
on different scales. This complexity has already been recognized during the Mesoscale Alpine
Programme (MAP) (e.g., Rotunno and Houze, 2007). In an environment with a series of par-
allel mountain ridges, a superposition of upstream and downstream effects can occur. In the
present study, we attempt to investigate whether a ’simple’ conceptual mechanism as described
in Houze Jr and Medina (2005) can also be observed in a complex environment that is embedded

between two mountain ridges and which is likely influenced by upstream and downstream ef-
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fects. In addition, we extend the analysis to lower altitudes, which were inaccessible in previous
studies due to limits in the flight levels, by using a tethered balloon system. The balloon-borne
profiles can provide information on the microphysical cloud properties in the lowest part of the
boundary layer. These questions are addressed in a case study on 7 March 2019, which was
observed in a post-frontal air mass during the Role of Aerosols and CLouds Enhanced by To-
pography on Snow campaign (RACLETS). The multi-instrument analysis is based on (1) wind
profiler and wind lidar measurements, (2) observations of a Ka-band polarimetric cloud radar, a
Raman lidar and a microwave radiometer, (3) in situ microphysical measurements on a tethered
balloon system and (4) ground-based precipitation measurements.

The main measurement locations and instruments are briefly described in Section [3.2. An
overview of the synoptic weather situation and the case study is given in Section 3.3. Section
3.4 presents the influence of low-level blocking and shear-induced turbulence on the cloud micro-
physics and precipitation formation. The findings are discussed in a larger context and presented

in a conceptual model in Section 3.5. A summary of the main findings is given in Section 3.6.

3.2 Measurement location and instruments

The RACLETS campaign took place from 8 February 2019 to 28 March 2019 in the region around
Davos in the Swiss Alps. The main objective of the campaign was to investigate the pathways
of precipitation formation in orographic clouds, covering the entire aerosol-cloud-precipitation-
snow distribution process chain, in order to improve our understanding of orographic precipita-
tion. The overall goal of the RACLETS campaign was to use the gained process understanding
of orographic clouds to improve regional precipitation forecast in complex terrain. For this
purpose, a multi-dimensional set of instruments and measurements was deployed to provide a

comprehensive dataset of orographic clouds.

3.2.1 Measurement location

A map of the instrument setup and the relevant measurement locations is shown in Figure 3.1.
Davos is located in the Swiss Alps in the eastern part of Switzerland. The Alpine massif is
oriented in a southwest-northeast direction and has a mean height of around 3000 ma.s.l. or
2400m above the surrounding lowlands. The Alps represent a barrier for incoming weather
systems, which predominantly approach the measurement location in Davos from northwest or
south. During the presented case study, the weather system came from south-western direction
and thus followed approximately the direction of the Davos valley. Weather systems approaching
Davos from the south are influenced by topography to a larger extent, because the main ridge
of the Alps is located south of Davos (indicated by B1 in Fig. 3.1b).

The main measurement locations consist of two mountain-top stations (Weissfluhjoch 2700 m,
Gotschnagrat 2300m), and three valley stations (Wolfgang 1630 m, Laret 1500m, Klosters
1200 m), which are located within a distance of 10 kilometers (see Fig. 3.1a). The region
around Klosters and Davos is characterized by complex topography. The Klosters valley is
oriented from northwest to southeast and the elevation gradually increases from the lowlands

(500m) to 1200 m. In contrast, the Davos valley is oriented in a northeast-southwest direction.
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3.2. Measurement location and instruments
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Figure 3.1: Overview of the measurement location and setup. The geographical location of Davos
(black cross) and the surrounding topography is shown in (b). The large-scale wind direction during
the event is shown by the black arrow and the relevant mountain barriers are indicated by Bl
(upstream mountain barrier) and B2 (downstream mountain barrier). An enlarged section of the
measurement sites (black rectangle in b) and the instrument setup are shown in panel (a). The
elevation data was obtained from the digital height model DHM25 of the Federal Office of Topography
swisstopo: https://shop.swisstopo.admin.ch/de/products/height_models/dhm25200, last access: 9
March 2020.

The height rapidly increases from Klosters (1200 m) towards Wolfgang (1630 m), before it slowly
decreases on the way to Davos (1560 m). In the following, we will briefly describe the relevant

instruments, which have been used in the present study.

3.2.2 Instrument setup

A set of ground-based remote sensing and in situ instruments was installed at Wolfgang to
study the microphysical cloud structure (Fig. 3.1a). A vertically-pointing Ka-band cloud radar
Mira-36 (METEK GmbH, Germany, Melchionna et al., 2008; Gorsdorf et al., 2015; Lohnert et al.,
2015) provided vertical profiles of radar reflectivity factor, Doppler velocity, Doppler spectra,
spectral width and linear depolarization ratio (LDR) with a vertical resolution of 31.17m and
a temporal resolution of 10s. A PollyXT Raman and depolarization lidar (e.g., Engelmann
et al., 2016) was deployed to study the aerosol and cloud properties. Moreover, a 14-channel
microwave radiometer (HATPRO, Radiometer Physics GmbH, Germany; Rose et al., 2005)
provided information about the vertical temperature and humidity profiles as well as the col-
umn integrated water vapor content (IWV) and liquid water path (LWP). In situ observations

of the low-level microphysical cloud structure were obtained with a tethered balloon system
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(HoloBalloon; Ramelli et al., 2020). The main component of the measurement platform is the
HOLographic cloud Imager for Microscopic Objects (HOLIMO), which can image cloud particles
in the size range of 6 pm to 2mm (Henneberger et al., 2013; Beck et al., 2017; Ramelli et al.,
2020). It provides information about the phase-resolved number concentration, water content,
size distribution and particle shape. Additionally, a ceilometer (CL31, Vaisala, US) was installed
at Klosters, which was used to identify the height of the cloud base (Fig. 3.1a).

Observations of the three-dimensional wind fields were obtained with a radar wind profiler
(LAP-3000 Wind profiler, Vaisala, US) and a wind lidar (Windcube 100S, Leosphere, France)
at Wolfgang (Fig. 3.1a). The wind profiler had a temporal resolution of 5min and a vertical
resolution of 200 m, whereas the wind lidar provided wind measurements with a higher vertical
resolution of 50m. The wind lidar operated at an elevation angle of 75°. Additionally, Range
Height Indicator scans (RHI) were performed every 30 minutes in four different azimuth direc-
tions (0°, 70°, 180° and 250°).

Precipitation was measured using a set of different ground-based precipitation instruments.
Three Particle Size Velocity (Parsivel) disdrometers (OTT Parsivel2, OTT HydroMet, Ger-
many; Tokay et al., 2014) were installed at Wolfgang (1630 m), Laret (1500 m) and Gotschnagrat
(2300 m), respectively (see Fig. 3.1a). Parsivel disdrometers can measure the size and the fall
velocity of hydrometeors falling through the sample volume independently. The particle size is
estimated from the signal attenuation, whereas the particle fall velocity is estimated from the
duration of the measured signal. Precipitation particles in the size range between 0.2 mm and
25 mm can be measured by the disdrometer with a temporal resolution of 30s. Additionally,
a Multi-Angle Snowflake Camera (MASC) at Laret took photographs of hydrometeors from
three different angles and measured their fall velocity simultaneously (Garrett et al., 2012). The
MASC is sensitive to particles in the size range of 100 pm and 10 cm. Lastly, a snow drift station
was installed at Gotschnagrat, which provided information about the snow redistribution at the
ground and the low-level wind field (Walter et al., 2020).

3.3 Description of the case study

The weather situation on 7 March 2019 was characterized by a low-pressure system that moved
from the North Sea towards Scandinavia and brought a cold front towards Switzerland (Fig.
4.2a). Ahead of the cold front, a 15hPa pressure gradient between the south and north side
of the Alps produced a strong foehn event with wind gusts of up to 130kmh~'. The cold
front crossed Switzerland from the southwest in the morning and ended the pronounced foehn
situation. Based on observations, rainfall of up to 50 mm was produced on the southern side
of the Alps during the passage of the cold front (not shown). Moist southwesterly flow in the
post-frontal air mass led to light showers on the south side of the Alps due to orographic lifting.
Some spillover precipitation was observed on the lee side of the Alps and reached the measure-
ment locations in Davos. The presented case study was measured in the post-frontal air mass
between 16 UTC and 20 UTC.

The temperature at Davos (1600m) was around 0°C during the entire observational period,
whereas the temperature at Weissfluhjoch (2700m) decreased from -4.5°C to -6 °C between
16 UTC and 20 UTC. Due to the lack of a sounding in the Davos area during the measurement
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Figure 3.2: Overview of the synoptic weather situation on 7 March 2019 showing a satellite picture
over Europe (a) and the temperature profile of a radiosonde ascent (b). The satellite picture was
taken by the Meteosat at 12 UTC (Eumetsat). The radiosonde was launched from Milan (12UTC;
http://meteocentre.com/radiosonde/; last access: 16 March 2020) and shows the temperature
(blue) and dew point temperature (red) profiles. The boxplots in (b) show the temperature measured
at Davos (DAV, 1600 m), Gotschnagrat (GOT, 2300 m) and Weissfluhjoch (WFJ, 2700 m) during
the measuement period. The cloud top temperature (-14°C) and height (4000 m; estimated from
cloud radar observations averaged between 17 UTC and 18.30UTC) are indicated by the blue dot.
The wind barbs are shown on the right side.

period, the vertical temperature profile of a radiosonde ascent from Milan (Italy; at 12 UTC) is
shown instead (Fig. 4.2b). The sounding in Milan is assumed to be representative of the upper
air situation in Davos, as the air flow was from the southwest. In addition, the temperatures
measured at Gotschnagrat and Weissfluhjoch were in good agreement with the temperature pro-
file of the radiosonde (within 1-2K), whereas the temperature observed in Davos was slightly
colder. A cloud top temperature of around -14 °C was estimated from the observed temperature
profile.

An overview of the microphysical cloud structure is shown in Figures 3.3 and 3.4. The cloud
radar observations indicate the presence of a mid-level cloud with a cloud top at around 4000 m.
The highest reflectivities (> 5dBZ) were observed between 2500 m and 3500 m (Fig. 3.3a). The
reflectivity decreased below 2500 m, indicating the presence of a sublimation layer. The Doppler
velocity showed mainly regions with negative Doppler velocity (Fig. 3.3b). Positive Doppler
velocities (i.e., updrafts) were only observed after 18 UTC near cloud top and after 19 UTC near
the ground. Additionally, several regions of enhanced spectral width were observed (Fig. 3.3c).
High values in the spectral width signal can be the result of enhanced turbulence and/or indi-
cate the presence of multiple particle populations with different fall speeds (e.g., Shupe et al.,
2004; Shupe et al., 2006). The linear depolarization ratio (LDR) ranged between -32dB and
-22dB (Fig. 3.3d) and provides information about the shape of the cloud particles. A perfectly
spherical particle (e.g., small cloud droplet) has no depolarization and thus an LDR of -co dB,
whereas a particle with a high aspect ratio has a LDR close to 0dB. Furthermore, the LDR of

a specific hydrometeor type depends on the elevation angle. Since a vertically-pointing cloud
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Figure 3.3: Cloud radar observations of the radar reflectivity (a), Doppler velocity (b), spectral width
(c) and linear depolarization ratio (d) measured on 7 March 2019. Note that the colorbar in (b) is
centered at -1 ms~! to approximately account for the hydrometeor fall speed. The red line in panel
(d) indicates the track of the 18 UTC LDR-fallstreak, which was investigated in Fig. 3.10. The
measurement period is divided into three periods, where P1_bl and P3_bl indicate blocked low-level
flow and P2_unbl indicates unblocked low-level flow (see Sect. 3.4.1 for more details).
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3.3. Description of the case study
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Figure 3.4: Observations of the lidar attenuated backscatter coefficient (a), the lidar linear de-
polarization ratio (b) and the liquid water path measured by the microwave radiometer (c). The
measurement period is divided into three periods, where P1_bl and P3_bl indicate blocked low-level
flow and P2_unbl indicates unblocked low-level flow (see Sect. 3.4.1 for more details).

radar was used in this study, the observed LDR signal can only differentiate between isometric
particles (e.g., droplets, plates, dendrites) and prolate particles (e.g., needles, columns). The
LDR signal was enhanced locally in some fallstreaks at altitudes below 3000 m, which is indica-
tive of a change in the particle shape. The band of enhanced LDR at 2100 m, which was visible
during the entire measurement period, shows the effects of ground clutter (i.e., echos received
from objects on the ground or sidelobes reflected from nearby mountains).

The lidar signal was mainly attenuated due to the presence of a low-level liquid cloud (Fig.
3.4). When the low-level liquid cloud dissipated (17:45-18:40 UTC), the lidar signal indicated
the presence of an embedded liquid layer at an altitude of around 3500 m. This can be seen by
the enhanced attenuated backscatter signal (Fig. 3.4a) and the low lidar depolarization ratio
(Fig. 3.4b). The measured LWP was generally below 100gm~2 (Fig. 3.4c).

The case study was divided into three periods: Period P1_bl (16:00 UTC-17:45 UTC) and pe-
riod P3_ bl (18:40 UTC-20:00 UTC) were characterized by blocked low-level flow and the pres-
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ence of a low-level liquid cloud at around 2000 m, whereas the low-level blocking weakened and
the low-level cloud dissipated during period P2_unbl (17:45 UTC-18:40 UTC). In the following,
we characterize the dynamics of the flow during the measurement period (Section 3.4.1). In a
second step, we investigate the influence of shear-induced turbulence on the cloud microphysics
and precipitation formation (Section 3.4.2). Lastly, the role of the low-level blocking for the

formation of a low-level feeder cloud is discussed in Section 13.4.3.

3.4 Results

3.4.1 Low-level flow blocking triggering wind shear and turbulence

The horizontal wind fields were measured with a radar wind profiler and a wind lidar at Wolfgang
(Fig. 3.5). Both wind profiler and wind lidar data are shown, as the wind lidar was attenuated
during most of P1_bl and P3_ bl due to the presence of a low-level liquid cloud (Section 3.4.3).
The wind speed measured by the wind profiler increased from around 4ms~! at 2200m up to
18ms~! at 3500 m (Fig. 3.5a). The wind lidar revealed a second layer of increased wind speed
between 2500 m and 3000 m (Fig. 3.5b), which was not captured by the wind profiler due to its
lower resolution. The layer of increased wind speed lowered between 17:00 UTC and 18:30 UTC,
suggesting stronger cross-barrier flow. The large-scale wind direction was from the southwest.
Only in the lowest 100 m of the boundary layer, a flow from the northeast was observed by the
wind lidar.

The counterflow at low levels with respect to the large-scale flow as well as the low wind speed
close to the surface are indicative of blocked low-level flow (e.g., Houze Jr and Medina, 2005).
More specifically, the low-level flow at Wolfgang might have been too weak to ascend over the
mountain barrier located downstream of Wolfgang (B2 in Fig. 3.1b) and might have generated a
counterflow when it impinges on the mountain barrier. To test this hypothesis and to study the
observed pattern in the low-level wind field in more detail, wind measurements from different
valley and mountain-top weather stations around Davos and Klosters were analyzed (Fig. 3.6).
Several valley stations (Davos, Davos Seehornwald, Wolfgang, Klosters Gatschiefer) observed
the presence of a counterflow (i.e., wind from northeastern direction), indicative of blocked
low-level flow. The wind pattern at Klosters Madrisa, which is located immediately below the
mountain barrier B2, was more diverse, showing large variations in the prevailing wind direction.
The mountain-top stations (Weissfluhjoch, Gotschnagrat, Klosters Sant Jaggem) observed wind
from the south and southwestern direction in accordance with the large-scale wind direction.
Therefore, the observed wind pattern at the different locations support the hypothesis of a
blocked low-level flow. It is important to note that a counterflow was only observed during P1_ bl
and P3_Dbl at the valley stations in Davos (Davos, Davos Seehornwald, Wolfgang), indicating
that the low-level flow changed from a blocked (P1_bl, P3_bl) to an unblocked (P2 _unbl) state
during the event (see also Fig. 3.7 for the temporal evolution at Wolfgang). The flow at Klosters
Gatschiefer was still blocked during P2 unbl, suggesting that the blocking became weaker and
moved closer to the mountain barrier located downstream.

From a theoretical perspective, the Froude number can be used to estimate whether a flow that

encounters a mountain barrier can pass over the mountain barrier or not (Smith, 1979; Durran,
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Figure 3.5: Vertical profiles of wind speed and direction (a,b) and wind shear (c,d) measured by
the radar wind profiler (left) and wind lidar (right). The vertical wind shear was calculated from the
wind observations, considering changes in the scalar wind speed between two adjacent height levels.
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Figure 3.6: Wind observations at different weather stations around Davos and Klosters, indicating
the wind direction observed during the time periods P1_bl (gray), P2_unbl (red) and P3_bl (blue).
The wind directions in the different periods were normalized and binned in sectors of 90° (NE,
SE, SW, NW). Each line indicates 25%. The example wind rose on the bottom left indicates the
wind directions during a blocked (gray) / unblocked (white) low-level flow in the Davos valley. The
wind observations at the weather stations in Davos had a temporal resolution of 10 min, whereas
the stations around Klosters had a temporal resolution of 30 min. The measurements at Wolfgang
were obtained from the wind lidar observations at an altitude of 1800 m and the measurements at
Gotschnagrat from a 3D ultrasonic anemometer that was an integral part of the snow drift station.
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Figure 3.7: Temporal evolution of the wind speed (blue) and wind direction in azimuth degrees
(red) at Wolfgang obtained from the wind lidar measurements at an altitude of 1800 m. The Froude
numbers for the different periods are indicated at the top (see Appendix 3.A for calculations).

1990; Rotunno and Houze, 2007; Houze Jr, 2012). The Froude number Fr is given by the

following equation:

_ U
-~ hN

where U is the wind speed perpendicular to the mountain barrier, h is the height of the mountain

Fr (3.1)

barrier and N is the Brunt-Viisild frequency (Colle et al., 2013). The Froude number was
below 1 for all periods (see Appendix 3.A), indicating that the low-level flow was blocked. The
Froude number increased from 0.75 during P1_ bl to 0.94 during P2_unbl (Fig. 3.7), suggesting
that the blocking became weaker during P2 unbl. We will refer to period P2_ unbl as unblocked
flow, as no counterflow was observed during this period at Wolfgang (Fig. 3.7), even though it
can be seen that the flow at low levels was still slowed down and the Froude number was slightly
below 1. Thus, period P2_unbl could also be regarded as a weaker blocking.

The wind profiler and wind lidar indicated the presence of a layer of strong vertical wind shear
(>10ms~!km™!), which separated the blocked layer from the stronger cross-barrier flow (Fig.
3.5c,d). The shear layer descended from 3000 m to 2000 m between 16 UTC and 18 UTC (Fig.
3.5¢) in accordance with the weaker blocking and stronger cross-barrier flow. As the cross-barrier
flow weakened and the strength of the low-level blocking increased again at around 18:30 UTC,
the shear layer ascended (Fig. 3.5c). Thus, the height of the shear layer is determined by a
delicate balance of upstream (e.g., blocking) and downstream (e.g., cross-barrier flow) effects,
as Wolfgang is located in an inner-Alpine valley and surrounded by multiple mountain barriers.
Regardless of the formation mechanism, wind shear can be a source of turbulence and can have
important implications for cloud microphysics. Houze Jr and Medina (2005) defined a critical
threshold of 10m s~ km ™" for the formation of shear-induced turbulent cells. The observed wind
shear (10-20ms~'km™!) was above this threshold value in the entire shear layer, suggesting
that turbulent cells were embedded within the shear layer. In the following section, we will
characterize the microphysical cloud structure and investigate the influence of shear-induced

turbulence on the cloud microphysics and precipitation formation.
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3.4.2 Influence of shear-induced turbulence on the cloud microphysics

Contour frequency by altitude diagrams (CFADs) are a useful tool for analyzing the magnitude
and the vertical frequency distribution of cloud properties (e.g., Yuter and Houze Jr, 1995).
CFADs of the cloud radar reflectivity (a,b), spectral width (c,d) and LDR (e, f) are shown in
Figure 3.8 averaged over sub-periods of P1 bl (left) and P2 unbl (right). A strong increase
in the radar reflectivity was observed near cloud top (Fig. 3.8a,b), indicative for ice formation
and growth between 4000 m and 3500 m. Since the region of rapid increase in radar reflectivity
was coincident with the height of the supercooled liquid layer measured by the Raman lidar (L
in Fig. 3.8a,b), it is likely that this supercooled liquid layer played an important role for ice
nucleation and initial ice growth. The cloud particles continued growing below 3500 m until they
reached a sublimation layer, which was identified by the layer of decreasing radar reflectivity and
also used as definition for cloud base. The cloud base lowered between P1_bl and P2_unbl (Fig.
3.9), likely as a consequence of the stronger cross-barrier flow and the subsequent lowering of the
shear layer. Consequently, the extent of the sublimation layer decreased between P1_ bl (800 m)
and P2_unbl (400m) (Fig. 3.8a,b), which enabled the hydrometeors to reach the surface prior
to complete sublimation (Fig. 3.9). The highest radar reflectivities were observed within the
upper part of the turbulent shear layer (marked with S; and S in Fig. 3.8), suggesting that
turbulence created updrafts high enough for exceeding ice saturation and thereby enhanced
ice growth. The turbulent kinetic energy (TKE) measured by a 3D ultrasonic anemometer at
Gotschnagrat (2300m) increased from 0.1m?s=2 to 0.4m?s~2 between P1_bl and P2_unbl
as the shear layer lowered (Fig. 3.9). The CFADs of the spectral width (Fig. 3.8c,d) show
two local maxima embedded within the shear layer (at 2500 m and at 2000m), indicating the
presence of a broad hydrometeor size distribution within those regions, which can arise from
enhanced turbulence. Additionally, an increase in the LDR was observed within the shear
layer (Fig. 3.8e,f), which is indicative of a change in the hydrometeor shape. Thus, (1) the
spatial coincidence of the shear layer and the maximum reflectivity (Fig. 3.9), (2) the temporal
coincidence of the precipitation and the lowering of the shear layer and cloud base (Fig. 3.9)
and (3) the moderate to strong correlations between dynamics, microphysics and precipitation
parameters (Appendix 3.B) suggest that the processes active within the turbulent shear layer
enhanced ice growth and precipitation formation.

To further explore the microphysics within the turbulent shear layer, the Doppler spectra of the
radar reflectivity and LDR along the 18 UTC fallstreak (Fig. 3.10; highlighted by red line in Fig.
3.3d) and the surface-based hydrometeor particles observations (Fig. 3.11) were analyzed. As
mentioned in Section 3.3, the LDR can provide information about the shape of cloud particles.
A LDR of around -28 dB was observed near cloud top (Fig. 3.10b), which is characteristic for
oblate particles such as dendrites and plates (e.g., Myagkov et al., 2016; Biihl et al., 2016).
This is in agreement with the ice habit expected to form at a cloud top temperature of -14 °C
(Magono and Lee, 1966; Bailey and Hallett, 2009) and with the ice particles observed by the
MASC at the surface (Fig. 3.11a). Since a rather constant LDR was observed between 4000 m
and 3000 m (Fig. 3.10b), we assume that the ice crystals grew in size by vapor deposition without
changing their habit. Below 3000 m, the LDR increased up to -20 dB within the fallstreak (Fig.

3.10b). Interestingly, the increase in the LDR was collocated with the region of maximum radar
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Figure 3.8: CFADs of the radar reflectivity (a,b), spectral width (c,d) and linear depolarization
ratio (e, f) averaged over sub-periods of P1_bl (left, 17UTC-17:45UTC) and P2_unbl (right,
17:45UTC-18:30 UTC). The following bin sizes were applied: (1) radar reflectivity from -40dBZ to
20dBZ in 1dBZ intervals, (2) spectral width from Oms™! to 0.8 ms™! in 0.02ms™! intervals and
(3) LDR from -32dB to -22dB in 0.2dB intervals. A height interval of 100 m was used for all radar
properties. The solid lines represent the mean vertical profile of P1_bl (purple) and P2_unbl (black).
The temperature profile measured by the radiosonde is shown on the right y-axis. The extent of the
shear layer (S1, Sg, from wind profiler), the supercooled liquid layer (L, from cloud lidar) and the
sublimation layer (blue arrow, from cloud radar) are indicated.
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Figure 3.9: Temporal and spatial evolution of the vertical wind shear (in ms~ km~!, black contour
lines), the radar reflectivity (colorfill), the TKE (red line) and the precipitation rate (blue bars). The
wind shear was calculated from the wind profiler observations (Fig. 3.5). The precipitation rate was
measured with a disdrometer at Wolfgang (1630 m) and the TKE was measured with a 3D ultrasonic
anemometer at Gotschnagrat (2300 m). Correlation coefficients between the different parameters
(shear layer, radar reflectivity, precipitation) were calculated in Appendix 3.B/and indicated moderate
to strong correlations significant at the 5% level.

reflectivity (2900 m; Fig. 3.10a). The spatial coincidence between maximum radar reflectivity,
shear layer and increase in LDR was also observed for other fallstreaks (Fig. 3.3d), suggesting
that the turbulent shear layer did not only enhance ice growth but also contributed to a change
in the cloud particle shape. An increase in the LDR can be explained by the presence of needles,
columns and/or irregular ice particles. Here we propose different mechanisms, which could have
contributed to an increase in the observed LDR signal. Firstly, the temperature between 3000 m
and 2500 m ranged from -8 °C to -4 °C and was thus in the temperature regime of column/needle
growth. Thus, needles might have grown on the existing ice particles while they fell through
that cloud layer. Indeed, the ice particles observed by the HoloBalloon platform near the
ground show indications of needle-like structures (e.g., at 17:50 UTC; Fig. 3.11b). If fragile
ice crystals such as dendrites or needle-like structures collide with large ice particles within
the turbulent shear layer, small ice fragments might break off and lead to the production of
secondary ice particles upon collision (e.g., Vardiman, 1978; Yano et al., 2016). For example,
the ice particles measured by HOLIMO at 17:45 UTC could be a dendritic arm that broke off
upon collision. Small secondary ice particles could then rapidly grow by vapor deposition in
the water-saturated environment into column-like particles, which are characterized by a higher
LDR. However, the analysis of the Doppler spectra showed no evidence of multiple spectral peaks
(i.e., the presence of multiple particle populations with different fall speed), which would support
the occurrence of secondary ice production. Lastly, turbulence can also increase the generation

of large ice particles (e.g., Pinsky and Khain, 1998), for example, when multiple ice crystals
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Figure 3.10: Vertical profile of the radar reflectivity (a) and LDR (b) Doppler spectra along the
LDR-fallstreak at 18 UTC averaged over 1 min (see red line in Fig. 3.3d). The temperature profile
measured by the radiosonde is shown on the right y-axis.

collide and stick together (aggregation). Aggregation is most efficient at temperatures higher
than -10°C, because of the higher sticking efficiency due to the presence of a thicker quasi-liquid
layer at warmer temperatures (e.g., Lohmann et al., 2016b). Thus, if the aggregated particles
that formed in the turbulent shear layer were irregular, this could explain the increased LDR.
Indeed, the MASC indicated the presence of large irregular aggregates between 17:40 UTC and
18:40 UTC (Fig. 3.11a). For a more sophisticated analysis, a larger number of particles would
be necessary, but due to the moderate precipitation rate at Wolfgang and Laret, only a limited
amount of ice and snow particles was observed. However, in general, the in situ and surface
observations of ice particles support the radar-based assumptions above, in that (1) dendrites
formed near the cloud top and (2) aggregation and needle growth occurred within the turbulent
shear layer. It remains unclear whether mechanical break-up in ice-ice collisions contributed to

the formation of secondary ice particles.

3.4.3 Flow blocking as a driver for the formation of low-level feeder clouds

In the last part of this study, we focus on the lower part of the boundary layer and investigate
the role of low-level blocking for the formation of a low-level feeder cloud. The low-level cloud
structure was observed with the measurement platform HoloBalloon. Vertical profiles of the
in situ cloud properties are shown in Figure 3.12. The cloud droplet number concentration
(CDNC) showed a rather inhomogeneous cloud structure during P1_bl. Cloud swaths with a
CDNC of up to 100 cm ™3 alternated with "cloud-free" regions with low CDNC (Fig. 3.12a). The
mean cloud droplet diameter ranged between 10 pm and 17 pm (Fig. 3.12b) and was generally
larger when the CDNC was low. No vertical profiles were performed between 17:50 UTC and
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Figure 3.11: Photographs of ice crystals and snow particles, which have been taken with the
MASC (a) and HOLIMO (b). No observations of HOLIMO were available between 17:50 UTC and
18:20 UTC. Please note the different size scale of the particles observed by the MASC and HOLIMO.

18:20 UTC, because the low-level cloud dissipated during this time period. This is also visible
from the cloud lidar signal, which was not attenuated during P2_unbl in the lower part (see
Fig. 3.12 and Fig. 3.4a). A second low-level cloud formed during P3_bl. This cloud had a
more homogeneous structure with a CDNC in the range between 60 cm™> and 120cm™3. The
mean cloud droplet diameter steadily increased from 10 pm to 16 pm. A low-level cloud was also
observed by the cloud base observations of the ceilometer located in Klosters (not shown).

The interesting observation was that the low-level cloud dissipated during P2 unbl, when the
low-level flow turned from a blocked to an unblocked state, pointing to the importance of the
blocking situation in forming and sustaining the low-level liquid cloud. We suggest that an
overturning cell formed as a consequence of the low-level flow impinging on the mountain bar-
rier located downstream of Wolfgang (as shown in Fig. 3.13a), which generated a low-level
counterflow from Klosters towards Davos. Several weather stations near Davos confirm that
a counterflow was present during P1_bl and P3_bl (Fig. 3.6). Since Wolfgang is located
on a small-scale topographic feature (400 m), the low-level flow was forced to rise from Klosters
(1200 m) to Wolfgang (1630 m) over the local topography and thereby acted as an updraft source,
which led to the formation of a low-level feeder cloud. Indeed, the cloud radar indicated the
presence of updrafts below 2000 m (i.e., positive Doppler velocities) after 19 UTC (Fig. 3.3b).
When the blocking weakened, the low-level cloud at Wolfgang dissipated because of the missing
upward motion to sustain the production of liquid water.

This observation points to the importance of localized flow effects that interact with the to-
pography in producing low-level feeder clouds over small-scale topographic features. Feeder
clouds can enhance orographic precipitation through the seeder-feeder mechanism (Bergeron,
1965; Bader and Roach, 1977; Hill et al., 1981), by providing an environment where hydrom-
eteors that formed aloft (i.e., in the seeder region) can "feed" on the low-level liquid layer and
enhance precipitation by riming and depositional growth. The seeder-feeder mechanism was for
example visible in the cloud radar observations between 19 UTC and 20 UTC (Fig. 3.3a). In
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Figure 3.12: Vertical profiles of the CDNC (a) and mean droplet diameter (b) measured with the
HoloBalloon platform. The lidar attenuated backscatter coefficient in the lowest levels is shown in
the background. Data points with a liquid water content below 0.01gm™2 are indicated by gray
dots. No measurements were obtained between 17:50 UTC and 18:20 UTC.

the present case study, this low-level feeder cloud did not play a role for precipitation enhance-
ment, as a significant fraction of the hydrometeor mass sublimated before reaching the feeder
cloud and precipitation was highest when the flow was unblocked. However, we propose that
local flow effects such as low-level blocking can also induce the formation of feeder clouds in
other mountain valleys and in hilly regions and suggest that the extent of this effect depends
on the strength of the blocking, the thermodynamics of the atmosphere and the altitude of the

small-scale topographic feature that is located upstream of the mountain barrier.
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3.5 Discussion

The microphysical evolution of the mixed-phase cloud in the inner-Alpine valley was determined
by a complex interplay between orography, dynamics and microphysics. A conceptual overview
of the observed cloud is shown in Figure 3.13 (a: blocked state; b: unblocked state). Primary
ice nucleation was suggested to occur close to the cloud top in the embedded supercooled liquid
cloud layer. Based on the cloud top temperature and cloud radar and hydrometeor observations,
dendrites and hexagonal plates were assumed to form, which could rapidly grow by vapor de-
position. The ice particles encountered a turbulent shear layer while falling through the cloud,
within which changes in the microphysical cloud properties were observed including enhanced
radar reflectivity (i.e., increased ice growth) and LDR (i.e., change in particle shape). This
suggests that the turbulent shear layer influenced the cloud microphysics.

Previous studies identified flow blocking and shear-induced turbulence as a microphysical path-
way for enhancing snow growth and precipitation (e.g., Marwitz, 1983; Overland and Bond, 1995;
Yu and Smull, 2000; Hogan et al., 2002; Neiman et al., [2002; Neiman et al., 2004; Houze Jr and
Medina, 2005; Loescher et al., 2006; |Olson et al., 2007; |Olson and Colle, 2009; Geerts et al.,
2011; Medina and Houze Jr, 2015; Grazioli et al., 2015; Aikins et al., 2016). Different microphys-
ical processes have been proposed to occur in the turbulent layer, such as enhanced growth by
riming due to pockets of higher liquid water content (e.g., Houze Jr and Medina, 2005; Medina
and Houze Jr, 2015 Grazioli et al., 2015) or enhanced growth by aggregation due to increased
collisions between hydrometeors (e.g., Geerts et al., 2011; Aikins et al., 2016). Based on the
cloud radar observations and the ground-based snow particle measurements, we suggest that
depositional growth and aggregation were the dominant ice growth mechanisms in the present
case study. Riming was assumed to play only a minor role, due to the low LWP (< 100gm~2)
observed by the microwave radiometer (Fig. 3.4c). Furthermore, the hydrometeors observed at
the surface appeared primarily unrimed and indicated the presence of aggregates, dendrites and
irregular ice particles (Fig. 3.11).

Furthermore, an increase in the LDR (>-25dB; i.e., column-like ice particles) was observed
within the shear layer (Fig. 3.10b and Fig. 3.3d), which is indicative for a change in the hy-
drometeor shape. Based on the prevailing temperature near cloud base (from -8°C to -5°C)
and the ice particle habits observed at the surface (Fig. 3.11), we suggest that needle growth
occurred on the existing ice particles within the turbulent shear layer. Previous laboratory stud-
ies have observed needle growth at temperatures of -5 °C slightly below liquid water saturation
(Knight, 2012). Thus, if fragile ice crystals such as dendrites or ice particles with needle-like
structures collide with large ice particles, small ice fragments can break off and lead to the
production of secondary ice particles (e.g. Vardiman, 1978; Yano et al., 2016). Previous studies
have observed a large number of small ice particles within turbulent shear layers, which were
likely generated through secondary ice production mechanisms (e.g., Hogan et al., 2002; Grazi-
oli et al., 2015). For example, Hogan et al. (2002) observed high concentrations of small ice
particles (100-1000L~!) in and above a region of embedded convection, which were likely pro-
duced through the Hallett-Mossop mechanism during riming. Since the fall velocity of small ice
particles is low, these secondary ice particles were found to recirculate in the updrafts/turbulent

region and to feed the regions above the shear layer with ice crystals (Hogan et al., 2002; Grazi-
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oli et al., 2015), where they could continue growing to precipitation-sized particles and act as a
seed to trigger secondary ice production. The Hallett-Mossop process was likely not occurring
in the present case study due to the lack of supercooled liquid water in the turbulent shear layer.
Rather collisional ice multiplication of fragile ice crystals (i.e., needles, dendrites) may have been
responsible for the increase in the LDR and in the radar reflectivity within the turbulent shear
layer. Additionally, a few laboratory-based studies suggested that ice fragmentation upon sub-
limation can lead to the production of secondary ice particles (e.g., Oraltay and Hallett, 1989;
Dong et al., 1994; Bacon et al., 1998). However, secondary ice particles that formed within a
subsaturated environment need to be transported to an ice supersaturated environment to in-
fluence the cloud microphysics (Korolev et al., 2020). In order to further investigate the role of
secondary ice production in the turbulent shear layer, in situ observations of the cloud properties
would be useful. Unfortunately, the tethered balloon system was limited to lower altitudes and
could not sample the cloud properties within the upper part of the shear layer.

While previous research has mainly focused on a single mountain barrier, here we studied the
role of low-level blocking and shear-induced turbulence on the microphysics of a mixed-phase
cloud in a more complex terrain with narrow valleys and a series of mountain barriers. We
found that the height of the shear layer and the cloud base and as a consequence the amount
of precipitation in the valley were determined by the strength of the cross-barrier flow and
low-level blocking. Furthermore, we found that local flow effects in mountain valleys (i.e., over-
turning cell due to blocked low-level flow) can induce the formation of low-level feeder clouds,
which can enhance orographic precipitation through the seeder-feeder mechanism. Thus, this
case study demonstrates that it can be challenging to study ’simple’ conceptual mechanisms in
complex terrain, due to numerous interactions between dynamics, microphysics and orography
on different scales and the superposition of upstream and downstream effects. Nevertheless, it is
important to perform field campaigns in complex terrain in order to improve our understanding
of these processes and of orographic precipitation. Field campaigns in complex terrain should
be designed in such a way that an extensive set of complementary instruments are deployed over
the measurement area. The present observations were obtained in a region of 10 km x 10 km and
mostly focused on the vertical structure. Information about the horizontal cloud structure (e.g.,
radar RHI scans, in situ aircraft observations) and observations over a larger area (e.g., covering
the entire region between upstream and downstream mountain barriers) would be beneficial to

obtain a more complete picture of the cloud dynamics and microphysics.

3.6 Conclusions

In this paper, we studied the influence of low-level flow blocking and shear-induced turbulence
on the microphysics of a mixed-phase cloud in an inner-Alpine valley. Observations from a
multi-dimensional set of ground-based remote sensing, balloon-borne in situ and ground-based
precipitation instruments were analyzed, which were acquired during the RACLETS campaign

in the Swiss Alps. The key findings are summarized as follows:

e The dynamical and microphysical structure of a mid-level cloud was characterized using

ground-based remote sensing instrumentation (e.g., Ka-band polarimetric cloud radar, Ra-
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man lidar, radar wind profiler). The wind profiler observations indicated the transition
from a blocked to an unblocked low-level flow during the observational period and the
presence of a shear-induced turbulent layer, which separated the blocked layer in the val-
ley from the stronger cross-barrier flow. A supercooled liquid layer was embedded near
cloud top, which provided a favorable environment for ice nucleation and growth. Changes
in the microphysical cloud properties were observed within the turbulent shear layer in-
cluding enhanced LDRs (i.e., change in particle shape) and increased radar reflectivities
(i.e., enhanced ice growth). Our results are consistent with previous studies that have ob-
served enhanced ice growth and precipitation formation through riming and aggregation
in turbulent layers. In addition, based on the enhanced LDR and the ice particle habits
observed at the surface, we suggest that needle growth on existing ice particles occurred
within the turbulent layer and that collisions of these fragile ice crystals (e.g., dendrites,
needle-like structures) with large ice particles might have caused mechanical break-up and
the subsequent production of small secondary ice particles. These ice fragments have the
potential to recirculate in the shear layer and influence the cloud microphysics aloft. How-
ever, this process could not be directly measured in this study. Further studies are required

to investigate the role of secondary ice production mechanisms in turbulent shear layers.

The altitude of the shear layer was determined by a complex interplay of upstream and
downstream effects. For example, the shear layer was observed to lower as stronger cross-
barrier flow moved over the upstream mountain barrier and the low-level blocking weak-
ened. The cloud base was found to be associated with the shear layer. Precipitation was
only observed in the valley when the shear layer was at its lowest altitude. The resulting
lower cloud base altitude reduced the time that the ice particles spent in the subsaturated
environment, ultimately allowing for the precipitation to reach the surface. Thus, we pro-
pose that the amount of precipitation observed in a mountain valley is influenced by several
factors such as (1) the strength of the cross-barrier flow and low-level blocking, (2) the
vertical position of the turbulent shear layer and cloud base and (3) the thermodynamic

state of the boundary layer.

In situ instrumentation on a tethered balloon system observed a low-level feeder cloud,
which dissipated when the low-level flow turned from a blocked to an unblocked state. We
suggest that an overturning cell formed as a consequence of the low-level flow impinging
on the downstream mountain barrier. As a small-scale topographic feature was located
upstream of the mountain barrier, we suggest that the generated counterflow (i.e., blocked
flow) was forced to rise over the local topography and thereby acted as an updraft source
and as a driving force for the formation of a low-level feeder cloud. Although the feeder
cloud did not enhance precipitation in the present case (due to the dry boundary layer
aloft), we propose that local flow effect such as low-level blocking can induce the formation
of feeder clouds in other mountain valleys or on the leeward slope of foothills upstream of
the main mountain barrier, where they can enhance orographic precipitation through the

seeder-feeder mechanism.
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Appendix

3.A Froude number

The dynamical response of a stable flow encountering a mountain barrier depends on the strength
of the upstream airflow, the thermodynamic stability of the flow and the height of the mountain
barrier. These components can be combined into a dimensionless number (Froude number; e.g.,

Colle et al., 2013):
U

" AN

where U is the wind speed perpendicular to the mountain barrier, h is the height of the mountain

Fr (3.2)

barrier and N is the Brunt-Vaiséiléd frequency, which is a measure for the atmospheric stability.
If the Froude number is large (F'r>>1), the air flow can rise over the mountain barrier. When
the Froude number is small (Fr< 1), the upstream flow is blocked and cannot ascend over
the mountain barrier. The parameters to calculate the Froude number for the periods P1_ bl
(16-17:45UTC), P2_unbl (17:45-18:40 UTC) and P3_bl (18:40-20 UTC) are given in Table
3.1.

Table 3.1: Parameters used to calculate the Froude number during P1_bl, P2_unbl and P3_bl.

Wolfgang Weissfluhjoch
T (°C) p (hPa) T (°C) p (hPa) U (ms™!) N (s7!) Froude number
P1_bl 0.1 827.7 -5.2 725.6 7.6 0.013 0.75
P2 unbl -0.1 828.4 -5.6 726.4 9.3 0.012 0.94
P3_bl -0.2 829.2 -5.9 726.8 6.7 0.012 0.69

The effective terrain height h between the valley and the mountain barrier (2700 m) was around
800m (see B2 in Fig. 3.1b). The wind speed was obtained from the radar wind profiler and
averaged over the 1600- 2800 m height interval. The temperature and pressure were measured
at Wolfgang (1630m) and at Weissfluhjoch (2700 m) and a linear temperature gradient was
assumed between the two measurement locations. The calculated Froude numbers were below 1
for all periods, indicative for a blocked low-level flow. The Froude number increased during

P2 _unbl (to 0.94), suggesting a weakening of the blocking.
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3.B. Correlation between dynamics, microphysics and precipitation

3.B Correlation between dynamics, microphysics and precipita-

tion

To quantify the interactions between dynamics, microphysics and precipitation, correlation co-

efficients were calculated between the different parameters of Figure 3.9 (see Table 3.2).

Table 3.2: Correlation between (1) the height of the 10ms~ km~! wind shear contour line, (2)
the height of maximum radar reflectivity and (3) the precipitation rate measured at Wolfgang. The
Spearman’s rank correlation coefficient p and their p-Values are shown. The correlation coefficients
were calculated between 16:45 UTC and 18:30 UTC. A time lag of 10 min was applied to the precip-
itation measurements.

Spearman’s rank correlation coefficient p (p-Value)
Height shear layer Height max. reflectivity Precipitation rate
Height shear layer - 0.62 (< 0.001) -0.76 (< 0.001)
Height max. reflectivity 0.62 (< 0.001) - -0.55 (< 0.001)
Precipitation rate -0.76 (< 0.001) -0.55 (< 0.001) -

A moderate positive Spearman’s rank correlation (p = 0.62) was observed between the shear layer
height and the altitude of maximum radar reflectivity. On the other hand, a negative correlation
was found between the precipitation rate and the shear layer height (p = -0.76) and altitude of
maximum radar reflectivity (p = -0.55). All correlations were significant at the 5% confidence
level. The moderate to strong correlations between dynamics, microphysics and precipitation
parameters suggest that interactions between dynamical and microphysical processes were active

within the turbulent shear layer, which enhanced ice growth and precipitation formation.
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Abstract

The seeder-feeder mechanism has been observed to enhance orographic precipitation in previous
studies. However, the microphysical processes active in the seeder and feeder region are still
being understood. In this paper, we investigate the seeder and feeder region of a mixed-phase
cloud passing over the Swiss Alps, focusing on (1) fallstreaks of enhanced radar reflectivity orig-
inating from cloud top generating cells (seeder region) and (2) a persistent low-level feeder cloud
produced by the boundary layer circulation (feeder region). Observations were obtained from

a multi-dimensional set of instruments including ground-based remote sensing instrumentation
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(Ka-band polarimetric cloud radar, microwave radiometer, wind profiler), in situ instrumenta-
tion on a tethered balloon system and ground-based aerosol and precipitation measurements.
The cloud radar observations suggest that ice formation and growth was enhanced within cloud
top generating cells, which is consistent with previous observational studies. However, uncertain-
ties exist regarding the dominant ice formation mechanism within these cells. Here we propose
different mechanisms that potentially enhance ice nucleation and growth in cloud top generat-
ing cells (convective overshooting, radiative cooling, droplet shattering) and attempt to estimate
their potential contribution from an ice nucleating particle perspective. Once ice formation and
growth within the seeder region exceeded a threshold value, the mixed-phase cloud became fully
glaciated.

Local flow effects on the lee side of the mountain barrier induced the formation of a persis-
tent low-level feeder cloud over a small-scale topographic feature in the inner-Alpine valley. In
situ measurements within the low-level feeder cloud observed the production of secondary ice
particles likely due to the Hallett-Mossop process and ice particle fragmentation upon ice-ice
collisions. Therefore, secondary ice production may have been partly responsible for the ele-
vated ice crystal number concentrations that have been previously observed in feeder clouds at
mountain-top observatories. Secondary ice production in feeder clouds can potentially enhance

orographic precipitation.

4.1 Introduction

Mixed-phase clouds (MPCs), which consist of ice crystals and supercooled cloud droplets, play a
crucial role for precipitation formation and are responsible for 30 % to 50 % of the precipitation in
the mid-latitudes (Mulmenstadt et al., 2015). Furthermore, MPCs have important implications
for the Earth’s radiation budget. In particular, the phase partitioning between the liquid and
ice phase in MPCs is of major importance, as the radiative properties of ice crystals and cloud
droplets differ significantly (Sun and Shine, 1994). Thus, in order to understand the radiative
effects and precipitation initiation in MPCs, it is important to understand the microphysical
processes that govern MPCs as well as to characterize the vertical distribution of the liquid and
ice phase hydrometeors within them.

The coexistence of the ice and liquid phase in MPCs is thermodynamically unstable due to the
lower saturation vapor pressure over ice compared to over liquid. Therefore, ice crystals grow
rapidly at the expense of the surrounding water droplets if the saturation vapor pressure lies
between ice and water saturation. This process is known as the Wegener-Bergeron-Findeisen
(WBF) process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938) and can lead to rapid glaciation
of the cloud and thus limits the lifetime of MPCs.

In order to sustain mixed-phase regions, two prerequisites need to be fulfilled. Firstly, the
environment needs to be supersaturated with respect to liquid water, which can be achieved
through sufficiently large updrafts (e.g., Rauber and Tokay, 1991; Harrington et al., 1999).
Secondly, the condensate supply rate needs to exceed the diffusional growth rate of the ice
crystals. Indeed, persistent MPCs are frequently observed in mountainous regions (e.g., Borys
et al., 2003; Lowenthal et al., 2011; Dorsi et al., 2015; |[Lloyd et al., 2015; Lohmann et al., 2016a;
Beck et al., 2017; Lowenthal et al., 2016; Lowenthal et al., 2019) where the local topography
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produces updrafts capable of providing a continuous source of condensate. In addition, Rauber
and Grant (1986) found two further regions where the prerequisites for persistent MPCs are
fulfilled: near cloud top and near cloud base. The presence of a supercooled liquid layer at cloud
top can increase radiative cooling (e.g., Sun and Shine, 1994; Possner et al., 2017; Eirund et al.,
2019). Furthermore, this liquid layer can act as a source region for primary ice nucleation and
initial ice growth (i.e., seeder region) and can influence the evolution of the microphysical cloud
structure in the lower cloud levels. Meanwhile, the presence of a supercooled liquid layer near
cloud base can act as a feeder region on which precipitation particles that formed in the seeder
region of the cloud can "feed" on, ultimately enhancing precipitation (e.g., Reinking et al., 2000;
Borys et al., 2000; Borys et al., 2003; Lowenthal et al.; 2011; Lowenthal et al., 2016; Lowenthal
et al., 2019).

Seeder regions were often observed in connection with cloud top generating cells (e.g., Hogan
et al., 2002; Cronce et al., 2007; [Stark et al., 2013; Kumjian et al., 2014; Rosenow et al.,
2014; Plummer et al., 2014; Plummer et al., 2015; [Rauber et al., [2015). The term "generating
cell" describes a small region of enhanced radar reflectivity at cloud top, which produces an
enhanced reflectivity trail, or fallstreak, characteristic of falling hydrometeors. Generating cells
have horizontal extents of 1-2km and updraft velocities in the range of 0.75-3ms ™! (Rosenow
et al., 2014; Kumjian et al., 2014). Most studies agree that radiative cooling at cloud top is a
major driver for the formation and maintenance of generating cells (e.g., Kumjian et al., 2014;
Keeler et al., 2016) and that these cells play an important role in primary ice nucleation and
growth (e.g., Houze Jr et al., 1981; Hogan et al., 2002; Stark et al., 2013). Moreover, secondary
ice production (SIP) processes might be active in generating cells, which can further increase the
ice crystal number concentration (ICNC). Indeed, generating cells were found to only account
for 10-20 % of the total ice growth (e.g., Houze Jr et al., 1981; Plummer et al., 2015), while the
majority of the ice growth occurred in the feeder region below.

Ice crystals can grow by various ice processes depending on the ambient conditions and the
size distribution of cloud droplets and ice crystals (e.g., Marshall and Langleben, 1954; Fukuta
and Takahashi, 1999; Bailey and Hallett, 2009; Connolly et al., 2012). For example, small ice
crystals grow initially by diffusion of water vapor and thus their habit is determined by the
ambient temperature and supersaturation (Magono and Lee, 1966; Bailey and Hallett, 2009).
When ice crystals reach a critical size, they can grow more efficiently by aggregation and riming.
Aggregation involves the collision and coalescence between ice particles and is most efficient
at temperatures higher than -10°C due to the presence of a thicker quasi-liquid layer, which
enhances the stickiness of the ice particles (e.g., Lohmann et al., 2016b). Riming, which involves
the collision of an ice particle with a supercooled cloud droplet that freezes upon contact, has
often been observed in the feeder regions of clouds (Mitchell et al., 1990; Borys et al., 2000;
Borys et al., 2003; Saleeby et al., 2009; Saleeby et al., 2011; Lowenthal et al., 2011; Lowenthal
et al., 2019) and has been found to enhance surface precipitation by up to 20-50 % (e.g., Mitchell
et al., 1990; Borys et al., 2003; Lowenthal et al., 2016). For example, Lowenthal et al. (2016)
observed that the precipitation at a mountain-top observatory gained the majority of its mass
within 1km above the mountain-top in the so-called feeder cloud. The efficiency of riming

strongly depends on the cloud droplet size distribution (e.g., Borys et al., 2003; Saleeby et al.,
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2013). Additionally, riming can also produce a large number of ice splinters; e.g., when a cloud
droplet of an appropriate size (> 25 num in diameter) collides with a rimed ice particle (> 0.5 mm
in diameter) (Mossop, 1978; Lamb and Verlinde, 2011). This SIP process is called the Hallett-
Mossop process (Hallett and Mossop, 1974) and is thought to be active at temperatures between
-3°C and -8°C. Other SIP mechanisms include the fragmentation of fragile ice crystals upon
collisions with large ice particles (Vardiman, 1978) and the release of small secondary ice particles
upon freezing of drizzle-sized droplets (e.g. Langham and Mason, 1958; Mason and Maybank,
1960; Lauber et al., 2018). Indeed, the ICNCs measured in feeder clouds at mountain top
research stations frequently exceed the observed ice nucleating particle (INP) concentrations
by several orders of magnitude (e.g., Rogers and Vali, 1987; Lloyd et al., 2015; Beck et al.,
2018; Lowenthal et al., 2019). Several studies suggested that this discrepancy between the INP
concentration and the ICNC can be explained by the influence of surface processes such as
blowing snow (Geerts et al., 2015; Beck et al., 2018), hoar frost (Lloyd et al., 2015) or riming
on snow-covered surfaces (Rogers and Vali, 1987), which can significantly increase the local
ICNC and thereby influence the further evolution of the cloud. So far, it has been difficult to
disentangle the contribution of surface processes and SIP mechanisms to the observed ICNC
by means of mountain top observations. Therefore, innovative measurement strategies that are
located far enough from mountain-tops or mountain slopes are required to reduce the influence
of surface processes and to assess the importance of SIP mechanisms and their implications for
precipitation formation in feeder clouds.

In this study, we investigate the microphysics of a cloud system passing over the Swiss Alps by
combining a multi-dimensional set of instruments. A particular emphasis is placed on studying
the role of cloud top generating cells and a surface-decoupled feeder cloud for ice growth and
precipitation initiation. While most of the studies agree that generating cells have important
implications for precipitation formation, less research has focused on the mechanisms that are
responsible for the enhanced ice formation and growth within these cells. We will approach
this problem from an INP-cloud perspective, by combining INP and ice crystal measurements.
Furthermore, we discuss the role of a low-level feeder cloud for ice growth and SIP processes.
While the lowest part of the boundary layer is usually inaccessible for aircraft in complex terrain
or is limited to observations at mountain-tops, we analyze the microstructure of the low-level
feeder cloud by using a tethered balloon system. The presented case study was observed during
the Role of Aerosols and CLouds Enhanced by Topography on Snow (RACLETS) campaign,
which took place in the Swiss Alps during February and March 2019. The analysis is based on
an extensive set of observations including (1) ground-based remote sensing observations from a
cloud radar, microwave radiometer and wind profiler, (2) balloon-borne in situ observations, (3)

INP measurements and (4) surface-based precipitation measurements.

4.2 Measurement location and instruments

The data presented in this paper was collected during the RACLETS campaign, which took
place in the Swiss Alps in the region around Davos from 8 February 2019 to 28 March 2019
and was designed to observe the pathways of precipitation formation covering the entire aerosol-

cloud-precipitation process chain.
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Figure 4.1: Overview of the measurement locations and the experimental setup (a). The geographical
location of Wolfgang (black cross) and the surrounding topography is shown in (b). The large-scale
wind direction was from the west as indicated by the black arrow. The most relevant mountain
barrier is indicated by B1. An enlarged section of the measurement sites (black rectangle in b) and
the instrument setup is shown in panel (a). The elevation data was obtained from the digital height
model DHM25 of the Federal Office of Topography swisstopo: https://shop.swisstopo.admin.
ch/de/products/height_models/dhm25200, last access: 9 March 2020.

Observations of the cloud microphysics were conducted at Wolfgang (1630 m; see Fig. 4.1) us-
ing remote sensing and in situ instruments. Ground-based remote sensing measurements were
obtained with a vertically-pointing Ka-band polarimetric cloud radar (Mira-36 METEK GmbH,
Germany; Gorsdorf et al., 2015), which provided vertical profiles of radar reflectivity factor,
Doppler velocity, spectral width and linear depolarization ratio (LDR). The radar observations
have a vertical resolution of 31.17m and a temporal resolution of 10s. Moreover, a 14-channel
microwave radiometer (HATPRO, Radiometer Physics GmbH, Germany; Rose et al., 2005) was
used to observe vertical profiles of atmospheric temperature and humidity as well as the col-
umn integrated water vapor content (IWV) and liquid water path (LWP). Furthermore, the
three-dimensional wind field was measured at Wolfgang using a radar wind profiler (LAP-3000
Wind profiler, Vaisala, US). The wind profiler data has a vertical resolution of 200m and a
temporal resolution of 5min. In situ observations of the vertical low-level cloud structure were
measured with the tethered balloon system HoloBalloon (Ramelli et al., 2020). The main com-
ponent of the measurement platform is the HOLographic cloud Imager for Microscopic Objects
(HOLIMO), which can image an ensemble of cloud particles in the size range from small cloud
droplets (6 pm) to precipitation-sized particles (2mm) in a three-dimensional sample volume
(Henneberger et al., 2013; Beck et al., 2017; Ramelli et al., 2020). HOLIMO provides informa-

tion about the phase-resolved particle size distribution and particle habit. As in Henneberger

69

7 HHLdVHD


https://shop.swisstopo.admin.ch/de/products/height_models/dhm25200
https://shop.swisstopo.admin.ch/de/products/height_models/dhm25200

et al. (2013) and Beck et al. (2017), partitioning between cloud droplets and ice crystals was
applied to particles larger than 25 pm, i.e., particles smaller than 25 pm were classified as cloud
droplets. In the present study, cloud droplets were classified using support vector machines,
whereas the ice particles were classified visually (manual classification) in order to reduce the
number of misclassified ice particles. Thus, because of the applied size threshold (25 pm) and the
visual classification, the reported ice properties (e.g., ICNC, IWC) can be considered as a lower
estimate. Additionally, the ICNC was derived from the remote sensing observations with the
method of Biihl et al. (2019). The particle diameter was estimated from the particle terminal
fall velocity and spectral width measured with the cloud radar. For this case, the particle shapes
from Mitchell (1996) were used, assuming "hexagonal plates’ for ice crystals smaller than 600 pm
in diameter and ’aggregates of planar polycrystals in cirrus clouds’ for ice particles larger than
600 pm in diameter. The particle shape was derived from LDR measurements of the cloud radar
and the images of ice crystals reconstructed from HOLIMO. The uncertainty of the retrieved
ICNC is one order of magnitude.

Precipitation was measured at three locations (Wolfgang 1630 m, Laret 1500 m, Gotschnagrat
2300 m; see Fig. 4.1) using Particle Size Velocity (Parsivel) disdrometers (OTT Parsivel2, OTT
HydroMet, Germany; Tokay et al., 2014). Parsivel disdrometers can measure both the size and
the fall velocity of hydrometeors that fall through a laser sheet (Loffler-Mang and Joss, 2000).
The size of the hydrometeor is estimated from the signal attenuation, whereas the fall velocity of
the hydrometeor is obtained from the signal duration. Using the single particle size - fall velocity
relationship, the observed particles can be classified into different hydrometeor classes, by apply-
ing different hydrometeor-dependent parameterizations (e.g., Yuter et al., 2006). Precipitation
particles in the size range between 0.2 mm and 25 mm are measured. The temporal resolution
of the measurements is 30s. Additionally, a Multi-Angle Snowflake Camera (MASC; Garrett
et al., 2012) was installed at Laret (see Fig. 4.1), which took photographs of hydrometeors from
three different angles and simultaneously measured their fall velocity. The MASC is sensitive to
hydrometeors in the size range between 100 pm and 10 cm. Furthermore, a snow drift station
was installed at Gotschnagrat, which provided data about wind-driven redistribution of snow
(Walter et al., 2020).

Lastly, aerosols and INP properties were measured at the valley station Wolfgang (1630 m) and
at the mountain-top station Weissfluhjoch (2700m) (see Fig. 4.1). Aerosol instruments were
connected to heated inlets for measurements of ambient air at each site. Additionally, ambient
aerosols were collected approximately every 1.5h with a high flow rate impinger (Coriolis p,
Bertin Technologies, France, operation at 300 lpm for 20 mins; Carvalho et al., 2008). The im-
pinger collected aerosol particles larger than 0.5 pm in swirling liquid water and the aqueous
solution was analyzed in drop-freezing instruments in order to obtain INP concentration spectra
from 0°C to approximately -20°C. The DRoplet Ice Nuclei Counter Zurich (DRINCZ; David
et al., 2019a) was operated at Wolfgang and the LED-based Ice Nucleation Detection Apparatus
(LINDA; Stopelli et al., 2014) was run at Weissfluhjoch. Both drop-freezing instruments use a
digital camera to detect freezing by a change in the light transmission through the aqueous solu-
tion. An intercomparison study was conducted between DRINCZ and LINDA. The differences

in observations were within the instrumental uncertainty.
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Figure 4.2: Overview of the synoptic weather situation on 8 March 2019, showing a satellite picture
taken over Europe at 12UTC (a, Eumetsat) and the vertical temperature profile measured by a
radiosonde (12UTC) launched from Payerne (b, MeteoSwiss). The boxplots in (b) indicate the
temperature measured at the weather stations Davos (DAV, 1600 m), Gotschnagrat (GOT, 2300 m)
and Weissfluhjoch (WFJ, 2700 m) during the passage of the cloud system. The blue dot indicates
the cloud top temperature (-21°C) and cloud top height (4700 m), which was estimated from the
cloud radar observations averaged between 16 UTC and 18 UTC. The wind barbs are shown on the
right side.

The cumulative INP concentration was calculated following eq. (4) in Vali (2019):

In(1 — FF(T))

INPO(T) = — , 4.1
() o (4.1)
Finpinger - t
where (= —impinger ' sample CstaL, (4.2)
‘/liquid
Pambient Tref
and CstdL = . (4.3)

DPref Tambient

using the temperature-dependent frozen fraction F'F'(T"), the volume of an individual aliquot V,,
(50 pLL at Wolfgang, 100 nL. at Weissfluhjoch) and the normalization factor C', which converts the
concentration to standard liters of ambient air. C' was calculated for each sample by considering
the flow rate of the impinger Fimpinger (3001pm), the sampling time tgample (usually 20min), the
end volume of the liquid Viiquid (approx. 15mL) and the conversion factor from liters to standard
liters Cyqr, (including the ambient temperature Tympient and pressure pampient at each site and
the reference temperature Tyt = 273.15 K and pressure pyof = 1013.25hPa). According to the
specifications above, the minimal detectable concentration (limit of detection) at Wolfgang was
6.3-10"*stdL~! and at Weissfluhjoch 3.5 - 10~*stdL .

4.3 Description of the case study

The synoptic weather situation over Europe on 8 March 2019 was characterized by a large-scale
westerly flow with several low pressure systems (Fig. 4.2a). This strong westerly flow persisted

for several days and brought moist air from the Atlantic towards central Europe. A low-pressure
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Figure 4.3: Observations of the wind speed and wind direction (a) and of the wind shear (b) measured
by the radar wind profiler located at Wolfgang. The vertical wind shear (s) was calculated from the
wind profiler observations, considering changes in the scalar wind speed and direction (u) between

two adjacent height levels (2) (s="2='). The gray line in (b) shows the cloud radar reflectivity

contour of -30dBZ, which indicates the cloud top height.

system located over Scandinavia produced a small-scale disturbance on its southern edge, which
crossed Switzerland during the day and reached Davos in the afternoon. The presented case
study was observed during the passage of this small-scale disturbance, which arrived in Davos
at around 15 UTC and lasted until 19 UTC.

During the passage of the cloud system, the temperature at Davos decreased from 3 °C to -2°C
(AT =-5°C) and the temperature at Weissfluhjoch decreased from -5 °C to -7.5 °C (AT =-2.5°C).
The vertical temperature profile of a radiosonde ascent is shown in Figure 4.2b. The radiosonde
was launched from Payerne, which is located around 200 km upstream of Davos. The temper-
atures measured at Davos, Gotschnagrat and Weissfluhjoch were slightly warmer (1-2°C) than
the temperature measured by the radiosonde, but the observed lapse rate near Davos was in
good agreement with the radiosonde profile measured at Payerne (see boxplots in Fig. 4.2b). A
cloud top temperature of around -21 °C was estimated from the observed temperature profile, as-
suming the same temperature deviation as for the ground-based stations and a cloud top height
of 4700 m (derived from the cloud radar observations averaged between 16 UTC and 18 UTC).
The horizontal wind fields were measured with a radar wind profiler at Wolfgang (Fig. 4.3a).
In agreement with the Payerne sounding, the wind profiler showed a large-scale wind direction
from the west with a mean wind speed in the range of 10ms~! to 15ms~! above 3000 m. Below
2400 m, the wind speed was lower (< 5ms~!) and the flow was coming from the north-east (con-
fined by the Davos valley). This pattern in the low-level wind field can be explained by shielding
effects due to the mountain barrier B1 located upstream of Wolfgang (Fig. 4.1b), resulting in
a decoupled low-level flow in the lee of the mountain barrier. A strong decrease in wind speed
was observed above 2700 m between 17:45 UTC and 18:30 UTC. In addition, the wind direction
veered from 250° to 280° during this time period. This change in the wind pattern coincides with

the period of the strongest precipitation event at Wolfgang (Fig. 4.4e) and could potentially
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have contributed to the glaciation of the MPC. Furthermore, enhanced wind shear was observed
near cloud top (>10ms~!km™!) with a maximum of 20ms~!km~! corresponding to the most
intense precipitation peak (cf. Fig. 4.3b, Fig. 4.4e). Another layer of enhanced wind shear
was observed between 2500 m and 3000 m, due to the interaction of the large-scale flow with the

mountain barrier Bl (Fig. 4.1).

4.4 Results and Discussion

4.4.1 Overview of the microphysical cloud structure

An overview of the observed microphysical cloud structure is shown in Figure |4.4. The radar
reflectivity shows that the precipitation began at 15:10 UTC and was convective in nature (Fig.
4.4a). At around 17:30 UTC, the reflectivity increased at all altitudes and the highest precipi-
tation rates were observed at the surface (Fig. 4.4e). The period of high reflectivity (>10dBZ)
lasted for about one hour. After this period, the cloud top lowered from 5000 m to 2800 m and
the precipitation ended shortly after 18:40 UTC. The bulk of the precipitation originated at
cloud top as can be seen from the fallstreak pattern of enhanced radar reflectivity (> 10dBZ,
Fig. 4.4a). The contour frequency by altitude diagram (CFAD, Fig. 4.5) of the radar reflectivity
(Fig. 4.5a) indicates a rapid increase in the radar reflectivity near cloud top, suggesting that the
ice crystals were formed in the layer between 5000 m and 4000 m. The ice crystals rapidly grew
to large sizes between 4000 m and 3000 m, before they partly sublimated in the layer between
3000m and 2000m, as indicated by the decreasing radar reflectivity (Fig. 4.4a and 4.5a) and
Doppler velocity (Fig. 4.4b and 4.5b) below 3000 m (assuming horizontal homogeneity). The
majority of upward motion was observed above 3500 m (Fig. 4.4b and 4.5b). It is important to
note that the measured vertical Doppler velocity is the sum of the particle fall speed and the air
motion. Thus, as the ice particles grow to larger sizes while falling towards the ground, their fall
speed increases and therefore mask the updrafts more easily. The Doppler velocity CFAD shows
large variations between -4ms ~! to 2ms ~! near cloud top (Fig. 4.5b), indicative of turbulent
motions. Indeed, the strong variability in the Doppler velocity was collocated with the enhanced
shear layer from the wind profiler (Fig. 4.3b). Furthermore, the spectral width was also en-
hanced locally near cloud top (Fig. 4.4c), which can be attributed to the presence of turbulence
(see Fig. 4.4b) near cloud top. The occurrence of (1) high radar reflectivity fallstreaks (Fig.
4.4a), (2) positive Doppler velocities (Fig. 4.4b) and (3) increased spectral width (Fig. 4.4c)
near cloud top, suggest the presence of cloud top generating cells. Cloud top generating cells
can enhance ice nucleation and growth and as such have important implications for precipitation
formation (e.g., Houze Jr et al., 1981; Hogan et al., 2002; Evans et al., 2005; Tkeda et al., 2007;
Crosier et al., 2014; Kumjian et al., 2014; Plummer et al., 2014; Rosenow et al., 2014; Plummer
et al., 2015; Rauber et al., 2015) as will be further discussed in Section 4.4.2.

Ice particles that formed within the seeder region interact with other cloud particles while falling
through the cloud and thus influence the microphysics of the feeder region below. The low-level
cloud structure was observed with the tethered balloon system HoloBalloon (see Fig. 4.6). The
balloon-borne measurements indicate the presence of a low-level liquid layer that was confined to
the lowest 300m of the cloud (see Fig. 4.6). The cloud droplet number concentration (CDNC)
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Figure 4.4: Observations of the cloud structure measured by the cloud radar (a-c) and the microwave
radiometer (d) at Wolfgang on 8 March 2019. The cloud radar observations show the radar reflectivity
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to approximately account for the hydrometeor fall speed. The column-integrated LWP measured
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Wolfgang (1630 m) is shown in panel (e).
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Figure 4.5: CFADs of the radar reflectivity (a), Doppler velocity (b) and spectral width (c) for the
time period between 15:50 UTC and 18:20 UTC. The red line shows the mean vertical profile. The
following bin sizes were applied: (1) radar reflectivity from -40dBZ to 30dBZ in 1dBZ intervals, (2)
Doppler velocity from -4ms~! to 3ms~! in 0.1 ms~! intervals and (3) spectral width from O0ms~!
to 1.2ms ! in 0.02ms~! intervals. A height interval of 100 m was used for all radar properties.

increased from 100 cm ™3 to 350 cm™3 between 16 UTC and 17:45 UTC (Fig. 4.6a), before the
CDNC decreased after 18 UTC. The mean cloud droplet diameter ranged between 8 pm and
12pm as shown by the size distribution in Figure 4.7a. The ICNC was in the range of 1L~1
to 4L~! between 16 UTC and 18 UTC (Fig. 4.6b). Ice crystals were especially observed when
fallstreaks of enhanced radar reflectivity reached the surface. During the main precipitation
event, after 18 UTC, the ICNC increased up to 14 L~!. During the same time period, the ratio
between the ice water content (IWC) and total water content (TWC), which is often used to
characterize the cloud phase (e.g., Korolev et al., 2003; Lohmann et al., 2016a), increased from
0.05-0.3 (liquid to mixed-phase) to 0.9 (ice-phase). Thus, a transition from a mixed-phase low-
level cloud (before 18 UTC) to an ice-dominated low-level cloud (after 18 UTC) was observed
during the passage of the cloud system (Fig. 4.6c). The cloud radar and microwave radiometer
observations suggest that the entire cloud layer glaciated, as an increase in the radar reflectivity
(Fig. 4.4a) and a decrease in the LWP (Fig. 4.4d) was observed after 18 UTC. In the absence
of sufficiently large updraft velocities for additional cloud droplet activation, the presence of
large ice particles or high ICNC can lead to rapid glaciation of the cloud by the WBF process
(Korolev and Isaac, 2003).

Even though downward motions were present on the lee side of the mountain barrier (see in-
creased fraction of negative Doppler velocities in Fig. 4.5b), which contributed to hydrometeor
evaporation/sublimation (see decreased reflectivity in Fig. 4.5a), a persistent low-level liquid
layer was observed at Wolfgang. We suggest that this shallow low-level feeder cloud formed
due to orographic lifting, as the low-level flow in the lee of the mountain barrier was decoupled
from the large-scale flow (Fig. 4.3a) and was forced to rise from Klosters (1200 m) to Wolfgang
(1630 m) over the local topography. It is assumed that this shallow cloud could not generate sig-

nificant precipitation by itself, due to the limited time available for collision-coalescence of cloud
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Figure 4.6: Vertical in situ profiles of the CDNC (a), ICNC (b) and the IWC/TWC ratio (c). The gray
dots in (a) and (b) indicate measurement points, which are associated with a liquid water content
(LWC) of <0.01gm~3 (for CDNC) or an IWC of 0 L~! (for ICNC). In (c), red colors represents liquid
cloud regions (IWC/TWC < 0.1), light blue mixed-phase cloud regions (0.1 <IWC/TWC < 0.9) and
dark blue indicates ice cloud regions (IWC/TWC >0.9). The cloud radar reflectivity is shown in the
background. The numbers in (a), (b) and (c) indicate the mean LWC, IWC and IWC/TWC ratio
within the intervals defined by the black vertical lines.
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Figure 4.7: Cloud droplet (a) and ice crystal (b) size distributions observed with the HoloBalloon
platform. The size distributions were averaged between 17UTC and 17:45UTC (solid line) and
between 18 UTC and 18:30 UTC (dashed line).

droplets to produce precipitation-sized particles and due to the warm temperatures (>-3°C),
which were limiting the amount of INPs and thus ice formed through primary ice nucleation.
However, the hydrometeors that formed in the generating cells can "feed" on the low-level liquid
layer and thus enhance precipitation by riming and depositional growth. Additionally, it can
provide an environment favorable for the production of secondary ice particles as will be dis-
cussed in Section 4.4.3. In the following section, we investigate the microphysics and dynamics

in cloud top generating cells and explore the origin of ice crystals.

4.4.2 The origin and growth of ice crystals in cloud top generating cells

Observations from the cloud radar, microwave radiometer, HoloBalloon platform and ground-
based aerosol measurements were combined to study the dynamics and microphysics within
cloud top generating cells. Since no in situ observations within generating cells or near cloud
top were available during the RACLETS campaign, the analysis of the microphysics was limited
to observations from remote sensing instrumentation and balloon-borne in situ measurements
near cloud base. In the first part of this section, the overall dynamical and microphysical struc-
ture of generating cells is characterized, whereas in the second part the origin of ice crystals
and the microphysical growth processes active within generating cells are investigated from an
INP-cloud perspective.

When the strongest generating cells were present, vertical overshooting of up to 500 m was ob-
served at the cloud top (Fig. 4.8; e.g., at 16 UTC and 16:45 UTC), indicating the presence of
strong updrafts. This was also supported by observations of the maximum Doppler velocity
(Fig. 4.8b), which was derived from the Doppler spectra (see Appendix 4.A) and used as a
proxy to identify updraft regions. The maximum Doppler velocity suggests that the strongest
updrafts were present in the core regions of the cloud top generating cells (>3 ms™!), whereas
updrafts were weaker outside of the generating cells and at altitudes below 3000 m (Fig. 4.8b).
It is likely that liquid water was produced in these updraft cells, as a positive correlation was

found between the vertically-integrated maximum Doppler velocity and the LWP measured by
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Figure 4.8: Time series of the radar reflectivity (a), maximum Doppler velocity (b) and number of
nodes (c). The black line in panel (a) indicates the 17 UTC fallstreak, which was investigated in
Fig. 4.9. The dashed lines indicate the regions inside (GCi,) and outside (GCoyt) of GC2, which
were used for the analysis in Appendix |4.B. The maximum Doppler velocity was derived from the
Doppler spectra (see Appendix 4.A). The number of nodes were obtained from the peakTree analysis
following the procedure described in Radenz et al. (2019). The evolution of the cloud top anomalies
is shown in (d). The radar reflectivity (blue line) and spectral width (red line) were averaged over
600 m from the cloud top. The anomalies were normalized to the mean value, which is indicated in
panel (d). The results of the Spearman’s rank correlation are shown to the right of panel (d) with p
indicating the correlation coefficient and pv the p-value of the Spearman’s rank correlation.
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Figure 4.9: Vertical profile of the Doppler spectra along the 17 UTC fallstreak averaged over 1 min
(indicated by black line in Fig. 4.8a). The Doppler spectra at three selected heights are shown on
the right: 4120 m (within turbulent layer), 2780 m (at mountain barrier height), 1910 m (at balloon
flight height). The red line indicates the Doppler spectrum inside the 17 UTC fallstreak, whereas the
gray spectrum was measured before the fallstreak (inside GCo,¢ in Fig. 4.8a).

the microwave radiometer (see Fig. 4.16b). Moreover, anomalies in the cloud top properties and
the LWP were observed during the periods with generating cells (Fig. 4.8d). Coinciding peaks
in the anomaly signal were labeled as GC1 (16 UTC), GC2 (16:45 UTC) and GC3 (17:55 UTC).
The Spearman’s rank correlation coefficients of the anomalies ranged between 0.46 (for reflec-
tivity and spectral width) and 0.73 (for reflectivity and LWP) significant at the 5% level. Thus,
given the significant correlation between updrafts, LWP and radar reflectivity within generating
cells, it is likely that the updrafts acted as a major driver for the formation and maintenance
of generating cells by providing a continuous source of liquid water and thereby enhancing ice
nucleation and growth through immersion freezing, subsequent vapor deposition and riming. In-
deed, the comparison of the Doppler spectra inside (GCj,) and outside (GCoyy) of GC2 suggests
that the generating cell contributed 10 dBZ to the radar reflectivity (see Appendix 4.B).

To further explore the microphysics within cloud top generating cells, the Doppler spectra along
the 17 UTC fallstreak were investigated (Fig. 4.9). This approach allows to obtain a continuous
picture of the evolution of the particle populations along the fallstreak and to draw conclusions
regarding the microphysical processes active. Previous studies used the Doppler spectra infor-
mation for the classification and characterization of ice particle shape and particle populations

(e.g., Myagkov et al., 2016; Biihl et al., 2016). The vertical profile of the Doppler spectra shows a
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broad particle distribution spanning from -5ms~! to 4ms~! between 3300 m and 5000 m height,
indicative of a turbulent layer. This layer likely marked the extent of the generating cell, where
ice crystals were produced and initial growth occurred. The Doppler spectra show a spectral
bimodality below 3300m (Fig. 4.9; i.e. presence of multiple particle populations with different
fall speeds), which extends down to the surface. When analyzing the Doppler spectra of the
full period with the peakTree technique (Radenz et al., 2019)), multi-peaked situations become
evident at the leading edges of the fallstreaks (Fig. 4.8c). The peakTree algorithm transforms
each Doppler spectrum into a full binary tree structure, where the individual sub-peaks are
represented as nodes (see Radenz et al., 2019). Thus, three nodes corresponds to two sub-peaks.
For example, the Doppler spectrum in Figure 4.9b (red line) indicates the presence of two par-
ticle populations, a fast falling one (-2ms~!) and a slow falling one (-0.5ms~!). The LDR of
the slower falling particle population was slightly higher (-25dB; not shown) compared to the
faster falling population (-28dB; not shown). These LDR values are characteristic for oblate
or plate-like particles (Myagkov et al., 2016). The observed Doppler spectra and the ice habits
observed near cloud base (Fig. 4.13) suggest that the faster falling population represents heav-
ily rimed ice particles/graupel, whereas the slower falling population was associated with stellar
dendrites. This is also consistent with the observed temperature (dendrite regime; Magono and
Lee, 1966; Bailey and Hallett, 2009) and the presence of supercooled liquid (riming) within the
generating cells. It is likely that these two particle populations were already present above, but
only separated below the turbulent layer due to the weaker updrafts and their difference in fall
speed.

In the following, we will further investigate the origin of ice particles that formed within generat-
ing cells. Numerous studies have observed enhanced ice formation and growth in these updraft
regions (Houze Jr et al., 1981; Hogan et al., 2002; Plummer et al., 2014; Tkeda et al., 2007; Crosier
et al., 2014; Kumjian et al., 2014; Rauber et al., 2015). For example, Plummer et al. (2014)
found that the ICNC was enhanced by a factor of 2 to 3 within the core region of generating cells
compared to the region between the cells. While most of the studies agree that radiative cooling
is a major driver for the formation and maintenance of cloud top generating cells, less research
has focused on the reason for the enhanced ICNCs that were observed within these cells. Here
we provide potential reasons from an INP-cloud perspective and propose possible mechanisms
by considering the measured INP concentrations and cloud-base observations of the ICNC and
ice particle size. INP concentrations were measured at the valley site Wolfgang (1630 m) and at
the mountain-top station Weissfluhjoch (2700m) (Fig. 4.10). The observed INP concentrations
at a given temperature spanned over one order of magnitude. The INP concentration measured
at Wolfgang was a factor of 3-10 higher compared to Weissfluhjoch, which was likely a con-
sequence of the decoupled low-level flow (see Fig. 4.3a) and thus the sampling of different air
masses. Based on the INP measurements at Weissfluhjoch, an INP concentration of 0.3 L~! was
extrapolated at cloud top (Fig. 4.10). It is important to note that the cloud top INP concen-
tration was estimated from the Weissfluhjoch measurements in the morning (i.e., representative
for pre-cloud INP concentrations), as no INP concentrations were measured at Weissfluhjoch
during the passage of the cloud system. Additionally, cloud measurements were conducted by

the HoloBalloon platform near cloud base. Since no in situ observations were available within
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Figure 4.10: INP concentrations measured at Wolfgang (1630 m, circle) and Weissfluhjoch (2700 m,
triangle) for different temperatures and times as indicated in the legend. The cloud top temperature
of -21°C is shown by the vertical dashed line. The dark gray line is a fit to the INP concentrations
measured at Weissfluhjoch at temperatures between -9 °C and -17 °C (pre-cloud INP conditions).

the generating cells, assumptions regarding the upper-level cloud properties were required. We
assumed that the largest ice particles (> 400- 600 pm; derived from particle size distribution in
Fig. 4.7b) formed near cloud top and grew to these large sizes while falling to the surface. This
criterion is based on the assumption that the large ice particles did not sublimate completely
prior to reaching the surface. The ICNC observed near cloud base was in the same order of
magnitude as the ICNC retrieved from the remote sensing observations (red dots in Fig. 4.11)
using the method described in Biihl et al. (2019). The comparison between the observed ICNC of
large ice particles (ICNCs 500m) and the INP concentration at cloud top shows a discrepancy
between the observed INP concentration and ICNC during certain time periods (Fig. 4.11),
suggesting that the ICNC cannot be solely explained by primary ice nucleation, but that other
mechanisms were active.

Static instability driven by cloud top radiative cooling can produce strong updrafts (Fig. 4.8b)
and lead to convective overshooting of cloud top generating cells (see red arrows in Fig. 4.8a).
This convective overshooting can decrease the cloud top temperature and therefore increase
the ICNC formed by primary ice nucleation. For example, the cloud top height during GC1
increased by 500m from 4500 m to 5000 m. Considering the observed temperature profile in
Figure 4.2b, the cloud top temperature decreased by 3.6 °C from -21°C (at the average cloud
top height) to -24.6°C (at 5000 m) upon convective overshooting. Consequently, the INP con-
centration increased by a factor of 3.3 from 0.3L~! to 1L~! (Fig. 4.10) due to the colder cloud
top temperature. The ICNCs 500 ;m measured near cloud base lied below the extrapolated INP
concentration at -25°C before 18 UTC (Fig. 4.11), suggesting that the observed ICNCs 500um
near cloud base can be solely explained by primary ice nucleation and convective overshooting.

After 18 UTC, the ICNCs 500 um measured near cloud base lied above the convective overshoot-
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Figure 4.11: Timeseries of the ICNC of large ice particles (> 500 ym, ICNCs 500 m, blue line) mea-
sured near cloud base by the HoloBalloon platform. Ice particles larger than 500 pm in diameter were
assumed to have formed near cloud top. The blue shaded area indicates ice particles larger than
400 pym (upper bound) and larger than 600 pm (lower bound). The INP concentrations extrapolated
to -21°C (cloud top, solid line) and to -25°C (convective overshooting, dashed line) are indicated
by the black horizontal lines. The ICNC estimated from the radar observations are shown by the red
dots using the procedure described in Bihl et al. (2019) (see also Section 4.2). No microphysical
measurements were available within the gray shaded areas.

ing line (Fig. 4.11), suggesting that other processes were occurring.

For example, the positive feedback between supercooled liquid water, radiative cooling and
turbulence that has been observed near cloud tops (e.g., Morrison et al., 2012) might have
contributed to enhanced ice formation. The presence of supercooled liquid can lead to strong
longwave radiative cooling (e.g., Possner et al., 2017). This radiative cooling decreases the
stability near cloud top, which causes turbulent motions, which in turn can produce further
supercooled liquid water. The magnitude of the longwave radiative cooling strongly depends
on the cloud phase, the liquid water content and particle size distribution, among other factors
(e.g., Turner et al., 2018). Indeed, the LWP, as measured by the microwave radiometer, was
enhanced within generating cells (see Fig. 4.8d) and thus likely increased the longwave radiative
cooling at cloud top. The question is by how much the radiative cooling was enhanced within
generating cells due the increased cloud liquid water compared to their surrounding regions.
Previous studies observed longwave radiative cooling rates in the range of 1-5Kh~! near cloud
top (e.g., Chen and Cotton, 1987; Pinto, 1998; Jiang et al., 2000; Rasmussen et al., 2002; Mor-
rison et al.; 2011; Morrison et al., 2012; Possner et al., 2017; Turner et al., 2018; Eirund et al.,
2019). Additionally, Turner et al. (2018) computed radiative heating rate (RHR) profiles in the
atmosphere as a function of cloud type and LWP by using an observational data set. According
to Turner et al. (2018), an increase in the LWP from 50 gm~2 to 150 gm~2 (e.g., GC2 in Fig. 4.8)
can cause an increase in the longwave radiative cooling rate from around 1.7 Kh~! to 2.9 Kh~!
(ARHR =1.2Kh~!). This could potentially cool the cloud top temperature by 0.3K, if a life-

time of around 15min is assumed for cloud top generating cells (i.e., 1.2 Kh™! x 15min = 0.3 K),
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Figure 4.12: Potential mechanisms that could enhance the ICNC in cloud top generating cells:
convective overshooting (left), radiative cooling (center) and droplet shattering upon freezing (right).
Their potential contributions to the ICNC are estimated at the bottom based on the present case
study (see text for more details).

and increase the INP concentration from 0.3L~! to 0.35L~! (factor 1.2, see Fig. 4.10). Thus,
longwave radiative cooling only plays a minor role in enhancing primary ice nucleation. Nev-
ertheless, longwave radiative cooling is of major importance for the production of radiatively
driven turbulence near cloud top and thus for maintaining generating cells.

Other mechanisms must be active to explain the increased ICNCs after 18 UTC. For instance,
the enhanced updrafts in generating cells allow all hydrometeors to grow to larger sizes. It is
unlikely that the larger cloud droplet size would significantly increase primary ice nucleation by
immersion freezing, which is the dominant ice nucleation mechanism in MPCs (e.g., Ansmann
et al., 2008; De Boer et al., 2011; Westbrook and Illingworth, 2011), but it can play an impor-
tant role for SIP. For example, the freezing of drizzle-sized droplets can release a large number
of small secondary ice particles (e.g, Langham and Mason, 1958; Mason and Maybank, 1960;
Lauber et al., 2018; Korolev and Leisner, 2020). This process is known as droplet shattering and
has been observed to be strongly dependent on the cloud droplet size and to be potentially effec-
tive over a large temperature range (Lauber et al., 2018). Previous field studies have observed
the presence of drizzle-sized droplets in the size range of 100 pm- 300 pm in regions of strong
vertical updrafts (e.g, Hauf and Schroder, 2006; Ikeda et al., 2007). A single shattering event
has the potential to produce hundreds of ice crystals. Thus, droplet shattering could increase
the ICNC in generating cells by several orders of magnitude if supercooled drizzle drops are
present in the updraft regions. As the discrepancy between the INP concentration at cloud top
and ICNCs 500 um Was up to a factor 8 after 18 UTC, droplet shattering might have contributed
to enhanced ice formation and growth and to the glaciation of the MPC. However, in situ ob-
servations within generating cells would be necessary to further investigate this hypothesis.

In summary, the increased ICNC in generating cells can be the result of different mechanisms

or a combination of several mechanisms. Three possible mechanisms have been proposed in
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this study and their potential contributions are summarized in Figure 4.12. Firstly, primary ice
nucleation in generating cells can be increased due to convective overshooting or radiative cool-
ing. The ICNC observed before 18 UTC can likely be explained by these two mechanisms, since
the INP concentration and the ICNCs 500,,m measured near cloud base agreed within the same
order of magnitude (Fig. 4.11). We found that the contribution from convective overshooting
(factor 3.3) was larger than that of radiative cooling (factor 1.2) in the present study. On the
other hand, the ICNC of large particles measured at the surface after 18 UTC exceeded the INP
concentration by almost one order of magnitude, suggesting that SIP processes such as droplet
shattering might be active within generating cells. However, more targeted studies are necessary
to understand which mechanisms are responsible for enhanced ice formation and growth within
generating cells. In particular, in situ measurements of the cloud properties within generating
cells and their environmental conditions (e.g., temperature, updrafts, INP conditions) are of

major importance to address these questions.

4.4.3 Secondary ice production processes in feeder cloud

Ice crystals that formed in the seeder region can grow by microphysical interactions with other
cloud particles while falling through the cloud layer and thus influence the microphysics of the
entire cloud. For example, if large ice particles fall through a supercooled liquid layer, they
can initiate the glaciation of the cloud layer through the WBF process and/or grow by riming.
Furthermore, the total number of nodes (Fig. 4.8c) shows multi-peaked situations below 3300 m,
indicating the presence of multiple particle populations with different fall speed. This suggest
that secondary ice particles might be produced in the feeder region of the cloud. In the following,
we investigate the importance of ice growth and SIP in the feeder region by analyzing the phase-
resolved cloud properties measured in situ with the HoloBalloon platform. In particular, the
analysis of the ice crystal habit and size can provide important information about the formation
and growth history of ice particles.

Figure 4.13|shows a representative set of ice particle images observed by HOLIMO as a function
of height and time. It can be seen that ice crystal habits varied greatly during the passage of
the cloud system. For example, the images indicate the presence of numerous columns between
17:00 UTC and 17:20 UTC at altitudes above 1780 m (yellow boxes), which are known to grow
at temperatures between -3 °C and -10°C (Magono and Lee, 1966; Bailey and Hallett, 2009).
Furthermore, irregular shaped particles were abundant (green boxes), consistent with previous
studies (e.g., Korolev et al.; 1999; Stoelinga et al., 2007). A large fraction of graupel and
rimed particles was observed between 17 UTC and 17:40 UTC (red boxes). After 18 UTC, the
ice crystals became more aggregated (blue boxes) and less rimed (see also MASC data in Fig.
4.14d), suggesting a decrease in the amount of liquid water available for riming. Furthermore,
small pristine ice crystals (plates and columns) were present over the entire period (see Fig.
4.15c and purple boxes in Fig. 4.13).

The large variability in ice crystal habit and size suggests that the ice crystals have formed and
grown in different regions. As discussed in Section 4.4.2) it is likely that the heavily rimed ice
particles and large dendrites (Fig. 4.13) were produced within the seeder region of the cloud

and gained mass by riming and deposition while falling through the cloud. On the other hand,
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Figure 4.14: Timeseries of the ice (a) and liquid (b) cloud properties measured by the HoloBalloon
platform. The shaded areas indicate the standard deviations. The dashed line in (b) shows the
altitude of the balloon. The temporal evolution of the ice habit fraction is shown in (c, HOLIMO)
and (d, MASC). The total counts during the 10 min-interval are indicated by the black dots. The
ice particles observed with HOLIMO were classified into 5 categories: (1) plate-like, (2) column-like,
(3) graupel (roundish particles), (4) irregular (unidentified habit) and (5) aggregates. Example ice
Only particles larger than 50 pm were considered in the habit
analysis. Shaded areas in (c) indicate particles with a higher degree of riming. The hydrometeors

particles are shown on the right.

observed by the MASC were classified into graupel and aggregates/snowflakes.
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the small pristine ice crystals were likely formed within the feeder region of the cloud. Previous
studies have found that small pristine ice crystals (< 100 um) were spatially correlated with their
environment of origin (e.g., Korolev et al.; 2020). For example, it is possible that the observed
columns originated within the multi-peaked structures (Fig. 4.8c), as the temperature below
3000 m was in the temperature regime of columnar growth (Bailey and Hallett, 2009). Pristine
plates likely grew in the lowest part of the cloud, where the prevailing temperature was above
-3°C. These small ice crystals (< 100 pm) could have formed either by primary ice nucleation
or by SIP processes within the feeder cloud and rapidly grown by diffusion to larger sizes (e.g.,
Korolev et al., 2020). The contribution of primary ice nucleation to the observed ICNC can
be estimated from the measured INP concentration (Fig. 4.10), which was below the minimal
detectable concentration (6.3 - 10~* stdL.~!; see Section 4.2) at a temperature of -3°C. Thus,
the minimal detectable concentration of 6.3 - 10~%stdL ™! represents an upper limit for the INP
concentration within the feeder region. The ICNC of particles smaller than 100 pm in diameter
observed in the feeder cloud (1-2L~'; Fig. 4.14a) exceeded the INP concentration by three
orders of magnitude, suggesting that primary ice nucleation alone cannot explain the small ice
crystals observed.

Secondary ice production processes are necessary to explain the observed ICNC in the low-
level liquid layer. As the cloud droplets in the low-level feeder cloud were small (<50 pum in
diameter, Fig. 4.7a), droplet shattering was likely not the responsible mechanism. However, as
the temperature at 1900 m was around -3°C and large rimed particles (Fig. 4.14a) and cloud
droplets larger than 25 pm in diameter (Fig. 4.14b) were observed in the low-level liquid layer,
the Hallett-Mossop process may have been active (Hallett and Mossop, 1974; Mossop, 1978).
Another mechanism that could have led to the production of secondary ice particles in the
low-level feeder cloud is ice particle fragmentation upon ice-ice collisions (e.g., Vardiman, 1978;
Takahashi et al.; 1995). As the low-level liquid layer contained small pristine and large rimed ice
particles (Fig. 4.13), which have different terminal fall velocities and therefore enhanced collision
efficiencies, this suggests that collisional ice fragmentation may have been occurring. Indeed,
the ice crystal images in Figure 4.13| indicate the presence of ice fragments. Therefore, based
on the temporal evolution of the cloud properties (Fig. 4.14a,b), we suggest that ice particle
fragmentation upon collision was the dominant SIP process after 18 UTC, since the CDNC
and in particular the number of large cloud droplets decreased after 18 UTC (Fig. 4.14b). In
contrast, the presence of large cloud droplets (> 25 pm) before 18 UTC suggests that both the
Hallett-Mossop process and collisional ice fragmentation contributed to the observed ICNC.
Previous studies have observed large discrepancies between the INP concentration and ICNC
in the feeder region of clouds (e.g., Rogers and Vali, 1987; Lloyd et al., 2015; Beck et al., 2018;
Lowenthal et al., 2019). These observations were frequently conducted at mountain-top research
stations or near mountain slopes, where ICNCs of several hundreds to thousands per liter have
been reported (e.g., Rogers and Vali, 1987; Lloyd et al., 2015; Lowenthal et al., 2019). These large
ICNCs were attributed to the influence of surface processes such as blowing snow (Rogers and
Vali, 1987, Geerts et al., 2015), hoar frost (Lloyd et al., 2015), riming on snow-covered surfaces
(Rogers and Vali, 1987) or ice crystal enhancement through turbulence and convergence (Beck

et al., 2018), whereas the contribution of SIP processes has been suggested to be minor or has
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Figure 4.15: Mean vertical profiles of the liquid and ice properties measured between
16.30-17.30 UTC (a) and between 17:50-18:20UTC (b) with the HoloBalloon platform. The
shaded areas indicate the standard deviations.

been difficult to assess (Lloyd et al., 2015, Beck et al., 2018). By performing balloon-borne
measurements in a mountain valley, we measured ICNC two order of magnitude lower than
previous observations at mountain-tops (1-10L~! instead of 100- 1000 L) and thus were able
to significantly reduce the impact of surface processes. Based on the observed INP concentration
(Fig. 4.10) and ICNC (Fig. 4.14a), we suggest that SIP processes contributed up to 1-2L~! to
the observed ICNC and thus accounted for up to 50 % of the total ICNC before 18 UTC. On the
other hand, the increase in the ICNC from 3L~! up to 15L~! after 18 UTC (Fig. 4.14a) cannot
be solely explained by SIP within the feeder cloud, since the observed increase was primarily due
to large ice particles (>300um, see Fig. 4.7b). This increase in ICNC can likely be attributed
to a change in the microphysics within the seeder region, which initiated the glaciation of the
MPC.

If only a small concentration of secondary ice particles is captured by updrafts or turbulence
within the feeder region and lifted aloft, they can initiate further ice formation and growth at
temperatures well above typical INP activation temperatures and have a significant impact on
the development of the cloud (e.g., cloud properties, glaciation, lifetime). While the CDNC
decreased above 1850 m, the vertical profiles of the ICNC showed no height dependence over
the 200m height interval (Fig. 4.15a). This suggests that SIP was active over the entire low-
level liquid layer. However, due to the limited vertical extent of the profiles, we cannot make a
final statement regarding the impact of SIP within the feeder region on the cloud microphysics
aloft. Further observations in ’surface-decoupled’ environments (i.e., reduced influence of surface
processes) with a larger vertical extent are required to assess the role of SIP in feeder clouds.
This is important, as it can lead to the formation of precipitation in clouds which otherwise may

not have produced significant precipitation.
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4.5 Conclusions

In this paper, we investigated the microphysical evolution of a mixed-phase cloud passing over the
Swiss Alps using a multi-dimensional set of observations and instruments including (1) ground-
based remote sensing, (2) in situ microphysical observations on a tethered balloon system, (3)
INP measurements and (4) surface precipitation measurements. A particular emphasis was
placed on studying the microphysics within cloud top generating cells and a persistent low-level
feeder cloud from an aerosol-cloud-precipitation perspective. The key findings are summarized

as follows:

e The microphysical structure of the MPC was observed with a vertically-pointing Ka-band
polarimetric cloud radar and with a tethered balloon system. The phase transition from
a liquid to an ice cloud was observed during the passage of the cloud system. It is likely
that the Wegener-Bergeron-Findeisen process contributed to the glaciation of the MPC.
Regarding the vertical cloud structure, generating cells with enhanced radar reflectivity
were observed near the cloud top, which acted as a seeder region and produced fallstreaks
of enhanced radar reflectivity. Furthermore, the decoupled boundary layer circulation in
the lee of the mountain barrier produced local updrafts and turbulence, which led to the

formation of a persistent low-level feeder cloud.

e The cloud radar and microwave radiometer observations suggest that ice formation and
growth as well as liquid water production was enhanced within cloud top generating cells.
While numerous studies have observed enhanced ICNCs within generating cells, uncertain-
ties exist regarding their ice formation mechanism. Here we proposed different processes
and discussed their potential contribution. Cooling associated with convective overshoot-
ing was suggested to increase the INP concentration by a factor of 3.3, whereas radiative
cooling was estimated to increase the ICNC formed by primary ice nucleation only by a
factor of 1.2. In addition, secondary ice production through droplet shattering was pro-
posed to potentially increase the ICNC by several orders of magnitude and might have
contributed to the glaciation of the MPC.

e The co-existence of small pristine ice crystals and large rimed ice particles was observed
in the low-level feeder cloud, suggesting the occurrence of secondary ice production. By
using a tethered balloon to observe the feeder cloud in the mountain valley, we were able
to significantly reduce the influence of surface processes compared to previous observations
at mountain tops and to investigate the contribution of secondary ice production in the
feeder region of clouds. The ICNC of small ice crystals (< 100 pm) measured near cloud
base exceeded the INP concentration by three orders of magnitude. Conditions favorable
for the Hallett-Mossop process and ice particle fragmentation upon ice-ice collisions were
found. We suggest that secondary ice production in the feeder cloud increased the ICNC
by a factor of 2.

Overall, this study observed the temporal and spatial evolution of the microphysics within the
seeder and feeder region of a MPC passing over the Swiss Alps. We found that a significant

increase in ice formation and growth within the seeder region can induce the glaciation of the
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MPC. In addition, we found that secondary ice production mechanisms were active in the feeder
cloud, which initiated ice formation at temperatures where no INP were detectable. This case
study demonstrates that secondary ice production can occur in different cloud regions and have
important implications for precipitation initiation and the lifetime of MPCs in general. Further
studies are required to understand the role of secondary ice production both in the seeder and
feeder regions of clouds. These studies should include vertically-resolved in situ observations of
the microphysical properties, aerosol properties (e.g., INP) and environmental conditions (e.g.,
temperature, vertical updraft velocity) over the entire cloud depth and should be performed in

a 'surface-decoupled’ environment (i.e., reduced influence of surface processes).
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4.A. The use of the maximum Doppler velocity as a proxy for regions with updrafts and liquid
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Figure 4.16: An example Doppler spectrum is shown in (a) to demonstrate the derivation of the
maximum Doppler velocity vy,q. (orange star), where Z,,;,, and Z,,4, are the minimum and maximum
radar reflectivity (see text for more details). The relationship between the vertically-integrated v,qz
and the LWP measured by the microwave radiometer for the time period 15-18UTC is shown in
panel (b). The orange line is a logarithmic fit through the data points. ps indicates the Spearman’s
rank correlation coefficient.

Appendix

4.A The use of the maximum Doppler velocity as a proxy for

regions with updrafts and liquid water

In the framework of the present study, the maximum Doppler velocity was used as a proxy
to identify regions with updrafts and liquid water. The maximum Doppler velocity e, was
derived from the Doppler spectra as shown in Figure 4.16a. In order to be more robust regarding

the presence of extreme values, v.,q; Was defined as follows:
Umaz = maximum Doppler velocity where Z >= (Zin + 0.1 - (Zmaz — Zmin)) (4.4)

where Z,,;n, and Z,,4, are the minimum and maximum radar reflectivity. To validate whether
Umaz Can also be used to identify regions with liquid water, it was compared to the LWP measured
by the microwave radiometer. Since the LWP is integrated over the whole vertical column, the
vertically-integrated vp,q. is shown in Figure |4.16b. A positive correlation was found between
Umae and the LWP with a Spearman rank correlation coefficient of 0.5 significant at the 5%
level. Based on this result, we assume that v,,,4, can be used as a proxy for updraft regions and

regions with liquid water.
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Figure 4.17: Vertical profile of the Doppler spectra inside (a; averaged over the region GCj,) and
outside (b; averaged over the region GCq,t) of the generating cell at 16:45 UTC (GC;, and GCyyt are
specified in Fig. 4.8a). The difference in the Doppler spectra between GCi, and GCqyt is shown in

panel (c).

4.B Cloud properties inside and outside of generating cells

To estimate the contribution of generating cells to the observed radar reflectivity signal, the
cloud properties inside (a) and outside (b) of GC2 were compared (Fig. 4.17). The region
inside the generating cell was determined by tracking the fallstreak of enhanced radar reflec-
tivity, whereas the region outside of the generating cell was defined by the region between two
adjacent cells that was characterized by a lower radar reflectivity (see Fig. 4.8a). The difference
between the Doppler spectra inside and outside of generating cells (Fig. 4.17c) suggests that
the generating cell at 16:45 UTC contributed 10 dBZ to the radar reflectivity and thus enhanced
ice and precipitation formation. For a quantitative analysis, a large number of generating cells

needs to be analyzed, which was beyond the scope of the present study.
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Chapter 5

Conclusion and outlook

5.1 Summary of results

In this thesis, we investigated the microphysics and dynamics of MPCs using balloon-borne in
situ observations and ground-based remote sensing instrumentation, with a particular focus on
orographic clouds in the Swiss Alps. A case study approach was chosen to study unique mi-
crophysical features and the complex interplay between orography, dynamics and microphysics
on a process level. The objectives of the thesis were to develop a new measurement platform
for observations of boundary layer clouds in complex terrain and to improve the process un-
derstanding of orographic MPCs and precipitation. The following section summarizes the main

findings and conclusions of this thesis.

5.1.1 HoloBalloon - a cloud measurement platform for boundary layer clouds

In the framework of this thesis, a new measurement platform on a tethered balloon system
(HoloBalloon) was developed to study boundary layer clouds in complex terrain or densely-
populated areas. The major component of the measurement platform is the HOLographic Im-
ager for Microscopic Objects 3B (HOLIMO 3B), which uses digital in-line holography to image
an ensemble of cloud particles in a three-dimensional sample volume and to obtain information
about the phase-resolved particle size distribution and particle shape. As the previous version
(HOLIMO 3G; Beck et al.;, 2017), HOLIMO 3B has an open-path configuration and additionally,
has an improved optical system (larger detection volume, an improved lens system, 355 nm laser)
and an adapted instrument tip design suitable for the application on a tethered balloon system.
Holographic imagers benefit from (1) a well-defined sample volume independent of particle size
and air speed, (2) their outstanding feature to observe the spatial distribution of an ensemble
of cloud particles and (3) their ability to measure particles over a wide size range (6 pm-2mm).
The combination of a holographic imager and a balloon-borne measurement platform provides
unique observations of cloud structures from the kilometer down to the millimeter scale. The
measurement platform is also equipped with auxiliary instruments (e.g., temperature, pressure
and relative humidity sensor, 3D ultrasonic anemometer), which allows for meteorological pa-
rameters to be observed.

The HoloBalloon platform was successfully deployed in different environments (e.g., stratus
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clouds, orographic clouds) and atmospheric conditions (e.g., temperatures down to -8 °C, wind
speeds up to 15ms~!). The platform was able to accurately observe phase-resolved cloud prop-
erties and to capture small-scale variations in the particle number concentration, particle size

and particle shape on a meter scale.

5.1.2 Orographic effects on precipitating clouds

Orography can trigger the formation of orographic clouds or influence the structure of incoming
cloud systems and thereby enhance precipitation and influence its spatial distribution (e.g., Roe,
2005; Houze Jr, 2012; Smith, 2019). The amount and distribution of orographic precipitation
over and near complex terrain is determined by different factors such as the height and shape of
the mountain, the dynamical response of the flow encountering a mountain barrier, the micro-
physics of particle growth and the thermodynamics of the atmosphere (e.g., Houze Jr, 2012).
In this thesis, the interplay between orography, dynamics, microphysics and precipitation was
studied on the basis of several case studies. For example, in Chapter 3, we investigated the role
of low-level blocking and shear-induced turbulence on the cloud microphysics and precipitation
formation in an inner-Alpine valley. The boundary layer was characterized by blocked low-level
flow. At the interface between the blocked layer and the stronger cross-barrier flow aloft, a
strong shear layer (>10ms~'km™') embedded with turbulent cells was observed. The cloud
radar indicated changes in the microphysical cloud properties within the turbulent shear layer
including increased radar reflectivity (i.e., enhanced ice growth) and enhanced linear depolar-
ization ratio (i.e., changes in particle shape). Previous studies suggested that theses turbulent
cells can enhance ice growth and precipitation through riming and aggregation (e.g., Houze Jr
and Medina, 2005; Houze Jr and Medina, 2005; Geerts et al., 2011; Aikins et al., 2016). Further-
more, we suggest that ice fragmentation upon collision within the turbulent shear layer might
have contributed to secondary ice production. These secondary ice particles have the potential
to recirculate in the shear layer and influence the cloud microphysics aloft (e.g. Grazioli et al.,
2015). However, this process could not be directly measured in this study due to limitations in
the flight level.

In the observed case study (Chapter 3), the amount of precipitation in the inner-Alpine valley
was coupled to the strength of the low-level blocking and the cross-barrier flow, as the interplay
between these dynamical effects determined the height of the shear layer and cloud base. The
shear layer was observed to lower when stronger cross-barrier flow moved over the upstream
mountain barrier and the low-level blocking weakened. As a consequence of the lower shear
layer altitude and cloud base, hydrometeors could reach the surface as precipitation prior to
complete sublimation.

Additionally, a low-level liquid cloud was observed by the HoloBalloon platform when the low-
level flow was blocked (Chapter 3). This low-level cloud dissipated when the low-level flow turned
from a blocked to an unblocked state. Our observations suggest that the low-level blocking (due
to the downstream mountain barrier) caused the low-level flow to ascend the leeward slope of the
local topography in the valley and thus produced a low-level feeder cloud. Similarly, a persistent
low-level feeder cloud was observed in Chapter 4, when the low-level flow was forced to ascend

over the local topography. This shallow low-level cloud was assumed to not have generated sig-
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nificant precipitation by itself, because of the relatively warm temperatures (-3 °C), which were
limiting ice formation through primary ice nucleation, and due to the limited time available to
form precipitation-sized particles through collision-coalescence. However, this shallow low-level
liquid cloud was found to "feed" on precipitation particles that formed at higher altitudes and
thus to enhance precipitation by riming and depositional growth. Thus, we propose that local
flow effects such as low-level blocking can induce the formation of feeder clouds in mountain
valleys and on the leeward slope of foothills upstream of the main mountain barrier, where they

can enhance orographic precipitation through the seeder-feeder mechanism.

5.1.3 The origins of ice crystals in orographic MPCs

The ice phase plays a crucial role for precipitation formation in the mid-latitudes, since more
than 90% of the precipitation originates in ice containing clouds (e.g., Milmenstadt et al., 2015;
Field and Heymsfield, 2015). The WBF process and riming can increase the growth of ice
particles at the expense of the liquid phase and thereby favor the glaciation of MPCs. Never-
theless, persistent MPCs have been frequently observed in mountain regions (e.g., Borys et al.,
2003; |Geerts et al., 2010; [Lowenthal et al., 2011; Lloyd et al., |2015; Lohmann et al., 2016a;
Beck, 2017), where the local topography produces sufficiently large updrafts and turbulence to
provide a continuous source of condensate. It is important to understand the delicate balance
between the production and consumption of supercooled liquid water, because it determines
precipitation formation and the lifetime of MPCs.

In Chapter |4, we studied the role of cloud top generating cells and of a low-level feeder cloud
for ice formation, ice growth and precipitation on the basis of a case study. The cloud radar
observations showed fallstreaks of enhanced radar reflectivity near cloud top, indicating that
the bulk of precipitation originated at the cloud top in so-called generating cells. While most
of the previous studies agree that cloud top generating cells are governed by radiative cooling
and are important for ice and precipitation formation (e.g., Houze Jr et al., 1981; Hogan et al.,
2002; Ikeda et al., 2007; Crosier et al., 2014; Plummer et al., 2015; Rauber et al., 2015), uncer-
tainties remain regarding the underlying microphysical processes. In Chapter 4, we proposed
different mechanisms that potentially increase ice formation and growth within generating cells
by analyzing the INP concentrations and ICNC measured near cloud base. We suggest that con-
vective overshooting and enhanced radiative cooling due to higher LWP can increase primary
ice nucleation by a factor of 3.3 and 1.2, respectively. In cases where the ICNC exceeds the
INP concentration by several orders of magnitude, secondary ice production processes might be
active within generating cells (e.g., droplet shattering). We found that enhance ice formation
and growth within the seeder region can initiate the full glaciation of the cloud. More research is
required to understand the dynamics and microphysics of generating cells. Future studies should
include in situ observations of cloud properties, aerosol properties (e.g., INP) and environmental
conditions (e.g., temperature, updraft velocity) over the entire cloud depth.

Furthermore, a persistent low-level feeder cloud was observed, which was sustained by updrafts
within the boundary layer circulation. The ICNC within the low-level cloud was three or-
ders of magnitude higher than the observed INP concentration. Indeed, observations from the

HoloBalloon platform indicated the coexistence of small pristine ice crystals and large rimed ice

97

G HHLdVHD



Conclusion and outlook

particles, suggesting that secondary ice production processes were active in the low-level feeder
cloud. Conditions favorable for the Hallett-Mossop process and collisional ice fragmentation
were found, which were suggested to contribute 50% of the observed ICNC. While previous
observations at mountain-top stations had limitations in investigating the role of secondary ice
production in feeder clouds, we were able to significantly reduce the influence of surface processes
by using a tethered balloon. If only a small concentration of secondary ice particles is captured
by updraft within the feeder region and lifted aloft, they can initiate further ice formation and

growth and thus have a significant impact on the further evolution of the cloud.

5.2 Outlook and proposed future research

5.2.1 Technical improvements of HoloBalloon

Based on the experiences gained during the first two field campaigns, technical changes have
been made to the HoloBalloon platform. Firstly, due to the optical resolution limit of HOLIMO
3B (6 pm), HOLIMO 3B was not able to detect the entire cloud droplet size distribution during
the first field campaign in stratus clouds over the Swiss Plateau. This can introduce a bias
and lead to an underestimation of CDNC, especially close to the cloud base, in entrainment
regions or in clouds with small cloud droplets. To overcome this issue, the HoloBalloon platform
was equipped with an optical particle counter (OPC) during the RACLETS campaign, which
was capable of measuring even the smallest cloud particles. Parallel measurements of the cloud
properties with HOLIMO 3B and an OPC allowed for the entire cloud droplet spectrum to be
covered and thus to accurately capture cloud activation and entrainment.

Secondly, it is recommended to install the instrument package 20-30m below the balloon in
future field campaigns in order to minimize potential influences of the balloon on the micro-
physical and turbulence measurements. More specifically, the mounting of HOLIMO 3B on the
keel could have influenced the observation of large ice particles due to shielding effects of the bal-
loon, which may have led to an underestimation of the ICNC of large ice particles and therefore
of the IWC. This effect is expected to be strongest at low wind speed, when the balloon ascends
almost vertically. Computational fluid dynamics simulations at different wind conditions could
help to assess the influence of the balloon on the air flow and to determine the minimum distance
required between the balloon and the instrument package to ensure accurate measurements of
cloud properties and turbulence. In addition, the hanging mount facilitates the ground handling
in difficult wind conditions, as the instrument package can be retrieved while the balloon is still
flying. The feasibility of a hanging mount was already successfully tested and applied in the
field in the fall of 2019.

Lastly, future campaigns should measure or collect INPs on the HoloBalloon platform. That way
INPs are sampled directly in the cloud rather than relying on the ground-based measurements,
which may not be representative of the INP concentrations aloft. In Chapter 4, we were limited
to ground-based INP measurements and had to assume that the observed INP concentrations
at the surface were representative of the INP concentration inside the cloud. This assump-
tion might not always be justified, especially when the low-level flow is decoupled from the

large-scale flow. Aerosol particles can for example be collected by a miniaturized electrostatic
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precipitator onto silicon wafers (Schrod et al., 2017). Another possibility is to use a miniaturized
cloud water sampler for collection of cloud water, which was already successfully deployed on
a tethered balloon system during the Microbiology-Ocean-Cloud-Coupling in the High Arctic
(MOCCHA) campaign (Zinke et al., 2020). The collected aerosol particles and cloud water can
be analyzed in the laboratory regarding their chemical composition and ice nucleating activity
by using the drop-freezing instrument DRINCZ (David et al., 2019a). This further development
of the HoloBalloon platform could be helpful to study the origins of ice crystals in clouds and

improve our understanding of aerosol-cloud interactions.

5.2.2 Future field campaigns

Parallel measurements of in situ and remote sensing instruments are highly recommended for
future field campaigns. While the HoloBalloon platform can provide high-resolution measure-
ment of cloud properties, it has limitations regarding the temporal and spatial coverage. As a
consequence, only limited understanding about the microphysics of stratus clouds was obtained
during the first field campaign over the Swiss Plateau (Chapter 2). On the other hand, the ex-
tensive set of instruments during the RACLETS campaign enabled a thorough characterization
of the cloud structure and a more comprehensive understanding of the observed cloud systems.
Remote sensing instrumentation are particularly important for continuous measurements of the
cloud microphysics. Furthermore, observations of the three-dimensional wind field are of great
importance in complex terrain. A further benefit of parallel in situ and remote sensing measure-
ments, is the validation of remote sensing retrievals with the help of in situ observations (e.g.,
Protat et al., 2007; Matrosov et al., 2012; Deng et al., 2013).

The deployment of the HoloBalloon platform was restricted to the lowest 200-400m of the
boundary layer during the RACLETS campaign, because of limited lifting capacity and turbu-
lent wind conditions in the inner-Alpine valley. For future field campaigns in mountain regions,
the HoloBalloon platform should be launched from locations below 1200 m to ensure higher lift-
ing capacity. Moreover, locations on the windward side of the mountain barrier are preferred in
order to minimize turbulent conditions and downward wind motions, facilitating easier handling
of the tethered balloon system. Nevertheless, the range of the HoloBalloon platform in moun-
tain regions will be limited to the lower part of the boundary layer, whereas the upper part of
the cloud requires the use of auxiliary instruments and measurement platforms (e.g., aircraft,
remote sensing instrumentation). Therefore, it should be considered to deploy the HoloBal-
loon platform in low-level clouds and at locations close to sea level to enable the penetration
of the entire cloud layer. For example, the HoloBalloon platform can be used to improve our
understanding of the development and dissipation of fog and low stratus clouds over the Swiss
Plateau, which represents a major challenge for current numerical weather prediction models.
Due to their relatively stable conditions, stratus clouds can also be exploited as a natural lab-
oratory to study aerosol-cloud interactions by injecting INPs into the cloud and by observing
the consequential changes in the cloud properties with the HoloBalloon platform and ground-
based remote sensing instrumentation. Furthermore, the HoloBalloon platform can be deployed
in Arctic MPCs, where the clouds are often so shallow that HOLIMO can observe the phase-

resolved cloud properties within the supercooled liquid layer near cloud top. This would help to
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improve our understanding about the underlying physical processes and feedback mechanisms

operating in Arctic MPCs.

5.2.3 Scale-dependent phase partitioning in MPCs

Observations of the partitioning of the liquid and ice phase can help to improve our understand-
ing of ice initiation and cloud glaciation and thus the life cycle of MPCs. The phase partitioning
is strongly dependent on the spatial averaging scale. The HoloBalloon platform benefits from
its ability to observe cloud properties over a wide range of scales, which allows investigating the
spatial distribution of the liquid and ice phase from the meter down to the millimeter scale.
The holographic imager HOLIMO 3B has a well-defined sample volume, which is defined by
the cross-sectional area of the camera and the distance between the instrument towers (i.e.,
15 x 15 x 200mm). The sample volume rate can vary between 45cm™3s~! (for 1fps) and
3600cm~3s~1 (for 80fps) depending on the frame rate. The choice of the frame rate is a
trade-off between high temporal and spatial resolution and long time series and depends on
the measurement strategy, which is constrained by the research questions. So far, we aimed
to achieve a balance between high spatial resolution and high temporal coverage by applying
a frame rate of 10fps. This allows the investigation of phase partitioning on a meter scale.
Future field campaigns in MPCs could acquire holograms with a higher frame rate of 80 fps.
This measurement strategy would allow to investigate the horizontal and vertical distribution
of the liquid and ice phase on an even smaller scale.

For example, the spatial inhomogeneity of MPCs can have important implications for the glacia-
tion time of MPCs. If the liquid and ice phase are spatially separated in different clusters, the
efficiency of the WBF is reduced because regions with pure liquid are not exposed to regions
with ice particles. This results in an extended glaciation time of the MPC and thus in a longer
lifetime. The phase partitioning is particularly important near the cloud top, since the coldest
temperatures are usually present there, which determine the amount of ice produced. Fur-
thermore, the horizontal distribution of the liquid and ice phase near cloud top has important
implications for radiative effects.

The high acquisition rate of HOLIMO 3B allows the investigation of the variability of ICNC on
even smaller scales. This, in combination with the ability of HOLIMO 3B to observe particles
over a wide size range, i.e. from cloud droplets (6 um) to small ice crystals at the early stage
of formation (25pm-100pm) to large rimed ice particles (500 pm -2 mm), enables to detect re-
gions with a sudden increase in ICNC and thus to identify conditions favorable for secondary ice
production (e.g., temperature, cloud droplet size distribution, vertical updrafts). This informa-
tion can help to improve our physical understanding of the different secondary ice production
mechanisms (Field et al., 2017), including the environment and scales that they occur at.

In environmental conditions with low wind speed, the high acquisition rate might enable creat-
ing a large coherent cloud volume. An overlap of individual holograms can be achieved with a
frame rate of 80 fps at wind speeds below 1.2ms™! (i.e., 15 mm x 80 fps). A large coherent cloud
volume can be favorable to study the spatial distribution of ice particles in the cloud. Since
ice particles are less abundant in the atmosphere than cloud droplets, only a few ice crystals

are usually observed in a single hologram. This makes it challenging to study the spatial distri-
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bution of ice particles on a single hologram basis, as conventional methods such as the nearest
neighbor analysis (e.g., Beck et al., 2017) or the three-dimensional radial distribution function
(e.g., Larsen and Shaw, 2018) cannot be used. However, these numerical methods might also
be applicable for ice particles if a large coherent volume can be created from several connected
holograms. This would allow investigating the spatial distribution of ice particles on a sub-
meter scale, which can further improve the understanding of cloud glaciation and secondary ice

production.

5.2.4 Entrainment and mixing at cloud edges

The spatial distribution of cloud droplets can be analyzed on a single-hologram basis by making
use of the unique feature of holographic cloud imagers to observe the spatial distribution of an
ensemble of cloud particles (e.g., Beals et al. (2015); Beck et al., 2017; Glienke et al., 2020).
This unique feature allows investigating small-scale cloud processes or interactions between cloud
particles. For example, entrainment and mixing of sub-saturated air from the surrounding can
influence the cloud droplet number size distribution through complete evaporation of a fraction of
cloud droplets (i.e., inhomogeneous mixing, Pinsky et al., 2016a) or through partial evaporation
of all cloud droplets (i.e., homogeneous mixing, Pinsky et al., 2016b). Both types of mixing
change the shape of the cloud droplet size distribution and thus have important implications
for cloud radiative effects and precipitation initiation (Korolev et al., 2016). The effects of
entrainment and mixing are further complicated in MPCs due to the presence of ice particles,
which add another layer of complexity (Korolev et al., 2017). The HoloBalloon platform can
help to improve our understanding of entrainment and turbulent mixing at cloud top or cloud
edges in MPCs by analyzing the spatial distribution of cloud particles and the spatial variability
of the phase-resolved cloud particle size distribution.

Additionally, in an environment with low wind speed (< 1.2ms™!; e.g., in ground fog and low
stratus clouds), three-dimensional tracking of an ensemble of cloud particles might be possible, if
the same cloud particles are illuminated multiple times. Three-dimensional particle tracking can
be used to study turbulence, entrainment and mixing at cloud edges. A single-camera, in-line
holography tracking method was proposed by Lu et al. (2008), who obtained measurements of
the three-dimensional Lagrangian properties of particles in a turbulence chamber. However, it
is questionable whether a frame rate of 80 fps is sufficient for three-dimensional particle tracking

in a natural cloud environment.

5.2.5 High resolution modeling of orographic MPCs

Precipitation forecasts in complex terrain remain challenging in terms of amount, timing and
location. The observations obtained within the framework of this thesis showed that a complex
interplay between orography, dynamics and microphysics can influence precipitation formation
in complex terrain. Microphysical signatures on the scales of several tens of meters to a few
kilometers were found to enhance precipitation. For example, cloud top generating cells were
identified to enhance ice formation and growth and to act as a seeder region. These generating
cells are usually 1-2km deep and 0.5-2km wide (e.g., Rosenow et al., 2014; Kumjian et al.,

2014). Additionally, the decoupled low-level flow on the lee side of the mountain barrier was
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Conclusion and outlook

found to induce the formation of a shallow low-level feeder cloud above a small-scale topographic
feature, which enhanced precipitation through the seeder-feeder mechanism. High resolution
models are required to capture these small-scale microphysical signatures and to resolve the
influence of topography on the cloud structure, dynamics and microphysics, which ultimately
contribute to improved precipitation forecasts over complex terrain.

Furthermore, the observations obtained within this thesis and the RACLETS campaign can help
to improve the process understanding of MPCs and the pathways of precipitation formation,
since an extensive set of observations was combined. Parallel observations of aerosol, cloud
and precipitation allow studying the entire life cycle of ice crystals, from ice initiation through
primary ice nucleation on INPs, to ice multiplication through secondary ice production processes,
to ice growth through riming, aggregation and the WBF process to precipitation-sized particles,
and finally to the glaciation of MPCs. An accurate representation and understanding of MPCs
and in particular of the microphysical pathways of precipitation formation can improve the

reliability of regional precipitation forecasts.
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