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Abstract

While a majority of precipitating clouds in the Alps are mixed-phase clouds

(MPCs), a lot of microphysical processes behind ice formation and precipitation

initiation are still not fully understood. In this thesis, orographic precipitation

events were analysed with measurement data from the RACLETS Þeld campaign

in Davos during winter 2019 in order to investigate microphysical properties of

precipitation and MPCs. Precipitation was analysed with Parsivel laser disdrom-

eters, while in-situ cloud measurements were taken with the holographic imager

HOLIMO. Remote sensing and meteorological observations furthermore provided

information about atmospheric conditions during the measurement period. In a

Þrst case study, a cold front precipitation event was analysed. Comparing measure-

ments from two Parsivel disdrometers at di!erent locations, observed di!erences

in accumulated precipitation could be explained with microphysical properties of

precipitation. Increased snowfall rates at one measurement site were mostly the

result of higher precipitation particle number concentrations and higher particle

fall velocity in combination. In MPC measurements mostly ice crystals were found,

compared to only small cloud droplet number concentrations. Both, ice crystal and

cloud droplet number densities increased over time. High cloud particle number

concentrations furthermore were also consistent with high radar reßectivities mea-

sured with a cloud radar. During a second precipitation event, a transition from

rainfall to snowfall was investigated. Using Parsivel disdrometer measurements, a

transition from typical raindrop size-velocity distributions to typical snow particle

distributions was observed. Furthermore, co-existing raindrops and snow parti-

cles were found during the short transition period, resulting in bimodal particle

size-velocity distributions. Additionally, a melting layer could be observed with

radar in the lowest few hundred metres above ground, consistent with Parsivel

measurements on a mountain above the melting layer, where only snowfall was

detected.
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1 Introduction

A majority of precipitating clouds in the mid-latitudes are mixed-phase clouds (MPCs), which

contain both liquid water, in form of supercooled droplets, and ice crystals. MPCs can exist

within the temperature range of 0¡C to -38¡C and occur frequently in the low-level atmosphere

in the Swiss Alps (Lohmann et al., 2016a). However, MPCs are thermodynamically unstable

as a result of the higher saturation vapour pressure over water than over ice. Therefore,

ice crystals can grow at the expense of liquid water droplets (Wegener-Bergeron-Findeisen

process, e.g. Pruppacher and Klett, 2000). Consequently, a MPC will transform into a pure

ice cloud (cloud glaciation). If there are only few ice crystals, they may also grow to larger

sizes and sediment. Therefore, further processes are needed to maintain MPCs, such as a

continuous source of new water droplets, which requires an environment of supersaturation

with respect to liquid water droplets (Lohmann et al., 2016a). Mountains not only exert strong

inßuence on clouds but also on precipitation (e.g. Houze Jr. 2012; Roe 2005). As a result,

complex precipitation patters are found in mountainous terrain. In the Alps, for instance,

the combination of complex topography and microphysical processes in clouds lead to small

scale patterns of precipitation rates and, Þnally, on snow accumulation on ground (e.g. Mott

et al. 2014). However, precipitation rates on small scales are still di"cult to predict. Thus,

orographic precipitation as well as microphysical processes in MPCs - such as ice formation

and the initiation of precipitation - are an ongoing research topic as they are not yet fully

understood.

1.1 Microphysical Processes in Mixed-Phase Clouds

Multiple processes are responsible for the existence of ice in MPCs. Initially, ice forms as a

result of heterogeneous nucleation on ice nucleating particles (INPs; Lohmann et al., 2016b).

After nucleation, ice particles will grow by di!usional growth, which can lead to precipitation

sized ice crystals. Ice particles might grow even larger by aggregation if they collide with one

another, or by riming, when supercooled water droplets freeze on ice crystals (Lohmann et al.,

2016b). However, ice particle concentrations observed in clouds are often higher than what we

would expect from initial ice nucleation and INP concentrations (e.g. Hobbs and Rangno 1985;

Field et al. 2017; Lloyd et al. 2015). Thus, ice multiplication, also referred to as secondary ice

production or ice enhancement, seems to play an important role.

Several mechanisms of ice multiplication have been described so far. For instance, fragmen-

tation of ice crystals due to melting, turbulence or collision with other particles can lead to

increased ice particle concentrations in MPCs (e.g. Vardiman 1978). Other observed mech-

anisms are droplet shattering during freezing as a result of pressure build-up inside the par-

ticles, and rime splintering (e.g. Field et al. 2017; Pruppacher and Klett 2000). The latter,

also referred to as Hallet-Mossop process (Hallett and Mossop, 1974), describes the process

of supercooled droplets riming on larger ice crystals followed by splintering, which again can

be the result of pressure build-up inside the rimed particle. Furthermore, the seeder-feeder

process can be observed as a major contributor for precipitation enhancement over mountains

(Purdy et al., 2005). Ice crystals from a higher cloud layer precipitate and fall through lower

level clouds, where aggregation and riming leads to the growth of ice particles (e.g. Wang,

2013).
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MPCs have already been investigated on di!erent occasions (e.g. Lohmann et al., 2016a;

Beck et al., 2017). In the Swiss Alps, Lohmann et al. (2016a) distinguished between two di!er-

ent regimes in orographic MPCs: The dynamics and microphysics regime. The microphysics

regime is characterised by weak orographic forcing. As a consequence, the Wegener-Bergeron-

Findeisen process can dominate cloud microphysics and the growth of ice crystals in areas of

low supersaturation. In the dynamics regime, strong orographic forcing and updrafts prevent

the MPC from glaciating by preventing ice crystals from falling through areas with liquid water

droplets. Existing liquid water droplets can grow now and new droplets form because of the

activation of aerosols. Thus, MPCs can be sustained longer in areas with stronger updrafts,

where ice crystals and liquid water droplets can grow simultaneously. Lohmann et al. (2016a)

also found that stronger turbulence in the dynamics regime may lead to an increased rate of

ice multiplication and a stronger growth of ice crystals due to aggregation. As a result of the

higher ice and droplet concentrations, precipitation might be stronger as well compared to the

microphysics regime.

Even though above mentioned microphysical processes can be detected in clouds and re-

produced in the laboratory, it is not yet clear which of them dominate in nature. Thus, in

order to get a better understanding of precipitation initiation, it is crucial to study MPCs and

microphysical processes.

1.2 Cloud and Precipitation Particles

MPCs consist of both liquid water droplets and ice crystals. Cloud droplet diameters are

typically around 20 µm, whereas ice crystals reach diameters of a few tens of micrometres to

several hundred micrometres. In general, precipitation particles are larger than cloud particles

as they cannot be sustained in the cloud by updrafts anymore due to their large sizes. Rain-

drops usually are a few millimetres in diameter, whereas small raindrops can be as small as a

few hundred micrometres. Snowßakes are either single ice crystals or aggregates of multiple

ice crystals. Therefore, they can reach diameters of a few hundred micrometres up to several

centimetres (Wang, 2013).

While cloud droplet size distributions might be inhomogeneous inside a cloud (Figure 1.1c)

and vary between clouds they can often be successfully approximated with mathematical ex-

pressions such as the widely used positively skewed log-normal distribution. Number concen-

trations increase until a maximum diameter (modal diameter), then decreases again monotoni-

cally towards even larger particle diameters. However, observed cloud droplet size distributions

sometimes are bi- or even multimodal as a result of di!erent microphysical processes in clouds

(Wang, 2013). Raindrop size spectra are observed to be near-exponentially distributed with

decreasing number concentrations correlating with increasing particle size (Figure 1.1a). At

the small size end of the raindrop size distribution, a single number concentration maximum

can often be observed. In this case, the distribution is best approximated with a gamma dis-

tribution, for instance. But again, raindrop spectra can be multimodal at the small size end

as well, where mentioned approximations are not useful (Wang, 2013).
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(a) Raindrops (b) Snow (c) Cloud Droplets

Figure 1.1: Examples of (a) observed typical raindrop size distribution including a gamma
distribution model Þt (adapted from Wang, 2013), (b) snow size distributions during di!erent
precipitation rates (points) with Gunn-Marshall distributions (lines) (adapted from Gunn and
Marshall, 1958) and (c) observed cloud droplet size spectra in a MPC at di!erent altitudes
(Beck et al., 2017).

For ice particles, similar methods can be used to describe size spectra. For instance, ice

crystal size distributions often follow a power-law-type function whereas snowßake distribu-

tions (Figure 1.1b) can be approached with similar distributions (e.g. Gunn-Marshall) as used

for raindrops (Wang, 2013).

1.2.1 Fall Velocity of Precipitating Particles

In addition to precipitation particle size, fall velocity can be used to characterise precipitation.

A precipitation particle is accelerated due to gravitational force when they fall. At the same

time the drag force increasingly counteracts the gravitational force until net force is cancelled

out at some point. As a result, the particle will no longer be accelerated. Thus, it falls at

a constant velocity, which is the terminal fall velocity. In general, the terminal fall velocity

increases with drop diameters up to approximately 4 mm, after that it remains virtually con-

stant. Furthermore, the terminal fall velocity also depends on air pressure because the drag

force decreases with lower density of air (Wang, 2013).

Empirical models developed by Beard (1976) are used to determine terminal fall velocities

for raindrops. Figure 1.2a shows that terminal fall velocity is approximately 10 m s-1 for large

raindrops whereas it decreases for smaller drops. For ice crystals, terminal fall velocity can be

estimated, but there is no direct approach to determine it as the shape, density and drag force

of ice crystals are very complex. However, observations show increasing terminal fall velocities

with increasing ice crystal size as well as for crystals with higher bulk density (Figure 1.2b).

Therefore, fall velocity also depends on the degree of riming and aggregation of ice crystals and

snowßakes (Wang, 2013). Finally, information about fall velocity of precipitation particles can

be useful to study precipitation types as have been done by Yuter et al. (2006), for instance.
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(a) Raindrops (b) Solid Precipitation

Figure 1.2: (a) Terminal fall velocities of raindrops under di!erent temperature and pressure
conditions determined by Beard (1976). Terminal fall velocity at sea level (1013 mb) conditions
are results from Gunn and Kinzer (1949) (b) Best-Þt terminal fall velocities for di!erent kinds
of solid precipitation particles (Locatelli and Hobbs, 1974)

1.3 Research Questions

The aim of this thesis was an in-depth analysis of precipitation events during March 2019 in

the Swiss Alps. MPCs and precipitation microphysics were investigated using measurement

data from the RACLETS (Role of Aerosols and CLouds Enhanced by Topography on Snow)

Þeld campaign in Davos in order to address the following research questions:

¥ How can di!erences in precipitation between di!erent measurement sites in mountainous

terrain be explained?

¥ What do microphysical properties of clouds look like during precipitation?

¥ How do cloud and precipitation microphysics change during a precipitation event?

¥ Can we see distinct signatures of microphysical processes in precipitation and in-situ

cloud measurements?
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2 Methods and Data

During the two months lasting RACLETS (Role of Aerosols and CLouds Enhanced by Topog-

raphy on Snow) Þeld campaign in the area of Davos, Switzerland, a large number of aerosol,

cloud, precipitation and snow measurements were taken at multiple locations. To address the

research questions of this thesis (Section 1.3), precipitation events occurring between 7 March

and 9 March 2019 were investigated and are presented as a case study. In a Þrst step, the

synoptic weather situation and the local weather in the area around Davos were analysed, fol-

lowed by an in-depth study of precipitation and cloud microphysics using various instruments

at di!erent locations. Instrumentation and measurements used are described in detail in the

next subsections, starting with a short overview of the Þeld campaign.

2.1 RACLETS Field Campaign

The RACLETS Þeld campaign took place in the mountainous region of Davos during Febru-

ary and March 2019. An extensive set of instruments was installed at di!erent sites in the

valley and on the surrounding mountains. The campaign was supported by participating insti-

tutes from ETH ZŸrich (Swiss Federal Institute of Technology), EPFL (ƒcole Polytechnique

FŽdŽrale de Lausanne), University of Basel, MeteoSwiss, TROPOS (Leibniz Institute for Tro-

pospheric Research) and SLF (Institute for Snow and Avalanche Research). The main goal of

the campaign was to understand the life cycle of ice crystals, starting with processes in clouds -

such as droplet and ice crystal formation - to precipitation initiation and, Þnally, snowfall and

snow distribution in the Alps. For this purpose, sampling instrumentation contained equip-

ment for aerosol measurements, in-situ cloud measurements, ground based precipitation and

snow observation as well as remote sensing (RACLETS, 2019).

2.2 Measurement Sites

Measurement data from six di!erent measurement sites were used in this thesis to analyse

precipitation events. In general, the topography in the area of Davos is very complex with

mountains of elevations in the range between 2000 and 3000 metres above sea level ( m a.s.l.)

(Figure 2.1). The largest measurement site was Wolfgangpass (WOP), a mountain pass lo-

cated in the valley, where the setup included instrumentation for precipitation and in-situ

cloud measurements as well as for remote sensing. Davos (DAV) to the south and Laret

(LAR) further north were two other measurements sites in this valley, which, northward to

Laret, merges into a perpendicular crossing valley close to Klosters. Klosters is also where the

Gotschnabahn starts, a cable car operating to the Gotschnagrat (GOT) on which in-situ cloud

measurements were taken. Finally, Gotschnagrat and Weissßuhjoch (WFJ) were two mountain

stations located to the west/north-west of the valley sites. An overview of the measurement

sites is given in Table 2.1, including altitude and station type.

For precipitation measurements, three laser disdrometers (OTT HydroMet GmbH, Model

Parsivel2, hereafter simply denoted as Parsivel; see Section 2.3.1) were installed during the Þeld

campaign, two located in the valley on Wolfgangpass and in Laret, and one at the Gotschna-

grat mountain station. In-situ cloud measurements were taken on the cable car Gotschn-

abahn, where HOLIMO (HOLographic Imager for Microscopic Objects; Beck et al., 2017; see
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Section 2.3.2) was mounted. In addition to precipitation and cloud measurements, remote

sensing data were interpreted to provide more information about atmospheric conditions and

cloud microphysics. Remote sensing instruments were installed on Wolfgangpass, among them

a wind proÞler from MeteoSwiss, a Mira-35 cloud radar and a PollyXT polarization lidar on

the TROPOS OCEANET (TROPOS, 2019) container (Section 2.3.3).

GOT

WFJ
WOP

LAR

Wolfgangpass 
Parsivel Disdrometer 
Remote Sensing 
Radiosondes 

Gotschnagrat 
Parsivel Disdrometer 
HoloGondel with HOLIMO 

Laret 
Parsivel Disdrometer 

Weissfluhjoch 
MeteoSwiss 

Davos 
MeteoSwiss

DAV

N

Figure 2.1: Overview of measurement sites during the RACLETS Þeld campaign. Instru-
ments used are listed below their locations in the text box (Swisstopo, 2019).

Table 2.1: Altitude and type of the six measurement sites.

Location (abbr.) Altitude [m a.s.l.] Station type

Wolfgangpass (WOP) 1631 Valley

Laret (LAR) 1500 Valley

Davos (DAV) 1560 Valley

Gotschnagrat (GOT) 2280 Mountain

Weissßuhjoch (WFJ) 2693 Mountain

Gotschnabahn 1780-2280 Cable Car

In order to understand local precipitation and in-cloud processes it is crucial to know weather

conditions on a larger scale. Thus, to complement the measurements, the following data

were used to analyse the ambient weather conditions. MeteoSwiss operates SwissMetNet

weather stations in Davos (1594 m a.s.l.) and Weissßuhjoch (2691 m a.s.l.). Meteorological

data such as air temperature, humidity and wind were taken from these stations (MeteoSwiss,

2019) as well as from the TROPOS OCEANET container on Wolfgangpass, which measured

temperature and humidity. Additionally, radiosondes were launched on Wolfgangpass during
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the Þeld campaign. However, the radiosondes were mounted on a tethered balloon during the

analysed precipitation events (7 and 9 March) and therefore provided only limited temperature

and humidity measurements. Thus, no full vertical soundings were available. Finally, weather

maps provided an overview of the synoptic weather situation during the measurement period.

Used instruments in this thesis and their observables can be found in Table 2.2 as well as on

the map of Figure 2.1 with their locations.

Table 2.2: Summary of instruments used and their observables.

Instrument Application/Observables

Parsivel Precipitation measurements:

Size distribution and fall velocity of precipitation particles

HOLIMO In-situ cloud measurements:

Particle size distribution, concentration and phase

Remote Sensing Radar, lidar, radiometer:

Cloud and precipitation properties, vertical proÞles of wind,
humidity and temperature

Weather stations,
radiosondes

Meteorological observations: Temperature, humidity, wind,
pressure, vertical temperature and humidity proÞles

2.3 Description of Main Instrumentation

The main part of the data analysis in this thesis was done using precipitation data from

Parsivel disdrometers and in-situ cloud measurements from the holographic imager HOLIMO.

Both instruments will be introduced in more detail below.

2.3.1 OTT PARSIVEL2 Disdrometer

During the RACLETS Þeld campaign, Parsivel laser disdrometers (OTT HydroMet GmbH,

Model Parsivel2) were installed in Laret, Wolfgangpass and Gotschnagrat. Laser disdrometers

are designed to measure and di!erentiate precipitation of various kinds. Measurements pro-

vide information about the size of precipitating particles as well as their fall velocity. Thus,

Parsivel does not only provide basic precipitation properties such as precipitation rate and

total precipitation but also size and fall velocity of single particles. Based on these properties,

Parsivel is able to detect precipitation types such as snow, rain and hail by comparing mea-

sured fall velocities with theoretical terminal fall velocities (Section 1.2.1) using a reference

curve from Gunn and Kinzer (1949) (OTT, 2016).

Parsivel is an optical measurement system that produces a horizontal laser sheet (Figure 2.2)

between a transmitter and receiver. The laser light is detected at the receiver that outputs

a voltage proportional to the overall laser intensity across the laser sheet. If a precipitating

particle crosses the laser sheet, the output voltage at the receiver will drop due to the blocking

of the laser beam. The magnitude of the voltage drop depends on the size of the precipitating

particle, which Þnally allows to derive a particle diameter (see also Battaglia et al. 2010).

7



Furthermore, particle fall velocity is derived from the signal duration as the particle crosses

the laser sheet entirely. Thus, the signal duration starts when a particle initially enters the

laser sheet and ends when it leaves. With just size and fall velocities of precipitation particles

it is possible to derive further parameters such as precipitation rate, kinetic energy, visibility

and radar reßectivity (OTT, 2016).

Figure 2.2: Components of the OTT Parsivel2. The laser beam is generated in between the
transmitter and receiver in the two arms (OTT, 2016).

Parsivel disdrometers can detect precipitation sized particles in the range from 0.2 mm up

to 8 mm for liquid precipitation and up to 25 mm for solid precipitation, respectively. The

derived size represents the volume equivalent diameter. Particle fall velocity can be detected

in the range between 0.2 m s-1 and 20 m s-1. The diameter and velocity range is divided into

32 bins each while the bin resolution increases with decreasing size and velocity. Finally, the

raw data output is a 32 x 32 matrix containing number of counted particles per velocity bin

and per diameter bin. The accuracy of the measured precipitation rates depends on the type

of precipitation. The manufacturer states an accuracy of +/- 5 % for liquid precipitation,

whereas it is lower for solid precipitation with +/- 20 %. Table 2.3 summarises technical data

of the Parsivel disdrometer (OTT, 2016).

The RACLETS Þeld campaign took place in mountainous terrain during winter. There-

fore, precipitation was mostly solid. Thus, it is important to consider the accuracy for solid

precipitation measurements of +/- 20 %. There are several reasons for this large uncertainty.

According to Yuter et al. (2006), the Parsivel disdrometer assumes that precipitating particles

are horizontally symmetric. However, this only applies for raindrops. As a result, the size of

snow particles is often underestimated as they are not horizontally symmetric. Furthermore,

the measurement assumes that there is always just one particle in the measurement area of

the laser sheet. The uncertainties and limitations of snow measurements with Parsivel dis-

drometers is discussed in more detail in Battaglia et al. (2010). For instance, Parsivel seems

to underestimate number of large snowßakes mostly due to a size underestimation, whereas

number of small particles is often overestimated.

For the measurement period of the RACLETS Þeld campaign, Parsivel disdrometer mea-

surements with high temporal resolution are available. These measurements allowed detailed

8



analysis of microphysical properties of precipitation, such as particle size distributions and fall

velocities, at all three measurement sites (WOP, LAR, GOT).

Table 2.3: Technical data OTT Parsivel2 (OTT, 2016).

Laser wavelengt/output power 650 nm/0.2 mW

Light strip surface (W x D) 30 x 10 mm

Measuring surface (W x D) 180 x 30 mm

Measuring range:

Particle size of liquid precipitation 0.2 - 0.8 mm in 32 diameter bins

Particle size of solid precipitation 0.2 - 25 mm in 32 diameter bins

Particle fall velocity 0.2 - 20 m s-1 in 32 velocity bins

Accuracy precipitation rate:

Liquid precipitation +/- 5 %

Solid precipitation +/- 20 %

2.3.2 HOLIMO

HOLIMO is a holographic imager designed to measure size distribution, ice particle shapes,

and concentration of liquid droplets and ice particles. HOLIMO produces holograms of the

interference patterns of water droplets and ice crystals using digital in-line holography. An

integrated laser provides the light source for a camera which registers interference patterns

between reference waves and the scattering of cloud particles in the laser beam (Figure 2.3).

From the interference patterns, holograms can be reconstructed along the axis of the laser: A

software detects the position of particles and cuts out two-dimensional amplitude and phase

images of these particles. Using machine learning, it is possible to categorise the particles

into liquid and solid cloud particles. HOLIMO is able to detect cloud particles with diameters

larger than approximately 8 µm, depending on the distance to the camera and the noise level.

Furthermore, the possibility to di!erentiate cloud droplets and ice crystals allows to identify

MPCs. Beck et al. (2017) gives a more detailed introduction into holography and HOLIMO.

(a) (b)

Figure 2.3: (a) Working principle of HOLIMO (Henneberger et al., 2013) (b) HoloGondel
with HOLIMO mounted on the Gotschnabahn cable car (Picture: Annika Lauber).
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In previous campaigns, holographic imagers were mainly used airborne (e.g. Beals et al.,

2015) or ground-based (e.g. Henneberger et al., 2013). However, during the RACLETS

Þeld campaign a di!erent platform was used, where HOLIMO was mounted on the top of

the Gotschnabahn cable car (HoloGondel, Figure 2.3b). This setup allows to analyse ver-

tical proÞles of clouds as HoloGondel operated from 1780 m a.s.l. to the Gotschnagrat at

2280 m a.s.l. Therefore, HoloGondel provides high temporally and spatially resolved measure-

ments of clouds. However, measurements were restricted by the frequency of cable car rides.

Thus, only daytime measurements are available, for instance. The HoloGondel setup was

already successfully used in previous campaigns (Beck et al., 2017).

In this thesis, mainly parameters such as ice crystal number concentration (ICNC), ice water

content (IWC) and particle number densities were used to analyse cloud microphysics and to

provide insight into what clouds looked like when precipitation was measured at the ground.

2.3.3 Remote Sensing

On Wolfgangpass, a set of remote sensing instruments was installed during the RACLETS

Þeld campaign. In this thesis, remote sensing data were used to support the main study of

precipitation and clouds with Parsivel disdrometers and HOLIMO instruments. MeteoSwiss

provided a wind proÞler as well as a doppler lidar. With those instruments it is possible to

create vertical proÞles of three dimensional wind direction and speed in the lower troposphere.

Furthermore, a PollyXT polarization lidar, a Mira-35 cloud radar and a HATPRO radiometer

were provided by TROPOS (TROPOS, 2019).

Table 2.4: Remote sensing instruments and their application.

Instrument Application

PollyXT Polarization Lidar and
Mira-35 Cloud Radar

Cloud height, vertical velocities, classiÞcation of
cloud particles

HATPRO Microwave Radiometer Vertical proÞles of pot. temperature, humidity

Wind ProÞler 3D wind directions and speed

Remote sensing allows extensive analysis of clouds. For instance, cloud properties such as

water content can be calculated directly from measurements of radar reßectivity (BŸhl et al.,

2013). Furthermore, with radar and lidar in combination, MPCs can be observed and analysed.

For example, BŸhl et al. (2013) classiÞed layers of di!erent microphysical properties in clouds

using radar and lidar measurements. Thus, it is possible to distinguish liquid water from ice

and layers of melting. Radar depolarization allows also to derive information about cloud

particle properties like shape, size and orientation (BŸhl et al., 2016).

Remote sensing data were analysed in this thesis mostly with standard output plots of

the CloudNet algorithm (Illingworth et al., 2007) in order to support precipitation and cloud

measurements with parameters shown in Table 2.4.
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3 Weather Overview: 7 - 10 March 2019

In order to understand the local weather in the Alps and, more speciÞcally, in the area of

Davos, we must Þrst study the large scale weather situation over Europe. This section gives

an overview of the weather during the measurement period from 7 to 10 March 2019.

3.1 Synoptic Weather Situation

The synoptic weather situation over Europe was dominated by a trough located over the

Atlantic ocean to the west of Europe on 7 March. Until 10 March it propagated towards

central Europe and Þnally crossed the Alps (Figure 3.1).

(a) 7 March (b) 8 March

(c) 9 March (d) 10 March

Figure 3.1: Daily geopotential maps for Europe at 00 UTC with surface pressure (white
contours) and relative topography H500-H1000 (black contours) for the period from 7 March
to 10 March. Colours indicate height [gpdam] of the 500 hPa level. Charts from wetter3.de
(2019).

On 7 March, the trough was located to the west of Switzerland. As a consequence, the

weather in the Alps was mainly inßuenced by low pressure at the east side of the trough.

Furthermore, strong westerly ßow dominated central Europe, causing rather mild and humid

air advection from the west/southwest towards the Alps. During the entire time period, there

was a rather large north-south surface pressure gradient between a strong low pressure system

over Scandinavia (on 9 March) and a high pressure system over the Mediterranean sea.

Surface weather maps (Figure 3.2) show a cold front passing the Alps on 7 March, at the
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(a) 7 March 12 UTC (b) 9 March 12 UTC

Figure 3.2: Surface pressure (contours) maps with fronts. On 7 March (a) a cold front
originating from Scandinavia crossed the Alps. General high and low pressure system patterns
remained similar until 9 March (b), with low pressure to the north and high pressure to the
south of Switzerland (wetter3.de, 2019).

same time when the trough approached Switzerland. This cold front originated from the low

pressure system over Scandinavia. During the two following days (8 and 9 March) the Alps

were still dominated by low pressure because of the formation of secondary depressions due to

the strong jet stream and westerly ßow. Finally, on 10 March, two fronts passed the Alps. A

warm front passed during the night of 10 March, followed by a cold front later in the afternoon.

Table 3.1 gives an overview of the synoptic weather features that inßuenced the local weather

in Davos during the time period from 7 to 10 March.

Table 3.1: Overview of weather dominating features in the Alps between 7 March and 10
March.

07.03. 08.03 09.03. 10.03.

Cold front Secondary Depressions Warm front (night)
Cold front (day)

Strong low pressure system over Scandinavia, high pressure over Mediterranean

Strong westerly ßow (jet stream) during whole period

3.2 Local Weather

As a result of the synoptic weather situation with strong westerly winds, the Alps and Davos

experienced rather mild temperatures during the period from 7 to 10 March (Figure 3.3).

Maximum daily temperatures in the valley often reached 5 - 10¡C, while during nighttime

temperatures decreased below freezing point. Especially at higher levels (e.g. on WFJ) strong

winds were measured on 7 and 9 March with gusts reaching velocities of more than 75 km h-1.

The dominating wind direction during the whole period was southwest/west on WFJ, whereas

12



in the valley (DAV) a characteristic night and day wind direction pattern could be observed on

most of the days. During daytime, winds came from the northeast (Klosters) as an up-valley

wind (see Section A). The up-valley wind layer only reached up 150 m to around 2200 m above

ground. During nighttime, winds mostly came from the south in the valley.
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Figure 3.3: Meteorological observations at WFJ, DAV and WOP. Plots include temperature
and relative humidity (RH) measurements from all three locations and wind data from the
two MeteoSwiss weather stations in DAV and WFJ.

During the period from 7 to 10 March, several precipitation events could be observed. First,

precipitation related to the cold front on 7 March is visible in Parsivel measurements (Fig-

ure 3.4) at all stations. During the following two days, showers not directly related to fronts

produced further precipitation. Those three events are rather compact with precipitation

occurring only during a few hours. In contrast to that, 10 March shows more complex dis-

tributions, which is the result of the warm and cold front on that day, where precipitation

occurred almost during the whole day in the area of Davos.

In the following, case studies of two precipitation events are presented. First, the cold front
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on 7 March was analysed with both in-situ and ground-based measurements. The second case

study is an in-depth analysis of a rainfall-snowfall transition observed with the Parsivels in

LAR and WOP on 9 March.
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in the upper plot, precipitation rate below.

14



4 Case Study: Cold Front on 7 March 2019

This Þrst case study investigates the cold front event on 7 March, where precipitation was

measured in the whole area of Davos and MPCs were observed. First, the weather on that

day is described brießy, followed by an in-depth view on precipitation and in-situ cloud mea-

surements.

4.1 Meteorological Overview 7 March

The cold front on 7 March reached Davos at around 07 UTC, where a temperature drop at the

meteorological stations DAV and WOP in the valley was observed (Figure 4.2). Temperatures

decreased in the valley from around 6¡C to 2 ¡C in just a few minutes, followed by a slower

decrease afterwards, approaching freezing point. However, temperatures remained more or less

around 0¡C for the rest of the day. On WFJ, no distinct temperature drop was observed as in

the valley, but a steadily decreasing temperature trend until the end of the day. Furthermore,

temperatures remained below 0¡C during the whole day on the mountain.

Winds were strong especially during the Þrst half of the day, with mean wind velocities of

25 - 50 km h-1 on the mountains. Later during the afternoon, only low winds were measured in

the valley. At WFJ wind direction mostly was south to southwest, which is consistent with the

general synoptic weather situation (Section 3). In the valley, northeasterly wind was observed

during daytime, as a result of the characteristic up-valley wind that occurred on several days

(see Section A). However, looking at vertical wind measurements from radiosondes launched at

08:12 UTC on WOP, the up-valley wind layer reached only up to around 150 m above ground

(Figure 4.1). Winds then turned to southwest, similar to measurements from WFJ (see also

Figure D.2b).
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The Þrst precipitation on 7 March was measured not simultaneously with the temperature

drop but approximately one hour later, which is also indicated by the increase in relative

humidity at around 08:30 UTC in DAV and WOP. Precipitation continued for several hours

and stopped around 13:45 UTC at the valley sites.
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Figure 4.2: Meteorological observations on 7 March at WFJ, DAV and WOP. First and third
plot show temperature and relative humidity (RH) measurements at the indicated locations.
Wind data from MeteoSwiss weather stations on WFJ and DAV are visualised in the second
and fourth plot, respectively.

4.2 Precipitation Measurements

Precipitation was measured with all Parsivels during the cold front event. However, there is

missing data at GOT after 09:30 UTC as well as during several time periods in LAR. Thus,

focus of the analysis was mainly the comparison of both valley stations (LAR, WOP). Even

though LAR is located fairly close to WOP, observed di!erence in accumulated precipitation

over the day was quite large (Figure 4.3): Parsivels measured 14.04 mm in LAR and 9.17 mm

on WOP.

Looking at precipitation rates, we can see that the whole event was basically split up into two

sub-events. A Þrst precipitation peak is visible around 10 UTC, a second one around 12 UTC.

16



0

5

10

15

0

5

10

15

P
re

ci
pi

ta
tio

n 
ra

te
 [m

m
/h

] GOT
LAR
WOP

3! min Mean Precip. Rate

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

A
cc

um
ul

at
ed

 P
re

ci
pi

ta
tio

n 
[m

m
]

0

4

8

12

16

0

4

8

12

16

Time (UTC)

Accumulated Precipitation

Figure 4.3: Precipitation measurements from the three Parsivels. Top: 3-minute mean pre-
cipitation rates. Bottom: Accumulated precipitation. Note the missing data gaps in the
measurements of LAR and completely missing data at GOT after 09:30 UTC.

In between, precipitation rates are low. A similar pattern can be seen in radar reßectivity

from the Mira-35 cloud radar (Figure 4.4): During both precipitation peaks radar reßectivity

is higher, indicating more and/or larger particles. In addition, reßectivity also reaches up to

higher altitudes. Thus, clouds had larger vertical dimensions during the peak times.

Figure 4.4: Standard output plot of the CloudNet algorithm showing radar reßectivity mea-
sured by the Mira-35 cloud radar on 7 March. The two precipitation peaks are indicated with
numbers.

During the Þrst precipitation peak, LAR experienced stronger precipitation rates compared

to WOP whereas during the second peak it was more balanced with similar values (Figure 4.5).

Thus, the di!erence of almost 5 mm in accumulated precipitation between both locations was

mainly due to the Þrst precipitation peak, where precipitation rates in LAR were up to twice

as high as on WOP. In the following, we take a closer look into precipitation and cloud

microphysics in order to Þnd explanations for the di!erence between WOP and LAR and for

observed precipitation peaks.
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Figure 4.5: Comparison of precipitation rates in LAR and WOP during the Þrst (left) and
second (right) precipitation peak. Coloured lines represent linear regression models.

4.2.1 Precipitation Microphysics

The main di!erence in accumulated precipitation between WOP and LAR was caused by

the Þrst peak of the precipitation event on 7 March. In the following analysis, the Þrst

precipitation peak will be referred to the time period 09:47 - 10:32 UTC, the second peak to

11:45 - 12:30 UTC. Looking at precipitation particle size distributions (Figure 4.6), a number

concentration n(D) maximum can be identiÞed at the modal diameter at all three locations.

In LAR, the modal diameter was between 0.87 - 1.00 mm during both precipitation peaks.

Modal diameter was slightly smaller on WOP with 0.75 - 0.87 mm and 0.62 - 0.75 mm during

the Þrst and second precipitation peak, respectively. In general, the largest detected particles

were between 10 - 20 mm in diameter and particles >10 mm occurred more frequently during

the second precipitation peak.

Figure 4.6: Accumulated precipitation size distributions measured by Parsivels during three
di!erent periods on 7 March. Plots A and B represent the Þrst (09:47 - 10:32 UTC) and second
(11:45 - 12:30 UTC) precipitation peak, respectively.

During the Þrst precipitation peak, n(D) was higher almost throughout the whole particle

size spectrum in LAR compared to WOP, especially at particles > 2.5 mm in diameter. Only

close to the modal diameter, higher n(D) was found on WOP. During the second precipitation

peak period, the Parsivel on WOP measured higher n(D) at small particle sizes (< 5 mm)

compared to LAR, whereas at larger particles (> 5 mm), n(D) was still higher in LAR.
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Precipitation rate also depends on particle fall velocity besides particle size distribution,

which must be considered as well in order to Þnd explanations for the higher accumulated

precipitation measured in LAR. Even though mean fall velocity per particle diameter was

similar at both locations, particles were slightly faster in LAR during the Þrst precipitation

peak (Figure 4.7: A1, A2), especially until 10:05 UTC (+0.4 m s-1 on average per particle

diameter bin compared to WOP). During the second precipitation peak (Figure 4.7: B1, B2),

mean fall velocity was more constant over time. Furthermore, particles - in particular larger

ones - were now faster on WOP.

Figure 4.7: Mean fall velocities per particle diameter bin on WOP and LAR during the Þrst
(A1, A2) and second (B1, B2) precipitation peak.

Since data at GOT is only available at the beginning of the precipitation event, we can only

compare it to WOP until 09:15 UTC. During this period, particles < 7 mm had been observed

more frequently at GOT than on WOP. Furthermore, the Parsivel on GOT detected larger

particles as well as higher fall velocities (not shown in Þgure) in general.

4.3 Cloud Measurements

On 7 March, HOLIMO observed MPCs as both liquid water droplets and ice crystals were

detected. In addition to HOLIMO, lidar and radar measurements showed ice and supercooled

liquid water droplets in parts of the clouds as well (Figure D.1). Note that there are still

uncertainties in ice crystal and cloud droplet measurements from HOLIMO. For instance, cloud

particles <25 µm are completely neglected in size distributions and mean diameter calculations

due to increasing uncertainty at smaller particle sizes. See Section B for more details about

HOLIMO measurement uncertainties.

For the precipitation event on 7 March, HOLIMO measurement data from four cable car

rides are available. During the whole event, rather low number densities of cloud droplets

>25 µm were observed (Figure 4.8 top). In general, cloud droplets of up to approximately

60µm were detected, especially during the second half of the precipitation event. Further-

more, cloud droplet number densities increased slightly over time. In contrast, ice crystal

size distributions remained more constant (Figure 4.8 bottom). While ice crystals of up to

1 mm in diameter could be observed, mean diameters were mostly between 100 - 400µm (Fig-

ure 4.10). Comparing the Þrst measurements from 08:59 - 09:03 UTC and later measurements

after 12:53 UTC, ice crystals seemed to increase in size during the precipitation event. ICNC
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Figure 4.8: HOLIMO measurements of accumulated cloud droplet (top) and ice crystal size
distributions (bottom) during four di!erent periods on 7 March. Concentration uncertainties
(shown with error bars): 10-15% for ice crystals <40µm, <10% for ice crystals >40µm, and
6% for cloud droplets.

varied around 10 L-1 during the Þrst cable car ride (08:59 - 09:03 UTC) and was increased

during the third ride (12:53 - 12:57 UTC), where ICNC of up to 40 L-1 was observed. In gen-

eral, vertical variability was large for both ICNC and ice crystal mean diameter. While ICNC

seemed to be largest in higher levels during 12:53-12:57 UTC, ice crystals were larger in lower

levels.
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Figure 4.9: Vertical proÞles of ice crystal number concentration (ICNC) during four di!erent
periods measured by HOLIMO. Height is shown as pressure level, which is the range of the
Gotschnabahn. Concentration uncertainties (shown with error bars): 10-15% for ice crystals
<40 µm, <10% for ice crystals >40µm.
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Similar to ICNC, IWC seemed to increase between the Þrst and third cable car ride (Fig-

ure C.1). Observed IWC reached up to approximately 0.4 g m-3. In contrast, only very little

LWC in the order of 10-4 g m-3 was measured. However, note again that no cloud droplets

<25 µm were considered. Thus, also no cloud droplet concentrations and mean diameters are

shown here as only cloud droplets >25µm are validated so far.
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Figure 4.10: Vertical proÞles of ice crystal mean equivalent area diameter during four di!erent
periods measured by HOLIMO. Standard deviation is shown with error bars. Height is given
as pressure level as in Figure 4.9.

4.4 Discussion 7 March

While the cold front hit Davos around 07 UTC on 7 March, precipitation started approximately

one hour later. Clouds and precipitation most likely approached from west-southwest as the

up-valley northeasterly wind layer was only very shallow. Thus, precipitation measured at

the valley stations LAR and WOP was mainly inßuenced by the surrounding mountains to

the west (e.g. WFJ, GOT). Interestingly, LAR showed higher accumulated precipitation over

time than WOP, even though both locations are only around 1.5 km apart. The di!erence

of 5 mm between both Parsivels cannot be explained with measurement uncertainties of the

instruments (+/- 20% for solid precipitation rates). Thus, cloud and precipitation microphysics

probably are the reason. During the Þrst precipitation peak, higher precipitation rates were

measured in LAR compared to WOP. This was most likely the result of higher precipitation

particle number concentrations in combination with higher particle fall velocities in LAR as

shown in Section 4.2.1. Later, during the second precipitation peak, precipitation rates were

more similar at both locations. While fewer large particles were detected on WOP than in

LAR, their fall velocities were slightly higher. Again, the higher velocity of large particles in

combination with higher number concentrations of small particles (< 5 mm) on WOP might

have balanced the higher number concentrations of larger particles in LAR, resulting in similar

precipitation rates. Another di!erence observed between LAR and WOP was a slightly larger

modal diameter of precipitation particles in LAR. One reason for this might be the lower

altitude of LAR where particles fell for a longer time and, therefore, were exposed longer to

microphysical processes, such as aggregation with other ice crystals, that might have caused

particle growth. Consistent with that were higher number concentrations at small particles

sizes on WOP compared to LAR and even higher number concentrations on the mountain

(GOT) compared to the valley. Unfortunately, LAR and WOP could not be compared to
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GOT during the main precipitation peaks due to missing data.

Vertical in-situ cloud measurements from HOLIMO on 7 March are only available for four

cable car rides up to GOT. Highest ICNC throughout the vertical measurement proÞle was

observed during the third ride between 12:53 and 12:57 UTC. Cloud particle size distributions

show highest number densities of ice crystals and cloud droplets during the same time as

well. Furthermore, maximum radar reßectivities (Figure 4.4) around 13 UTC, indicating the

presence of either large or many particles or both, are consistent with HOLIMO measurements

of high cloud particle number densities. In general, observed ICNC values of up to 40 L-1 and

IWC mostly below 4 g m-3 are similar to MPC observations during earlier campaigns (e.g.

Henneberger et al. 2013). While at the beginning of the event at 09 UTC the clouds seemed

to be almost a pure ice clouds, more and larger cloud droplets appeared over time. However,

LWC was low during all four measurements periods, indicating that the clouds were indeed

dominated by ice. While from 12:53 to 12:57 UTC ice crystals were larger at lower altitudes,

ICNC was larger at higher altitudes. Given temperatures close to freezing point during the

measurements, reasons for this might be ice crystal growth due to aggregation and - under the

assumption of existing cloud droplets - riming. However, more information about ice crystal

shapes are needed in order to relate observations to speciÞc microphysical processes.

In general, meteorological observations as well as precipitation and in-situ cloud measure-

ments are consistent with remote sensing data (Section D). For instance, the cold front is

visible as a drop in potential temperature measured with the microwave radiometer at around

07 UTC. Furthermore, potential temperature was increased in higher levels during both pre-

cipitation peaks (Figure D.2).
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5 Case Study: Rain - Snow Transition on 9 March 2019

5.1 Meteorological Overview 9 March

While temperatures on 9 March were between 5¡C and 10¡C in DAV and WOP during daytime,

it was colder on WFJ where temperatures remained below freezing point (Figure 5.1). As on 7

March, mean winds were still strong on WFJ with 20 - 30 km h-1, peaking around 17 UTC where

gusts of almost 100 km h-1 were observed. In contrast, only low winds were measured in the

valley, with a maximum at 17 UTC as well. The wind direction was mostly southwest/west on

WFJ whereas northeasterly up-valley wind was observed in the valley. Compared to 7 March,

wind proÞler data show a deeper up-valley wind layer on 9 March reaching up to around

2400 m a.s.l.
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Figure 5.1: Meteorological observations on 9 March at WFJ, DAV and WOP. First and third
plot show temperature and relative humidity (RH) measurements at the indicated locations.
Wind data from MeteoSwiss weather stations on WFJ and DAV are visualised in the second
and fourth plot, respectively.

First precipitation was measured around 15 UTC with all Parsivels (Figure 5.2). A main

precipitation peak occurred around 17 UTC and lasted for about one hour. Comparing WOP

and LAR, a similar pattern can be seen as on 7 March. Accumulated precipitation measured
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in LAR on 9 March was almost twice as high as on WOP. At the same time, the Parsivel on

GOT measured similar precipitation as in LAR. At the beginning of the precipitation event,

temperatures were still around 5¡C in the valley but then slowly decreased until 18 UTC close

to the freezing point. Between 15 and 18 UTC precipitation changed from rainfall to snowfall

in the valley, which is analysed in the following section in more detail
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Figure 5.2: Precipitation measurements from Parsivels on 9 March. Top: 3-minute mean
precipitation rates. Bottom: Accumulated precipitation.

5.2 Rainfall - Snowfall Transition

5.2.1 Parsivel Measurements

While only snowfall was observed on GOT during the whole precipitation event at temper-

atures below 0¡C, precipitation started as rainfall in the valley, which can be nicely seen in

the Parsivel measurements. The Parsivels in LAR and WOP detected only small precipitation

particles (< 5 mm) with high fall velocities up to 10 m s-1 until around 16:30 UTC, similar

as shown in Figure 5.3.a1 and Figure 5.3.b1. During that time, mean velocities per particle

diameter in LAR and WOP followed a typical raindrop size-velocity distribution (e.g. Gunn

and Kinzer, 1949). Later between 16:40 and 17:30 UTC, larger particles up to 18 mm were

gradually detected on WOP (Figure 5.3.a1-a6). Furthermore, these larger particles had lower

fall velocities, closer to typical snow particle size-velocity distributions. Thus, there was a

transition from rainfall to snowfall between 16:40 and 17:20 UTC on WOP. A similar pattern

can be seen in Parsivel measurements in LAR. Until around 17:10 UTC a typical rainfall size-

velocity distribution was observed (Figure 5.3.b1-b2) followed by the gradual appearance of

larger particles up to 10 mm after 17:20 UTC (Figure 5.3.b3-b4). However, the transition from

rainfall to snowfall initiated approximately 20 minutes later than on WOP. For instance, while

LAR still experienced rainfall at 17:10 UTC it was already snowfall on WOP.
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(a) WOP

(b) LAR

Figure 5.3: Parsivel measurements on WOP (a) and in LAR (b): Size-velocity distributions
of accumulated particle counts per diameter and velocity bin during six 10-min periods on 9
March. The red line represents terminal fall velocity for raindrops at sea level determined by
Gunn and Kinzer (1949). Note the di!erent time periods for LAR and WOP.
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Later during the precipitation event, a second transition occurred in LAR from snowfall

back to rainfall starting approximately at 17:45 UTC. Larger particles disappeared from the

spectrum and particle fall velocities approached again the Gunn and Kinzer (1949) size-velocity

distribution for raindrops (Figure 5.3.b5-b6).

Figure 5.4: Rain - snow transition on WOP: Tem-
perature box plots for same 10-minutes time periods
as in Figure 5.3.a2-a5 including information about
precipitation type measured by the WOP Parsivel.

Taking a closer look at the rainfall

- snowfall transition period (especially

Figure 5.3.a4 and Figure 5.3.b3), a bi-

modal size-velocity distribution can be

seen. Thus, during the transition pe-

riod particles mostly followed either a

raindrop or snow particle distribution,

whereas in between almost no particles

were detected. This becomes visible es-

pecially at larger particles sizes, where

typical rainfall and snowfall distributions

are clearly separated. Similar features

were observed for the second transition

from snowfall to rainfall in LAR, where

again a bimodal distribution was de-

tected (Figure 5.3.b5).

The main transition from rainfall to

snowfall happened between 16:50 and

17:10 UTC. During this time period,

temperatures measured on WOP de-

creased from approximately 2¡C at 16:40 UTC to around 0.5¡C at 17:20 UTC (Figure 5.4).

While Þrst solid precipitation particles were measured already at temperatures around 1.8¡C,

the bimodal size-velocity distribution during the main transition period was detected in the

temperature range of 1 - 2¡C. Finally, a full snow particle size-velocity distribution mostly

without raindrops was detected after 17:10 UTC at temperatures around 0.6¡C.

Mean fall velocity of solid precipitation particles detected in LAR during snowfall was ap-

Figure 5.5: Accumulated precipitation particle size distributions during three time periods on
9 March. 16:30 - 16:50 UTC: Rainfall in LAR and WOP, snowfall at GOT; 17:00 - 17:20 UTC:
Rainfall in LAR, snowfall on WOP and GOT; 17:35 - 17:55 UTC: Snowfall at all locations.
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proximately 2 m s-1 for almost all particles sizes, whereas particles were slightly slower on

WOP. However, mean standard deviation per diameter bin was 0.6 m s-1 at both locations.

Even though both Parsivels on WOP and LAR showed raindrop size-velocity distributions

close to the Gunn-Kinzer curve, mean fall velocities per particle diameter were slightly higher

in LAR. Compared to snowfall, mean standard deviation per particle diameter of 0.3 m s-1 was

smaller during rainfall. Furthermore, raindrop size distributions looked similar in LAR and

WOP, where mostly raindrops < 5 mm were detected. The Parsivel on GOT only observed

snowfall and, therefore, precipitation size distributions were di!erent compared to the mea-

surements in the valley between 16:30 and 16:50 UTC (Figure 5.5). After the transition from

rainfall to snowfall between 17:00 and 17:20 UTC, size distributions measured on WOP were

similar as on GOT. Finally, after the slightly delayed transition in LAR, size distributions

were almost identical at all three locations. Furthermore, maximum particle diameter was in

the range between 10 - 15 mm during snowfall, and, therefore, larger compared to raindrops

measured at the beginning of the event.

5.2.2 Remote Sensing

Similar to 7 March, lidar cloud particle classiÞcation showed MPCs on 9 March. Further-

more, radar reßectivity was increased particularly during the precipitation peak period around

17 UTC (Figure 5.6 top). The vertical dimension of the clouds was highest around the same

time of the rain - snow transition (16:40-17:30 UTC) observed at the Parsivels in LAR and

WOP.

Figure 5.6: Mira-35 cloud radar measurements of radar reßectivity (top) and linear depolar-
isation ratio (bottom) on 9 March. Height is given as kilometres above ground.

Linear depolarisation ratio plots from the Mira-35 cloud radar (Figure 5.6 bottom) show

high values (> -15 dB) in the lowest approximately 400 m above ground during precipitation,
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the highest between 15 and 17 UTC. At the same time, a maximum in radar reßectivity (up to

-20 dB) in low altitudes can be seen as well (Figure 5.6 top). After 17 UTC linear depolarisation

ratio decreased to similar values as in higher cloud levels (< -20 dB) and the radar reßectivity

maximum in low altitudes disappeared. This happened around the same time as Þrst snowfall

was detected by the Parsivel on WOP. After last precipitation ceased in the valley, linear

depolarisation ratio increased again.

5.3 Discussion 9 March

During the precipitation event on 9 March, a transition from rainfall to snowfall was observed

in the valley. Raindrops detected by the Parsivels in LAR and GOT during the Þrst period

of precipitation had fall velocities close to terminal fall velocities for raindrops determined by

Gunn and Kinzer (1949) and Beard (1976), for instance. At both valley sites rainfall changed

to snowfall within less than 30 minutes. During this period, a bimodal particle size-velocity

distribution could be observed showing co-existing raindrops and snow particles. This is similar

to what Yuter et al. (2006) found in their study of a mixed precipitation event, where a snowfall

- rainfall transition was investigated. They concluded that bimodal size-velocity distributions

are a result of quick transformation from snowßakes to raindrops. Thus, detected particles

are either snow particles or raindrops, while there is no intermediate state in between. The

temperature range of 1 - 2¡C in which the rain - snow transition occurred in LAR and WOP is

not only close to what Yuter et al. (2006) observed, but also consistent with other observations

of snowfall around freezing point (e.g. Dai, 2008; Rohrer, 1989).

Snowfall in the valley was already detected above freezing point, which means that ice

particles must originate from higher levels. While temperatures below freezing point were

measured on GOT, radar reßectivity was highest up to around 6500 m a.s.l., with cloud top at

approximately 8500 m a.s.l. and temperatures between -40 to -50¡C during the precipitation

peak. Especially on WOP large snow particles were detected with diameters up to 15 mm.

This indicates that aggregation of ice particles most likely played an important role for snow

particle growth, which is typical for temperatures above -10¡C (Yuter et al., 2006; Lohmann

et al., 2016b) and, therefore, for given temperatures close to freezing point in the valley.

In LAR, the transition from rainfall to snowfall occurred around 20 minutes later compared

to WOP. This is most likely due to the di!erent elevation of WOP (1630 m a.s.l.) and LAR

(1500 m a.s.l.), which should result in slightly higher temperatures in LAR. Estimated tem-

perature di!erence from microwave radiometer proÞles on WOP and theoretical lapse rates

between LAR and WOP was between 0.5 - 1 K. Comparing this di!erence to Figure 5.4, tem-

peratures in LAR would have fallen below 2¡C somewhere between 17:00 and 17:10 UTC,

which is consistent with the 20 minutes delayed rain - snow transition in LAR.

In the Mira-35 cloud radar measurements, a peak in linear depolarisation ratio was found in

the lowest few hundred metres above ground until around 17 UTC. Furthermore, a radar reßec-

tivity peak, similar to a radar bright band, was observed in the same levels as well. Both, peaks

in linear depolarisation and reßectivity, are often found in layers of melting (e.g. Di Girolamo

et al., 2012). Thus, melting of snow particles occurred in the lowest approximately 400 - 500 m

above ground, which is also consistent with measurements on GOT, located approximately

600 m higher than WOP, where only solid precipitation was detected. After snowfall started
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on WOP, linear depolarisation ratio decreased, showing that there is no melting anymore.

Thus, remote sensing data from WOP are mostly consistent with the Parsivel precipitation

measurements.

Because up-valley wind was observed almost within the whole valley depth, lowest level

clouds were probably pushed upwards from Klosters (see map in Figure 2.1) towards WOP.

However, these clouds most likely were not decoupled from higher level clouds as snow particle

size distributions were similar on the mountain (GOT) and in the valley (LAR, WOP). Thus,

the northeasterly valley wind did not strongly inßuence precipitation. Furthermore, there is

also no distinct signature in remote sensing data of di!erent clouds layers between the valley

and higher levels.
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6 Conclusion

In this thesis, case studies of two precipitation events during the RACLETS Þeld campaign are

presented. The Þrst event, a cold front on 7 March, was analysed with precipitation and in-

situ cloud measurements with focus on the comparison of measurement sites and the temporal

evolution of MPCs. For the second precipitation event on 9 March, a transition from rainfall

to snowfall was investigated using data from Parsivel disdrometers.

6.1 Microphysical Properties of Precipitation

Using Parsivel disdrometers, microphysical properties of precipitation during 7 and 9 March

were investigated. Following research questions (see also Section 1.3) were addressed in this

thesis:

How do precipitation microphysics change during a precipitation event? How can di!erences

in precipitation between di!erent measurement sites in mountainous terrain be explained?

Compared to WOP, the Parsivel in LAR measured higher accumulated precipitation on 7

March. Explanations for these di!erences in accumulated precipitation between the two valley

measurement sites were found in di!erences in precipitation particle size distributions and

particle fall velocity. The combination of higher fall velocities and higher particle number

concentrations measured in LAR resulted in increased precipitation rates. As a consequence

of higher precipitation rates, accumulated precipitation was larger in LAR compared to WOP.

Furthermore, Parsivel measurements with high temporal resolution allowed to investigate the

evolution of microphysical properties of precipitation over time. A transition from rainfall to

snowfall on 9 March could be analysed in detail as Parsivel provides both precipitation par-

ticle size and fall velocity. During this transition, particle size-velocity distributions changed

from a typical raindrop to a typical snow particle size-velocity distribution. It was found that

raindrops and snow particles co-exist during the short transition period of 10 - 20 minutes,

resulting in a bimodal particle size-velocity distribution. The main transition to solid precipi-

tation occurred in the temperature range between 1 and 2¡C.

Can we see distinct signatures of microphysical processes in precipitation measurements?

During the precipitation events on 7 and 9 March, large snow particles between 10 and 20 mm

were observed during snowfall. This indicates, for instance, the importance of aggregation of

ice crystals and snowßakes in the temperature range close to freezing point as temperatures

were approximately -5¡C on the mountains and around 0¡C in the valley during precipitation

peak periods. However, more information about the shape of snowßakes and ice crystal are

needed to conclude on speciÞc microphysical processes.

6.2 Microphysical Properties of MPCs

The holographic imager HOLIMO allowed to investigate cloud microphysics with high reso-

lution vertical in-situ cloud measurements on a cable car. On 7 March, MPCs were detected

with HOLIMO as measurements showed both liquid water droplets and ice crystals. However,

due to uncertainties in the measurements of particles <25µm, there is no information about
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cloud droplets below this size, even though mean cloud droplet sizes are typically found below

25µm. Following MPC related research questions were addressed using HOLIMO measure-

ments:

What do microphysical properties of clouds look like during precipitation? How do cloud

microphysics change during a precipitation event?

On 7 March, HOLIMO detected both cloud droplets and ice crystals in the clouds. However,

during the whole precipitation event only low concentrations of cloud droplets >25µm were

found compared to ice crystals. As a result, observed LWC was low in the vertical proÞle

of the clouds, whereas IWC and ICNC were comparable to earlier observations of MPCs

(e.g. Henneberger et al. 2013). Due to the incomplete cloud droplet spectrum available, the

measured LWC is the lowest estimate. Furthermore, regarding the few cloud droplets found on

7 March, clouds might have been almost ice clouds. Even though there is no data available for

the time in between the four cable car rides where measurements were taken, ice crystal number

densities increased and larger cloud droplets appeared from the Þrst to the last measurements.

Besides HOLIMO, remote sensing provided insight into cloud microphysics. For instance,

the Mira-35 cloud radar showed a reßectivity maximum - similar to a bright band - on 9 March

in the lowest few hundred metres above ground and a linear depolarisation ratio maximum

in the same levels. Both radar features indicate levels of melting ice particles in the clouds.

Thus, rainfall measured with the Parsivels in the valley likely melted from snow particles in

this lowest layer above ground. After rainfall turned into snowfall in the valley, both radar

features disappeared as there was no melting layer in the clouds anymore.

Can we see distinct signatures of microphysical processes in in-situ cloud measurements?

With the limited data available from HOLIMO, no distinct signatures of speciÞc microphysical

processes could be found in the measurements. However, observed higher ICNC in higher

altitudes and larger ice crystal mean diameters in lower altitudes might indicate the presence

of microphysical processes such as the growth of ice crystals at the expense of cloud droplets or

aggregation during falling. In order to further investigate MPC properties and microphysical

processes, more detailed data are needed, such as information about ice crystal shapes and a

complete spectrum of all cloud droplets.

6.3 General Conclusions

In addition to the precipitation and in-situ cloud measurements from Parsivel disdrometers

and HOLIMO, data from remote sensing instruments (e.g. radar), radiosondes and weather

stations were used in this thesis. While no in-depth analysis was done with these additional

measurements, they improved the general view on atmospheric conditions such as wind direc-

tions, vertical temperature proÞles and cloud depth during precipitation events. For instance,

a characteristic northeasterly up-valley wind was observed during both precipitation events.

Vertical wind proÞles from radiosondes and a wind proÞler showed up-valley wind layers reach-

ing up a few hundred metres above ground. However, as the up-valley wind layers were only

shallow, clouds and precipitation coming from southwest/west were not inßuenced strongly by

this low level wind shear. This is also reßected in only small di!erences in observed precipita-
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tion size distributions between GOT - which is located above the up-valley wind layer - and

the valley measurement sites, for instance.

While Parsivel disdrometers provided insight into precipitation microphysics during the Þeld

campaign, the measurement uncertainty for solid precipitation is relatively high (+/- 20% for

precipitation rate). Thus, a comparison of precipitation rates and accumulated precipitation

between di!erent Parsivels can be di"cult. While most earlier Parsivel studies investigated

the performance during rainfall (e.g. Tokay et al., 2014), several uncertainties in measurements

during snowfall were found by Yuter et al. (2006) and Battaglia et al. (2010). For instance,

there are di"culties in determining particle diameters due to complex shapes of ice particles,

and fall velocities of large snow ßakes are often underestimated. However, especially the

precipitation event on 9 March showed that Parsivel disdrometers are well suited to study

precipitation. With particle size and fall velocity, two properties can be measured that are

speciÞc for each precipitation type.

Finally, the combination of precipitation and in-situ cloud measurements using Parsivel dis-

drometer and HOLIMO provided detailed insight into microphysics of precipitation events in

the Alps. With the addition of remote sensing and meteorological observations in general,

orographic precipitation was studied in a multi-perspective way. However, even though mea-

surements from di!erent instruments could be linked in this work, further analysis and data

is needed to increase the understanding of microphysical processes inside MPCs and, Þnally,

the initiation of precipitation in a complex terrain such as the Alps.
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A Daytime Up-Valley Wind

During daytime in the period from 7 March to 9 March, wind direction in the valley (WOP,

DAV) often was northeast coming from the direction of Klosters. This up-valley wind could

mainly be observed close to the ground as the sounding in Figure A.2a shows. In the example

of 8 March, the northeast wind layer was only around 150 m deep. Above, wind direction

turns to west/southwest. In wind proÞler data (Figure A.1) the up-valley wind is visible as

well, including the main westerly wind direction above this layer.

Figure A.1: Wind proÞler output from 8 March showing wind direction and speed. Up-valley
wind is visible inside the red circle, where wind direction close to ground is northeast. With
increasing height, wind turns to west/southwest.

(a) (b)

Figure A.2: (a) Sounding from 8 March at 15:30 UTC. Up-valley wind visible in radiosondes
measurement from 8 March. Wind direction close to the ground is northeast, then turns to
west/southwest at around 1825 m a.s.l. (b) Wind direction during up-valley wind conditions
(Swisstopo, 2019).
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B HOLIMO Measurement Uncertainty

Measurement data from HOLIMO are still in an early processing stage. Therefore, cloud

particles <25 µm are completely neglected as uncertainties in the di!erentiation between ice

crystals, cloud droplets and artefacts are still high. General uncertainties in cloud droplet and

ice crystal concentrations are described in Figure B.1.

Table B.1: HOLIMO Ice Crystal and Cloud Droplet Concentration Uncertainty.

Ice Crystal Size Estimated Uncertainty

< 40 µm +/- 10 - 15 %

> 40 µm +/- < 10 %

Cloud Droplet Size Estimated Uncertainty

all sizes +/- 6 %

C Supplementary HOLIMO Measurements on 7 March

The following plot show vertical proÞles of LWC and IWC during the precipitation event on

7 March. Note that there are still uncertainties in LWC as only cloud droplets >25µm were

considered, whereas cloud droplet number concentrations usually peak at diameters <25µm.
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Figure C.1: Vertical proÞles of LWC and IWC measured by HOLIMO during four di!erent
periods on 7 March. Height is given as pressure level. Note the di!erent axis for IWC (given
in gm-1) and LWC (given in 10-3 gm-1) as well as for the second plot of IWC.
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D Remote Sensing 7 March

Following plots are standard outputs generated from the remote sensing measurements from

WOP on 7 March.

Figure D.1: Standard output from CloudNet algorithm showing classiÞcation of cloud parti-
cles with lidar and radar measurements done by TROPOS.

(a) (b)

Figure D.2: (a) Equivalent potential temperature proÞles measured on 7 March with mi-
crowave radiometer. Cold front visible at 07 UTC with a drop in equivalent potential temper-
ature. (b) Wind proÞler data showing wind direction and wind speeds in a vertical proÞle on
7 March.
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