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Chapter 1

Introduction

More frequent and intense heavy precipitation events worldwide are one of the effects of
ongoing global climate change (Douville et al., 2021) and pose a threat to people in the
affected regions. For accurate predictions of such extreme events as well as for precise
numerical weather forecasts in general, the formation and evolution of clouds as one of the
main components in the atmospheric system needs to be better understood (e.g. Baum-
gardner et al., 2012). This can be achieved, for example, by further investigations of cloud
microphysical processes, particularly those linked to precipitation formation. Clouds re-
sponsible for the same type of precipitation may have different characteristics. Rain, for
example, can precipitate from liquid water clouds or from ice or mixed-phase clouds (MPC)
and is therefore referred to as warm rain and cold rain, respectively. Figure 1.1 shows a
global overview of the percentage of the cloud-top thermodynamic phase during rain events
derived by spaceborne remote sensing, averaged from 2006 to 2011 (Mülmenstädt et al.,
2015). It was found that the cloud-top phase fraction differs particularly over the con-
tinents and over the oceans. While cold rain dominates over land, the cloud-top phase
during rain events over the oceans varies for different latitudes with warm rain dominating
in the tropical and subtropical oceans outside the intertropical convergence zone. Further-
more, the cloud-top phase fractions strongly variate seasonally (Mülmenstädt et al., 2015).

Aerosol particles play an essential role in cloud formation and development, as they
determine the initial state of a cloud system (Forster et al., 2021; Lohmann and Feichter,
2005). In air masses saturated with respect to liquid water they may act as cloud conden-
sation nuclei inducing cloud droplet formation. For temperatures below 0°C, some types of
aerosol particles may additionally act as ice nucleating particles initiating heterogeneous
ice formation if the air is saturated with respect to ice. Below −37°C, this process may
be accompanied by homogeneous ice formation which does not require aerosol particles

Figure 1.1: Cloud phase fractions during rain events divided into (a) ice phase, (b) liquid
phase, and (c) mixed phase. CloudSat-CALIPSO data, averaged over five years (2006 –
2011) using a global 2° x 2° grid (adapted from Mülmenstädt et al., 2015).

2



Figure 1.2: Atmospheric main water species and their interactions (Guichard and Cou-
vreux, 2017).

as nuclei (e.g. Kärcher, 2002). However, cloud formation does not only depend on aerosol
particles. Interactions between the water species themselves significantly influence cloud
development as well. Particularly in MPC, a variety of different hydrometeor types may
occur simultaneously. Their potential interactions with each other and with water vapour
are schematically shown in Fig. 1.2. Those processes are to some extent quite complex,
however, they play a key role in cloud development and thus in precipitation formation
as well. In the mid-latitudes, for example, the Wegener-Bergeron-Findeisen process (We-
gener, 1911; Bergeron, 1935; Findeisen, 1938) dominates cloud evolution (Boucher et al.,
2013). This process allows ice crystals to grow at the expense of liquid water. However, the
degree of glaciation of MPC still leads to significant uncertainties when it comes to climate
predictions (e.g. Costa et al., 2017). In this regard as another example, Secondary Ice Pro-
duction (SIP) cannot be quantitatively described yet (Korolev and Leisner, 2020). On the
one hand, this might be due to the complexity of some processes as several water species
may interact with each other. On the other hand, the observation of these mechanisms in
nature and the reproducibility of corresponding laboratory experiments can be challenging
(Korolev and Leisner, 2020). Typical SIP mechanisms are schematically shown in Fig. 1.3.
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Figure 1.3: Typical Secondary Ice Production mechanisms. Blue indicates ice phase, red
indicates supercooled liquid water (Korolev and Leisner, 2020).

For the investigation of cloud processes, the shape of ice crystals may provide impor-
tant indications. When pristine ice crystals are growing, the resulting shape depends on
the temperature and the supersaturation of the ambient air with respect to ice (e.g. Bai-
ley and Hallett, 2009). Figure 1.4 provides the morphology of ice crystals under different
ambient conditions. At low supercooling down to −3°C, ice crystals grow as plates or
stellar dendrites. If temperatures are around −8°C to −10°C, crystals assume the shape
of columns or needles. At even lower temperatures and larger supersaturation, the shapes
become more complex. Therefore, the shape of ice crystals as an important quantity for
the investigation of cloud microphysical processes needs to be detected.

One way to measure properties of ice crystals in the atmosphere and atmospheric con-
ditions in general, including cloud properties, is offered by remote sensing. Atmospheric
molecules and particles interact with electromagnetic radiation, depending on the ratio
of the wavelength and the molecule or particle size. It can be distinguished between two
types of remote sensing instruments that have different advantages. On the one hand,
cloud radars are suitable for observing precipitation and clouds containing ice particles.
Aerosol particles and liquid-water cloud droplets, on the other hand, can be better ob-
served with lidar. Single instruments usually only measure one or a few specific parameters.
Therefore, a synergy of remote sensing instruments is often necessary to investigate the
current atmospheric conditions or detect atmospheric processes more accurately. Below,
four methods of remote-sensing-based ice particle investigations are presented.

Bühl et al. (2016) evaluated a multi-annual combined radar and lidar dataset with a
focus on MPC to relate cloud microphysical parameters such as integrated water content,
liquid water content, linear depolarisation ratio, or cloud lifetime to thermodynamics. In
the study, the ice mass flux at the cloud base was determined by means of ice water content
and Doppler velocity. For different cloud top temperatures, the efficiency of heterogeneous
ice formation and how it impacts the cloud lifetime was investigated. The authors found
that most of the ice crystals precipitating from clouds with geometrical thickness of less
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Figure 1.4: Ice crystal morphology in text (top) and picture version (bottom) observed
during several laboratory experiments and field studies (Bailey and Hallett, 2009).

than 350m are pristine. Another conclusion is that statistics of cloud observations are key
to better understand the relation between cloud properties and thermodynamics. Radenz
et al. (2021) conducted a similar study to compare clouds of the southern and northern
mid-latitudes. Moreover, the impact of orographic waves on cloud microphysics could be
considered separately in this study. However, Bühl et al. (2016) and Radenz et al. (2021)
investigated only stratiform clouds and neglected the presence of multiple hydrometeor
populations.

Radenz et al. (2019) described a novel approach for the retrieval of the number of dif-
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ferent particle species from zenith-pointing radar Doppler spectra, which they refer to as
peakTree. In a first step, separate peaks in the Doppler spectrum of radar measurements
are found by splitting each spectrum at the local minima (Fig. 1.5). The resulting num-
ber of nodes for each spectrum provides information on the number of different particle
types. Due to their different fall velocities, different particle types cause multiple peaks
in the Doppler spectrum. By categorising and interpreting the measured peaks, certain
categories of hydrometeors can be further analysed separately. Figure 1.6 shows an ex-
ample case study which was acquired near the Faroe Islands on 2 February 2014. Here,
the peakTree analysis allowed the detection of two liquid layers that are not visible in the
radar reflectivity measurements. However, the detailed investigation of cloud microphysi-
cal processes requires further information about the hydrometeors involved.

Bühl et al. (2019) presented a method for the derivation of the ice crystal number
concentration (ICNC) from combined remote sensing. Figure 1.7 schematically shows the
general principle of this procedure. Again, the radar reflectivity is measured by cloud
radar. Furthermore, the terminal fall velocity is determined by a radar wind profiler or
by the combination of cloud radar and Doppler lidar. Ideally, the optical extinction co-
efficient derived by lidar is also taken into account for the retrieval. Subsequently, a size
distribution of ice crystals needs to be found that would lead to a similar radar Doppler
spectrum and lidar optical extinction like the measured one. For this purpose, a particle
shape is presumed and the corresponding ICNC and fall velocity spectrum are determined.
However, similar Doppler spectra can be simulated with significantly different size distri-
butions for differently shaped particles as shown in Fig. 1.7.

Myagkov et al. (2016) described an approach to derive ice crystal shapes by polari-
metric cloud radar observations. Via Range-Height Indicator (RHI) scans the differential
reflectivity and the correlation coefficient are determined for radar antenna elevation an-

Figure 1.5: Doppler spectrum of a vertically pointing Ka-band zenith 35 GHz cloud radar
(KAZR) and corresponding nodes. Faroe Islands, 2 February 2014 (Radenz et al., 2019).
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Figure 1.6: Time-height cross sections of KAZR (a) reflectivity and cloud-base height de-
tected by lidar (black dots), (b) mean vertical velocity, (c) number of nodes from peakTree,
and (d) reflectivity for liquid water nodes only. Faroe Islands, 2 February 2014. Adapted
from Radenz et al. (2019).

Figure 1.7: Schematical overview of the ICNC retrieval presented by Bühl et al. (2019)
with (a) an example cloud radar spectrum measured at Lindenberg on 11 June 2015 at
19:00 UTC, (b) simulated particle size distributions for two different particle shapes, and
(c) the cloud radar spectra corresponding to (b) (Bühl et al., 2019).
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gles between 30° and 150°, while the antenna azimuth direction is hold constant. From the
two observables, the polarizability ratio is estimated, which depends on the geometrical
axis ratio and the apparent particle density and thus represents the morphology of ice
particles. Subsequently, the observations were compared with experimental results from
free-fall cloud chamber measurements. According to Myagkov et al. (2016), the good
agreement of the polarizability ratios for ice crystals formed at certain temperatures de-
rived from cloud radar and laboratory measurements (Fig. 1.8) indirectly evaluates this
retrieval method. Furthermore, the results are in good agreement with the ice crystal
habit diagram shown in Fig. 1.4.

The four methods presented above reveal that atmospheric ice crystals can already be
examined well with remote sensing. However, for a direct evaluation of those retrievals,
in-situ observations of single hydrometeors conducted simultaneously to remote sensing
measurements are essential. Moreover, such in-situ observations can help to find connec-
tions between precipitation properties on the ground and the structure of cloud systems
to better understand intermediate processes. This is the main motivation for this master’s
thesis focusing on the two-dimensional video disdrometer (2DVD) as a potential instru-
ment which might provide such in-situ measurements. For this purpose, a 2DVD system
was recently acquired by Leibniz Institute for Tropospheric Research (TROPOS). This
2DVD was operated during a measurement campaign in Switzerland, where data for this
master’s thesis were collected. The campaign and operated instruments are presented in
Chapter 2. Particular attention is paid to the 2DVD including a detailed explanation of the
measurement principle and data processing chain, the calibration procedure, and former
2DVD related research. For the characterisation of the 2DVD as one of the main objectives
of this thesis, a variety of parameters describing precipitation and single particles can be
derived from the measurements. Those parameters are presented in Chapter 3. The pre-
sumably most important intention of this work is the 2DVD evaluation. The overarching

Figure 1.8: Relations of polarizability ratio and temperature for ice crystals. Blue circles
indicate results of laboratory studies using a free-fall chamber. Red circles show results
retrieved from remote sensing observations with hybrid Mira-35 with bars representing ±1
standard deviation (Myagkov et al., 2016).
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question is whether and, if so, how well the instrument can distinguish different particle
types. Co-located measurements with a holographic in-situ sonde, conducted from 16 to
18 January 2023 during the campaign, may offer valuable clues to that issue. Furthermore,
educated-eye protocols about shapes of precipitating ice crystals were created during sev-
eral snowfall events. Moreover, the 2DVD measurements can be evaluated against other
precipitation sensors by comparing precipitation rates, for example. Results with regard
to the 2DVD evaluation and the observation of different particle types are presented in
Chapter 4. A third objective of the master’s thesis consists in the evaluation of the pos-
sible contribution of the 2DVD to the detection of cloud microphysical processes. This
goal is partly dependent on the 2DVD evaluation, because the precipitation properties on
ground need to be detected as precisely as possible for the evaluation of remote-sensing
signatures of clouds, especially with regard to the retrievals presented above. During the
2DVD data collection, cloud seeding experiments were conducted and seeding signatures
could be obtained by the instrument. Results of those experiments are presented in Sect.
4.3.
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Chapter 2

Measurement campaign and
operating instruments

2.1 Cloudlab and PolarCAP

The data for the master’s thesis were collected during a measurement campaign at Rapier-
Platz near Eriswil, Switzerland (47.0705°N, 7.8729°E, 921m above sea level) which took
place from December 2022 to March 2023. Rapier-Platz is located in the Swiss middle-
land between the Jura and the Alps. Typical meteorological conditions during winter-
time are below-zero temperatures and steady winds from north east called ’Bise’, often
accompanied by stratus clouds which are suitable as natural cloud laboratory. The obser-
vations were conducted within the framework of the two collaborating research projects
Cloudlab of ETH Zürich and PolarCAP (Polarimetric Radar Signatures of Ice Formation
Pathways from Controlled Aerosol Perturbations) of Leibniz Institute for Tropospheric
Research (TROPOS). Cloudlab (Henneberger et al., 2023) in general aims at a better un-
derstanding of cloud physics, the investigation of stratus formation and dissipation, and
the validation and improvement of the cloud microphysics scheme of the icosahedric non-
hydrostatic (ICON) weather forecast model (Zängl et al., 2014; Omanovic et al., 2024).
In order to achieve these goals, a variety of field measurements, laboratory experiments
and modelling studies are planned. More specifically, seeding experiments in mixed-phase
stratus clouds, accompanied by remote sensing and in-situ observations should provide
new insights in cloud microphysical processes. Those observations are complemented by
extensive, mainly remote-sensing-based measurements with the Leipzig Aerosol and Cloud
Remote Observations System (LACROS) (Bühl et al., 2013; Myagkov et al., 2016; Radenz
et al., 2021; Teisseire et al., 2024) in the frame of PolarCAP. Besides the support of Cloud-
lab with field observations and expertise, the goals of PolarCAP are the investigation of
MPC development as well as the evaluation of MPC retrievals based on remote sensing.
For the characterisation of MPC, cloud-Doppler radar and (Doppler) lidar techniques are
applied and Cloudlab in-situ measurements and seeding experiments are used. Moreover,
simulations with numerical cloud-resolving models are conducted. Due to the variety of
instruments, the measurement location and its duration, the presented field campaign of-
fers a rare opportunity to compare precipitation measurements of several remote sensing
and in-situ instruments and in particular to evaluate the performance of the 2DVD under
different conditions.

2.2 Instrument overview

Many of the instruments at the measurement site are of relevance for the intentions of
this thesis. Figure 2.1 shows the setup of the platform LACROS during the campaign.
However, the main focus will be on the 2DVD (see Sect. 2.3). In addition, the holographic
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Figure 2.1: Setup of LACROS at the measurement site including instrument designations.
Further instruments of ETH Zürich and METEK GmbH can be seen on the left in the
background.

in-situ sonde HOLIMO of ETH Zürich (Sect. 2.4) is of particular interest when it comes
to the evaluation of the 2DVD. Furthermore, measurements of several other instruments
belonging to LACROS could be analysed in combination with 2DVD data. This includes,
firstly, a number of active remote sensing instruments such as a 35-GHz and a 94-GHz
cloud radar, a 24-GHz micro rain radar, a 1.5-µm Doppler lidar, a ceilometer and a
Raman polarisation lidar as well as a passive measuring microwave radiometer and a
solar lunar photometer. Many of those instruments can be considered when it comes to
the comparison of precipitation rates, for example. Secondly, further in-situ sensors such
as a one-dimensional laser disdrometer and Vaisala weather stations allow further direct
comparisons of precipitation observations. An overview about all LACROS instruments
is given in Tbl. 2.1.

Table 2.1: Instrumentation of the mobile platform LACROS. More details on the instru-
ments are given in Radenz et al. (2021).

Instrument Type Atmospheric parameters Resolution

PollyXT Multiwavelength Raman polarisa- Particle backscatter and extinction coefficient; 7.5m;
tion lidar, pointed 5° off-zenith linear depolarisation ratio; water vapour mixing ratio 30 s

Streamline Pro 1.5-µm Doppler lidar vertical wind speed and direction profiles, 48m
particle backscatter profiles

Mira-35 35-GHz scanning cloud radar Vertical structure, boundaries and vertical-velocity 30m;
dynamics of clouds and precipitation; 3 s
contributes to cloud liquid and ice water profiles

RPG94 LACROS 94-GHz vertically Vertical structure, boundaries and vertical-velocity 15 – 30m;
pointing cloud radar dynamics of clouds and precipitation; 1 – 30 s

profiles of cloud liquid water and ice water content

MRR-Pro 24-GHz rain radar Vertical profiles of drop size distribution, 10m;
rain rate and liquid water content 1 s

HATPRO G5 14-channel microwave radiometer Estimated profiles of temperature and humidity; 100 – 1000m;
integrated water vapor and liquid water path 1 s

Solar lunar CE318-T Aerosol Optical Depth < 0.1%
photometer particle volume size distributions

Ceilometer CHM-15kx cloud bottom height ± 5m
Particle backscatter

Weather station Vaisala WXT536 Atmospheric pressure, temperature, relative humidity, ± 3% at 10m s−1

surface wind, rain rate ± 1 hPa

Parsivel2 One-dimensional laser Precipitation rate, type, size distribution, 0.5 – 25mm (solid)
disdrometer radar reflectivity 0.2 – 20m s−1

2DVD Two-dimensional video Precipitation rate, size distribution, see Tbl. 2.2
disdrometer fall velocity, particle imaging
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2.3 Two-dimensional video disdrometer (2DVD)

The 2DVD is a ground-based precipitation gauge which detects single precipitation par-
ticles within a certain measuring area. Originally designed to measure rain drop size
distributions, the first instruments of this kind operated since 1996 (Schönhuber et al.,
2007). The investigation of solid hydrometeors with such devices has rather been subject
of research in recent years, as will be pointed out in Sect. 2.3.3. The instrument which
was operated during PolarCAP was developed by Joanneum Research, Graz, Austria. Ta-
ble 2.2 shows the specifications of the 2DVD. At this point it should be mentioned that the
horizontal wind measured by the weather station, which was connected to the HATPRO
G5 on the container roof, did not exceed 10m s−1 during the conduction of any 2DVD
measurements presented in this work, unless otherwise stated.

2.3.1 Measurement principle and data processing

The schematic equipment configuration of the 2DVD is shown in Fig. 2.3. Two high-power
lamps (halogen or LED) each continuously emit light to a mirror which reflects it towards
a Fresnel lens. There, the light is diverged and travels through a slit plate so that a light
sheet is created from each halogen lamp. Those two light sheets are aligned orthogonally
against each other in the horizontal plane and have a height difference of around 6mm.
The area where the two sheets lie on top of each other is the so-called virtual measuring
area and of approximately 10 cm x 10 cm in size. After travelling through another slit
plate, the light is then reflected by another mirror to the respective line camera.

The instrument is designed advantageous for further reasons. The virtual measuring
area is much smaller than the opening of the housing (25 cm x 25 cm) so that possible
splashes of droplets hitting the housing would not be processed. Moreover, the lid is
heated which avoids that snow accumulates on the instrument and gets blown into the
virtual measuring area by wind gusts.

If a hydrometeor is falling through the virtual measuring area, its shape automati-
cally gets reconstructed. In a first step, this is done for the video signal of each camera
separately, as is schematically shown in Fig. 2.4. The photodetectors (pixels) of the line
camera generate an electronic signal at incident light. This signal is continuously compared
against a threshold level. If the measured value is below this threshold, the corresponding
pixel is recognised as shaded. By assembling the shaded pixels of consecutive time steps,
a one-dimensional particle shape is finally reconstructed.

In a second step, a matching algorithm is applied to merge the information for the
same particle from both cameras. For this purpose, several criteria that a pair of images
needs to fulfil are considered. A time period is defined in which a particle needs to reach
the lower light plane after it entered the upper light plane of the instrument. This time

Table 2.2: 2DVD specifications. Values marked with a * account for particle velocities
<10ms−1.

quantity value

uncertainty of
vertical resolution < 0.17mm*
horizontal resolution < 0.17mm*
vertical velocity < 4%*

camera frequency 55.2 kHz
virtual measuring area ∼100 cm2
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Figure 2.2: The 2DVD at the measurement site (a) in operating modus, (b) with open lid,
and (c) during the calibration with calibration pattern.

Figure 2.3: Measurement principle of the 2DVD. The light sheets are aligned orthogonally
against each other with a vertical distance of around 6mm. The measuring area is around
10 cm x 10 cm in size (adapted from Schönhuber et al., 2016).

frame should be adapted to the relationship between particle size and fall velocity. In
case of liquid droplets, this relation is well-known (e.g. Atlas et al., 1973). For solid and
mixed-phase hydrometeors, terminal velocities of particles of the same size can vary much
more, depending on the particle type, shape, and, if applicable, the degree of riming (Lo-
catelli and Hobbs, 1974; Barthazy and Schefold, 2006). Thus, the time period to fall from
the upper to the lower light plane should be set more broad in case of solid or mixed-
phase precipitation. Moreover, droplets show regular symmetries which can be assumed
by the matching algorithm. Solid particles, on the other hand, may appear with much
more complex shapes. Matching algorithms for solid or mixed-phase precipitation have
been continuously developed during the last years (see Sect. 2.3.3). For those reasons, the
2DVDs manufacturer provides two different matching algorithms for liquid and solid or
mixed-phase precipitation, herein referred to as hyd-algorithm and sno-algorithm, respec-
tively. After the application of such an algorithm, single hydrometeors are identified and
information about their properties are retrieved (see section Sect. 3.1). Particles that are
only seen in one camera or whose information of both cameras could not be merged are
not further processed.
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Figure 2.4: Reconstruction of a hydrometeor shape from camera perspective. When the
hydrometeor is falling through the virtual measuring area during different time steps, the
illumination of single pixels of the line camera is interrupted allowing the reconstruction
of the particle shape (Kruger and Krajewski, 2002).

To calculate the correct size of each particle, the actual pixel width p has to be known.
As p depends on the location in the virtual measuring area, an individual pixel width
accounts for every single particle:

p = p(x, y) · fcorr (mm) (2.1)

with p(x, y) as pixel width seen from the location (x,y) in the light plane and fcorr as
correction factor dependent on the particle size and provided by the manufacturer. The
pixel height on the other hand depends on the vertical velocity of the particle with larger
velocities leading to larger pixel heights. With those pixel information, hydrometeors can
be displayed visually and properties of single particles are calculated by programs of the
2DVD manufacturer (see Chapter 3). For the purposes of hydrometeor display and further
precipitation analysis (see Chapter 4), own programs were written. The data processing
chain up to 2DVD level0 data as netCDF files is schematically shown in App. A.
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Figure 2.5: Calibration step 1: Video level adjustment for one camera.

2.3.2 Calibration procedure

In order to calibrate the 2DVD, the following three main steps have to be taken. In a first
step, the video levels of the live signals need to be adjusted. The signal of each pixel must
be between an upper and a lower threshold (Fig. 2.5). The signal adjustment is done
by aligning the optical elements of the 2DVD such as the lamps and mirrors. Once, the
signals are within the right intensity range, the distance of the two light planes needs to be
measured precisely in a second step. For this purpose, some steel spheres with a diameter
of 10mm are thrown through each hole of a calibration pattern (Fig. 2.2c). With this
measurement as an input, a program then calculates the plane distance for every corner
of the virtual measuring area. The resulting values need to be adjusted in a configuration
file before further measurements are taken. During this step, no hydrometeors must enter
the measuring area. Eventually, some correction factors included in the configuration file
need to be checked. Therefore, a set of calibration steel spheres with diameters ranging
from 0.5mm to 10mm are part of the 2DVD equipment. Ideally, more than 100 spheres
of each diameter must be thrown through the virtual measuring area. Subsequently, this
measurement can be evaluated by having a look at the detected diameters of the spheres. If
the values are in good agreement with the given diameters of the spheres, the calibration
is finished. If the agreement is poor over a series of repetitions of the calibration, the
manufacturer of the 2DVD, Joanneum Research, can provide correction factors adapted
to the taken measurements.

2.3.3 Former 2DVD research

The first 2DVD of Joanneum Research was delivered in 1996 and the instrument tech-
nology has been developed continuously since then (Schönhuber et al., 2007). The in-
strument design was adapted over time to a number of challenges that were faced during
measurements such as performance under windy conditions or strong temperature varia-
tions. Three generations of 2DVDs with different specifications have been manufactured
by Joanneum Research so far. Hence, one has to pay attention to the instrument version
when it comes to publications about 2DVD related research.

Nešpor et al. (2000) indicated the disadvantageous design of an earlier 2DVD version,
which led to measurement uncertainties of smaller droplets at higher wind speeds. The
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wind field around and inside this 2DVD version was simulated and discussed by Habib
and Krajewski (2001). An anomaly in up-to-date-generation 2DVD data caused either by
hanging droplets at the upper rim of a metal slit or by small droplets reaching a mirror
between the camera and the illumination unit was discovered by Larsen and Schönhuber
(2018). Larsen and Blouin (2020) analysed uncertainties in the derived effective measuring
area (see Chapter 3) and developed a corresponding refinement algorithm. The instru-
ment was originally designed to derive drop size distributions of rain events, but snowfall
measurements became an important part of 2DVD research as well. In this context, sev-
eral studies were conducted to develop a suitable matching algorithm (see Sect. 2.3.1)
for solid or mixed-phase precipitation (Hanesch, 1999; Huang et al., 2010; Grazioli et al.,
2014; Bernauer et al., 2015).

Studies about raindrop properties such as raindrop shapes (Tokay et al., 2000), droplet
axis ratios (Thurai and Bringi, 2005), or canting angle distributions (Huang et al., 2008)
were conducted. A 3D droplet reconstruction method developed by Schönhuber et al.
(2016) is used, for example, by Zheng et al. (2023) to revisit droplet axis ratios. Raindrop
fall velocities in particular were investigated under different wind conditions in Colorado
and Alabama (Bringi et al., 2018) and during different monsoon seasons in India (Das
et al., 2020). Moreover, raindrops of fall velocities larger than theoretically expected,
so-called superterminal raindrops, were examined by Leijnse and Uijlenhoet (2010) and
Larsen et al. (2014). (Gatlin et al., 2015) analysed a high number of data sets of 2DVD
measurements to descry large raindrops. The largest detected example exhibited a diam-
eter of 9.7mm and was detected in a hail-producing thunderstorm in northern Oklahoma.

The investigation of precipitation properties made up a large part of research with
2DVDs. Studies focusing on rainfall properties were conducted in Colorado (Bringi and
Hubbert, 1997), Austria and Papua New Guinea (Randeu et al., 2002), the Netherlands
(Leijnse et al., 2010b) or Sumatra (Marzuki et al., 2013), for example. Spatial and tem-
poral precipitation distributions were examined by Larsen et al. (2005) and Gires et al.
(2015). However, the majority of 2DVD related rainfall research refers to measurements
of the Drop Size Distribution (DSD). DSDs were ascertained in the southwestern Amazon
basin (Tokay et al., 2002) and characterised during Typhoons (Wen et al., 2018; Feng
et al., 2021) and different seasons in China (Wen et al., 2019; Luo et al., 2021). Marzuki
et al. (2010) investigated the impact of the bin size to the DSD. Testik and Pei (2017)
found a wind-dependency of the DSD due to collisional breakup processes at higher wind
speeds, leading to increasing amounts of small drops and decreasing amounts of large
drops. DSD shapes by means of parameters of the uncorrelated raindrop mass spectrum
are described by Williams et al. (2014). Thurai et al. (2014) examined the correlation
of DSD parameters measured by co-located 2DVDs. Uijlenhoet et al. (2006) investigated
the shape of measured DSDs and estimated bulk rainfall variables such as liquid water
content, rain rate, and radar reflectivity from it. DSD measurements are the subject of
numerous further studies. Often, they are compared with measurements of other precipi-
tation observing instruments or they are used in combination with radar data. Both types
of studies are mentioned later in this subsection.

Due to the ability of deriving ice crystal shapes from the camera recordings, studies on
mixed-phase and solid precipitation took up a significant part of recent 2DVD research.
Brandes et al. (2007) examined statistical properties of particle size distributions of winter
storms in Colorado and found an underestimation of small particles, especially at windy
conditions. Moreover, a relation of particle bulk density and median volume diameter
was found by Brandes et al. (2007), but also in further studies (e.g., Zhang et al., 2021).
Increasing fall speeds of snow aggregates with increasing temperature were measured by
Brandes et al. (2008). Bernauer et al. (2015) conducted reproducible experiments with
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irregularly shaped Styrofoam particles and found self-consistent behaviour of the 2DVD.
The multifractality of ice crystals was analysed by Raupach et al. (2017). Moreover, several
studies were conducted in which solid precipitation was characterised at certain locations,
for example, by Wen et al. (2017) in China. During most 2DVD research about solid
particles, other instruments such as different types of disdrometers or radar instruments
were used simultaneously. Those studies are mentioned further below.

Especially during the last decade, classification of hydrometeors detected by 2DVD
gained research interest. The classifications are partly based on already existing algo-
rithms, but also new methods were developed. Grazioli et al. (2014) and Gavrilov et al.
(2015) classified solid hydrometeors by means of a Support Vector Machine (Boser et al.,
1992). Lee et al. (2015) categorised solid hydrometeors based on investigated relationships
between particle fall velocity and diameter. Bernauer et al. (2016) developed a new clas-
sification algorithm for solid precipitation events which subdivides one-minute intervals
into dominating ice crystal type and dominating degree of riming. Besides research about
particle classification, investigations into the accuracy and reliability of 2DVD in distin-
guishing between convective and stratiform precipitation were made by Bukovčić et al.
(2015) and Wen et al. (2017).

The 2DVD was often compared with other in-situ precipitation measurement instru-
ments, especially with the OTT Hydromet particle size and velocity (Parsivel) disdrometer
(Löffler-Mang and Joss, 2000) or its second generation (Parsivel2). From many compar-
ative studies that were undertaken (Krajewski et al., 2006; Battaglia et al., 2010; Tokay
et al., 2013; Raupach and Berne, 2015; Park et al., 2017; Liu et al., 2019), one can conclude,
that measured DSDs in general agree well between the Parsivel and the 2DVD. However,
particularly at higher rain rates, the Parsivel seems to overestimate the amount of large
drops. Battaglia et al. (2010) additionally reported an overestimation of small snowflakes,
while Park et al. (2017) discovered an underestimation of small droplets compared to
the 2DVD results. Co-located precipitation measurements with 2DVD and different rain
gauges showed, that rain duration and rain rate measurements can significantly differ be-
tween those instruments and may depend, for example, on wind speed and precipitation
type (Liu et al., 2013, 2019; Cauteruccio et al., 2023).

Before the appearance of the 2DVD, the Joss-Waldvogel disdrometer (JWD, Joss and
Waldvogel (1967)) was seen as the standard instrument for surface precipitation mea-
surements for several decades (Williams et al., 2000), for which reason many studies per-
formed simultaneous JWD and 2DVD observations. In general, both instruments show
good agreement for DSD measurements (Williams et al., 2000; Tokay et al., 2001; Liu
et al., 2013; Tokay et al., 2013; Chang et al., 2020). Chang et al. (2020) reports lower
concentrations for small and large droplets measured by the JWD whose maximum de-
tectable particle diameter is smaller than that for the 2DVD as well (Tokay et al., 2001).
At rain rates larger than 20mmh−1, Liu et al. (2013) recorded lower rain rates with the
JWD than with the 2DVD.

Further studies compare some other instruments with the 2DVD. Krajewski et al.
(2006) found good agreements of measured rain rates of the 2DVD and a dual-beam spec-
tropluviometer (Hauser et al., 1984). According to Helms et al. (2022), the Precipitation
Imaging Package (PIP, Pettersen et al. (2020)) and the Multi-Angle Snowflake Camera
(MASC, Garrett et al. (2012)) are advantageous compared to the 2DVD when it comes
to snowflake shape measurements. Thurai et al. (2017a) conducted measurements with
a 2DVD and a Meteorological Particle Spectrometer (MPS, Baumgardner et al. (2002))
and revealed that the MPS delivers more accurate measurements of droplets smaller than
0.7mm due to its 50-µm resolution. Co-located rain rate measurements with a 2DVD and
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a Present Weather Detector (Vaisala PWD22) produced rather similar results (Liu et al.,
2013). The Precipitation Microphysical Characteristics Sensor (PMCS, Liu et al. (2014))
can detect small particles very well and is therefore suited for simultaneous measurements
with the 2DVD, according to Liu et al. (2019). Chang et al. (2020) found that the precipi-
tation occurrence sensor system (POSS, Sheppard (1990)) measures higher concentrations
of small droplets (< 1mm) than the 2DVD and detects big droplets better due to the
high sampling volume. Caracciolo et al. (2006) compared measurements of a 2DVD and
a bistatic Doppler rain-gauge disdrometer called Pludix (PLUviometro-DIsdrometro in
X-band, 9.5 GHz, Prodi et al. (2000)) and concluded, that the Pludix performance is rain
rate dependent. In a non-comparative study, Miriovsky et al. (2004) relied on the good
agreement between different disdrometer types and investigated the small-scale spatial
variability of radar reflectivity with four different instruments.

For precipitation measurements, the 2DVD is often combined with other remote sens-
ing instruments. For example, observations of micro rain radar (MRR) and 2DVD do in
general agree well, except for the detection of small droplets whose concentration is often
larger in MRR observations (Diederich et al., 2004; Chang et al., 2020). Adirosi et al.
(2020) found that radar reflectivities derived from both instruments do not differ more
than around 2 dB. Nevertheless, actual rain rates showed between 28% and 36.7% differ-
ence, mainly depending on the precipitation type. Zhou et al. (2020) investigated vertical
raindrop distributions and relationships between rain rate and radar reflectivity by means
of co-located MRR and 2DVD measurements. By using a microwave radiometer (MWR),
Kneifel et al. (2010) and Löhnert et al. (2011) investigated snow scattering by my means
of co-located MWR and 2DVD measurements.

As the 2DVD can measure precipitation rates, DSDs, and particle shapes, the radar
reflectivity Z and even polarimetric radar parameters can be retrieved from 2DVD obser-
vations (Schönhuber et al., 2000). This offers a wide range of opportunities to compare
and evaluate 2DVD and polarimetric radar data. Numerous studies from the last three
decades show, that such an instrument combination can be advantageous when it comes
to the examination of precipitation properties, especially DSDs. For such purposes, radars
with different frequency bands were used. In the S-Band regime (2–4GHz), many com-
parative studies were conducted with regard to measured, derived, or modelled PSD or
radar reflectivity (Ibrahim et al., 1998; Schuur et al., 2001; Bringi et al., 2003; Maeso et al.,
2005; Brandes et al., 2004, 2006; Liu et al., 2018; Adirosi et al., 2020; Tao et al., 2020; Lee
et al., 2023). Often, the 2DVD was used to determine the shape of the DSD and radar in-
struments measured polarimetric radar variables. The combination of both was then used
to estimate precipitation rates or to characterise precipitation microphysics (Zhang et al.,
2001, 2011; Brandes et al., 2003; Cao et al., 2008; Kim et al., 2020; Chen et al., 2021).
Observations of particle shapes with the 2DVD were used in combination with radar mea-
surements to estimate rainfall (Kim et al., 2016), to monitor liquid-ice phase transitions
of winter precipitation (Bukovčić et al., 2017), to derive the visibility in aggregated snow
(Bukovčić et al., 2021), or to estimate liquid fraction of wet snow (Suh et al., 2021). Mea-
surements in the C-Band regime (4–8GHz) were undertaken to compare radar and 2DVD
performances (Schönhuber et al., 1997; Bringi et al., 2006), to estimate precipitation rates
(Chen et al., 2021), and to investigate relations between DSD and drop shape (Chang
et al., 2009) or between radar reflectivity and snow rate (Huang et al., 2010, 2015). By
means of polarimetric X-Band (8–12GHz) radar and 2DVD measurements, rainfall was
estimated (Anagnostou et al., 2004; Leijnse et al., 2010a; Thurai et al., 2017b), DSDs were
investigated (Schuur et al., 2001; Okazaki et al., 2023), and partial radar beam blockage
was analysed (Shakti et al., 2013). Baquero et al. (2006) simulated X-Band polarimetric
radar data from 2DVD measurements in Puerto Rico and Kalogiros et al. (2014) used
the 2DVD as evaluation instrument for a rain-path attenuation correction algorithm for
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X-Band radar observations. Nishikawa et al. (2016) compared relations between specific
attenuation and radar reflectivity in the Ka-Band regime (24–40GHz) for different ice
crystal shapes which were determined by 2DVD measurements.

Data obtained by the 2DVD were also used to improve models for DSDs (Zhang et al.,
2008; Cao and Zhang, 2009; Adirosi et al., 2016; Thurai and Bringi, 2018) or polarimet-
ric radar variables for different frequency bands (Thurai et al., 2007). Wen et al. (2018)
presents a model which retrieves the DSD from polarimetric variables and uses 2DVD
measurements for the model evaluation.

2DVD observations are even used since over a decade in combination with satellite
measurements. The Global Precipitation Measurement (GPM) mission by the National
Aeronautics and Space Administration (NASA) includes spaceborne radar and radiometer
measurements of precipitation (e.g. D’Adderio et al., 2018). For the ground validation of
those data, a measurement infrastructure, which includes 2DVD instruments, has been
developed (Petersen et al., 2010). This reflects the reliability of the instrument with re-
gard to precipitation measurements.

The large number and variety of studies presented above proofs the versatility of the
2DVD. Research has shown, that the instrument is suitable for the observation of liquid
and solid precipitation and that it can distinguish between different ice crystal shapes. For
those reasons, the 2DVD is valuable for co-located measurements of precipitation with dif-
ferent instrument types.

2.4 HOLIMO

The HOLographic Imager for Microscopic Objects (HOLIMO) is an in-situ sonde devel-
oped by ETH Zürich (Henneberger et al., 2013). By this instrument, cloud particles with
diameters between 6 µm and 2mm of a well defined sample volume of 12 cm3 can be imaged
two-dimensionally (Ramelli et al., 2021). From the observations, the size spectrum and
concentrations of cloud particles as well as the water content of clouds can be calculated.
HOLIMO can either be operated on the ground or attached to slowly moving aircraft, such
as helikites or ropeways. The instrument is compatible with the tethered balloon system
HoloBalloon (Ramelli et al., 2020) which operated during the Cloudlab and PolarCAP
campaign (Fig. 2.6). This system allows the in-situ measurement of vertical profiles up
to 1 km above the ground which enables detailed cloud characterisation. Furthermore, it
may observe the changes of cloud particle properties during seeding experiments.

By conducting ground-based HOLIMO measurements next to the 2DVD, the possi-
bility for a direct evaluation of the 2DVD measurements is given. Figure 2.7 shows a
measurement example of HOLIMO on 8 March 2019 during a campaign in Wolfgang,
Switzerland (Ramelli et al., 2021). It is clearly visible, that different particle types such as
large rimed particles, columnar crystals, or irregular particles can be distinguished from
each other. The measurements of HOLIMO and 2DVD are compared for precipitation
events with clearly dominating particle types, so that conclusions about the 2DVD mea-
surements can be drawn (see Sect. 4.2). However, due to the small sample volume and
the limitation of the maximum detectable particle size, no conclusions should be drawn
about the concentration or size distribution of precipitation particles.
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Figure 2.6: The tethered balloon system HoloBalloon including HOLIMO on 8 December
2022 at Rapier-Platz, Switzerland. The picture is taken by Christopher Fuchs, ETH
Zürich.

Figure 2.7: HOLIMO measurement example from 8 March 2019 at Wolfgang, Switzerland.
The colours point out different particle types such as large rimed particles (red), columns
(yellow), aggregates (blue), pristine ice particles (purple) and irregular particles (green)
(Ramelli et al., 2021).
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Chapter 3

2DVD – deducible hydrometeor
and precipitation properties

In this chapter, variables of single hydrometeors which are provided by the manufacturers
software are explained. Further, different variables and ways to analyse precipitation from
2DVD data are presented.

3.1 Properties of single particles

By means of software which was delivered from the 2DVDs manufacturer, a set of param-
eters is determined for each single hydrometeor:

a. The equivalent spherical diameter Deq (mm) equals the diameter of a sphere with
the same volume as the respective hydrometeor.

b. The vertical velocity ν (m s−1) is determined by the time required by the hydrometeor
to fall from the upper to the lower light sheet.

c. The particle volume V (mm3) is calculated by splitting the hydrometeor into hor-
izontal slices whereas each slice is assumed to have an area of an ellipse and the
height of one line. V is the sum of all slice volumes (Kruger and Krajewski, 2002).

d. The effective measuring area Aeff (mm2) is defined as the part of the virtual mea-
suring area in which a hydrometeor with a certain size could have been detected.
Between the detected particle and the borders of the virtual measuring area, there
must be at least one non-shadowed pixel which reduces Aeff the more the larger the
particle is.

e. The oblateness O (without unit) is defined as the ratio of particle height and particle
width. The manufacturers software calculates O from information of both cameras
A and B as follows:

O =

√

(

heightA

widthA

)(

heightB

widthB

)

(3.1)

widthA and widthB represent the width of the widest scan line of the respective
camera (Kruger and Krajewski, 2002). O is an important shape parameter which
can be helpful for the detection of different ice crystal shapes. However, for solid
particles, the applied method to calculate O can be highly error-prone, especially at
horizontal winds that tilt falling hydrometeors.
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For the display of single particles, an own program was written. This is based on the
pixel information for each line and each camera which can be received by the manufactur-
ers software. Examples can be found in Sect. 4.2.

Measurement uncertainties given by the 2DVDs manufacturer are shown in Tbl. 2.2.
For the calculation of precipitation parameters from the variables presented above, the cor-
rect assumption of uncertainties is challenging and was neglected in most 2DVD research.
The actual uncertainties are mostly dependent on vertical and horizontal winds and may
therefore vary for different hydrometeors. An uncertainty of ±4% can be assumed for ν,
based on manufacturers data. For vertical and horizontal resolutions, an uncertainty of
less than 0.17mm is specified.

3.2 Precipitation properties

3.2.1 Precipitation rate

The 2DVD is an advantageous instrument to determine precipitation rates under different
weather conditions because hydrometeors of various types can be well observed. The
precipitation rate R of the 2DVD for liquid precipitation is calculated as follows:

R =

j(t0+∆t)
∑

j(t0)=1

Vj
3600

∆t

1

Aeff,j

[

mmh−1
]

(3.2)

with the integration time interval ∆t (s) and the effective measuring area Aeff,j (mm2)
and volume Vj (mm3) of each particle j. In case of solid precipitation, the liquid equivalent
volume Veq,j of particles must be taken into account for the calculation of R. For ice, a
density ρice of 0.9 g cm−3 can be assumed which yields

Veq,j = Vj
ρice

ρH2O

[

mm3
]

(3.3)

with ρH2O = 1g cm−3 and eventually

R =

j(t0+∆t)
∑

j(t0)=1

Veq,j
3600

∆t

1

Aeff,j

[

mmh−1
]

(3.4)

However, especially for large snow particles, the exact determination of the particle
volume is challenging because the delicate structure of ice crystals can not be sufficiently
resolved. For this purpose, studies about the snow bulk density in dependence of particle
size were conducted (Brandes et al., 2007; Zhang et al., 2021) and different density–size
relations were determined. However, this issue is not further explored in this thesis.

3.2.2 Particle size distribution

The determination of the particle size distribution (PSD), in case of liquid precipitation
referred to as drop size distribution (DSD), has been the most important component of
2DVD research in the past. It is defined as the number of detected particles per unit of air
volume and per unit of particle diameter interval. The PSD is usually denoted as N(Di).
The choice of the size class width ∆D (mm) is essential for the resulting PSD shape. In
this work, ∆D was chosen to equal the horizontal resolution of the instrument which is
0.17mm. The PSD is computed as followed:
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N(Di) =
1

∆t∆D

Mi
∑

j=1

1

Aeff,i,j · 10−6 · νi,j

[

m−3mm−1
]

(3.5)

with Mi as the number of particles in size class i during ∆t and νi,j as vertical velocity
of particle j in size class i.

3.2.3 Relations of particle properties

Precipitation can be analysed by establishing time series of particle properties such as Deq,
V , O, or ν. For example, trends in precipitation evolution may become visible. Particu-
larly with regard to the presented measurement campaign, cloud seeding signatures may
be detected.

Moreover, the relation of variables mentioned in Sect. 3.1 to each other often indicates
different particle types. Especially plotting diameter versus oblateness and diameter ver-
sus vertical velocity proves useful for the precipitation analysis.

3.2.4 Particle number concentration

The particle number concentration (PNC) describes the number of hydrometeors per unit
of air volume:

PNC =
1

∆t

M
∑

j=1

1

Aeff,j · 10−6 · νj

[

m−3
]

(3.6)

with M as number of particles during ∆t. The PNC on the ground can be helpful, for
example, for closure studies regarding precipitation evolution.
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Chapter 4

Measurement results

In this chapter, measurement results of the PolarCAP and Cloudlab campaign are pre-
sented. Section 4.1 includes the calibration outcome and measurement evaluation of the
2DVD. The latter is achieved by comparing 2DVD precipitation rates and PSD with si-
multaneous measurements of other instruments. In Sect. 4.2, precipitation events that
led to differently shaped solid precipitation particles on the ground are examined. Those
events were monitored by various ground-based in-situ and remote-sensing instruments
which offered the opportunity to study precipitation formation and development. Sec-
tion 4.3 presents ground precipitation signatures of cloud seeding experiments and thus
another important application example of the 2DVD.

4.1 2DVD calibration and evaluation

4.1.1 Calibration procedure on 12 December 2022

On 12 December 2022 around noon, opportune weather conditions, i.e. no precipitation
and only weak winds enabled the calibration of the 2DVD. The set of steel spheres with
known diameters ranging from 0.5mm to 10mm was measured accurately enough to use
the applied calibration factors for the whole campaign. Figure 4.1 shows the relation
between O and Deq for each steel sphere. Ideally, O would equal 1 for each sphere and
Deq would equal the value of one of the yellow grid points. The vast majority of spheres
of all sizes induces the expected diameters. Measured Deq of 0.5mm-spheres deviate the
most from the actual size but not by more than the stated resolution of 0.17mm. Due to
electrostatic charge, the smallest spheres sometimes cling together which explains some
of the clear outliers. Another reason for outliers could be that the matching algorithm
assigned different spheres to each other as multiple steel spheres of the smallest size may
simultaneously have entered the measuring area more frequently during the calibration
(Randeu et al., 2002).

4.1.2 Comparison of precipitation rates of different instruments

LACROS contains three different in-situ instruments, whose precipitation rates can be
compared against each other, which are the 2DVD, the Parsivel2 and the Vaisala weather
station. Since the 2DVD has established as a valuable in-situ instrument for precipitation
measurements, many studies have compared the device with other precipitation sensors
(see Sect. 2.3.3). Especially 2DVD and Parsivel2 have been evaluated most frequently
against each other.

In this section, precipitation rates for rain are examined. For the instrument compar-
ison in this work, a time period was chosen in which both warm and cold rain occurred.
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Figure 4.1: Calibration results on 12 December 2022 at the beginning of the PolarCAP
campaign. Each data point represents one calibration sphere with known diameter. Out-
liers are mostly caused by spheres clinging together.

In case of stratiform precipitation, cold rain usually produces larger droplets, because ice
crystals have a longer residence time in the cloud where they can grow, whereas condensed
cloud droplets precipitate as soon as they are large enough to fall out of the cloud.

Figures 4.2a and b show the RPG94 LACROS Doppler velocity and the slanted linear
depolarisation ratio (SLDR), respectively, from 00:00UTC to 11:00UTC on 5 January
2023. Until around 05:30UTC at 1.4 km height, absolute values of the Doppler velocity
suddenly increase and significantly higher SLDR values can be identified. Those changes
are caused by melting ice crystals which firstly increase their fall velocity during the melt-
ing process and secondly cause higher SLDR values while liquid water is present around
the initial ice crystals. By this so called melting layer, cold-rain events can be distin-
guished from warm-rain events by polarimetric Doppler radar measurements.

R and accumulated precipitation determined by the 2DVD, Parsivel2, and the weather
station are shown in Fig. 4.2c. R was calculated for both instruments with an integration
time interval of 60 s to better compare the results and evaluate the instruments against
each other. First of all, it is noticeable, that the weather station did not detect any par-
ticles. R of both 2DVD and Parsivel2 is zero between 05:30UTC and 06:15UTC, which
better allows a separate consideration of the cold-rain period before 05:30UTC and the
warm-rain period after 06:15UTC.

In general, R of the 2DVD and the Parsivel2 agree well with each other. However,
at some times, peaks of the Parsivel2 are higher than those of the 2DVD. Moreover, be-
tween around 03:45UTC and 05:30UTC, R of the Parsivel2 slightly exceeded R of the
2DVD. This is reflected in the accumulated precipitation, which is 0.57mm for the 2DVD
and 0.63mm for the Parsivel2 at 06:00UTC. At 11:00UTC, accumulated precipitation
is 0.93mm for the 2DVD and 0.98mm for the Parsivel2. This shows, that firstly, the
Parsivel2 detected 0.06mm more precipitation during the cold-rain period and secondly,
R of the two instruments only varied by 0.01mm in the warm-rain period.

Figure 4.3a and b show the PSD of the 2DVD from 03:45UTC to 06:00UTC where R

of the Parsivel2 is noticeably higher than of the 2DVD, and from 06:00UTC to 11:00UTC
for the warm-rain period, respectively. It is remarkable that almost no droplets with
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(a) (b)

(c)

Figure 4.2: In-situ and remote-sensing measurement results for the drizzle event on 5
January 2023. RPG94 LACROS (a) Doppler velocity, (b) SLDR, and (c) precipitation
rates and accumulated precipitation determined by measurements of different instruments
are shown. Integration intervals for all presented precipitation rates are 60 s. Note that
the weather station has not detected any hydrometeors.

(a) (b)

Figure 4.3: 2DVD PSD of precipitation on 5 January 2023 (a) from 03:45UTC to
06:00UTC and (b) from 06:00UTC to 11:00UTC.

Deq > 1mm occurred during the warm-rain period, but the cold rain contained a pro-
portion of droplets of such size. Therefore, there is a possibility, that the difference in
R between 2DVD and Parsivel2 during the cold-rain period is caused by larger droplets.
Minutely averaged horizontal wind speeds derived by measurements of the Vaisala weather
station attached to the HATPRO 5G on the container roof are shown in Fig. 4.4. They
are on average 2m s−1 to 3m s−1 higher during the cold-rain period, but if this difference
contributed to the difference in R cannot be evaluated at this point. Further, the wind
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Figure 4.4: Minutely averaged horizontal ground wind speeds measured by the Vaisala
weather station on the container roof on 5 January 2023 from 00:00UTC to 11:00UTC.
The dashed line indicates 10m s−1, which is the threshold up to which the 2DVD instru-
ment specifications (Tbl. 2.2) are valid.

speed exceeds 10m s−1 at some single minutes, during which the 2DVD specifications are
theoretically not valid anymore. However, the impact on R is most likely negligible.

4.2 Detection of different ice crystal shapes

On 17 and 18 January 2023, the holographic imager HOLIMO was operated on the ground
next to the 2DVD (Fig. 4.5). During those two days, solid precipitation with different
ice crystal shapes at different times was observed by eye and recorded in an educated-eye
protocol. Table 4.1 shows an overview about observed particle shapes during the four
investigated time periods. In the following, the meteorological scenario on 17 and 18 Jan-
uary 2023 is presented. Furthermore, measurement data of the 2DVD, HOLIMO, and
remote-sensing instruments of LACROS are analysed to investigate four concrete time
periods in which different ice crystal shapes were observed by eye.

During 17 and 18 January 2023, a low pressure system over the North Sea transported
cold and humid air masses towards central Europe. An occlusion front stretched from
southern Czech Republic through northern Switzerland to the Bay of Biscay and deter-
mined the weather over the measurement location at Rapier-Platz during this time (Fig.
4.6). Figure 4.7 shows GFS model temperatures at 850 hPa over Europe and illustrates,
that temperatures over the measurement location at Rapier-Platz were clearly below 0°C.

Table 4.1: Educated-eye protocol entries about ice crystal shapes on 17 and 18 January
2023.

date time period observed particles (protocol)

17 January 2023 11:30 – 11:35UTC small irregular crystals, partly aggregated
13:50 – 13:54UTC mix of dendrites, heavily rimed particles, and

irregular crystals
14:07 – 14:11UTC high number of dendrites

18 January 2023 09:44 – 09:48UTC some needles, mix of shapes
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Figure 4.5: HOLIMO (foreground) and the 2DVD (background) during their operation on
16 January 2023. The picture is taken by Kevin Ohneiser.

Figure 4.6: Air pressure at mean sea level and weather fronts over Europe at 00UTC on
18 January 2023. The red triangle indicates Rapier-Platz near Eriswil, Switzerland. The
map is adapted from Wetterzentrale (2023a).
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Figure 4.7: Geopotential and temperature at 850 hPa over Europe at 00UTC on 18 Jan-
uary 2023. The red triangle shows the measurement location. The map is adapted from
Wetterzentrale (2023b).

The reflectivity measurements of the RPG94 LACROS radar show stratiform precip-
itation systems on both days (Fig. 4.8a, b). Because the instruments blower system
was off during the investigated case study period, snow accumulation occurred on the
radome sheets which led to non-negligible attenuation effects. Thus, the reflectivity offset
to Mira-35 was calculated as described in App. B and was determined to be 20 dB. From
the RPG94 LACROS Doppler velocity, convective precipitation-generating cells can be
identified on both days (Fig. 4.8c, d). SLDR values do not show any sudden increase
with decreasing height which indicates the absence of a melting layer (Fig. 4.8e, f). In the
following subsections, results of in-situ and remote-sensing measurements for four different
time periods during 17 and 18 January 2023 are presented. HOLIMO data were processed
by Christopher Fuchs, ETH Zürich (personal communication).

4.2.1 17 January 2023, 11:30 – 11:35UTC: irregular crystals and aggre-
gates

On 17 January 2023 from 11:30 to 11:35UTC, irregular and aggregated crystals were ob-
served by eye. Figure 4.9 shows 2DVD measurements during that time period. In the O

versus Deq diagram, two clusters stand out, the first one with Deq < 0.5mm and O < 0.45,
the second one with 0.2mm < Deq < 1.5mm and 0.7 < O < 1.3. Vertical velocities of
the first cluster are mainly below 0.5m s−1. Single particles shown in Fig. 4.9a, hereafter
referred to as particle 1, particle 2, etc., were arbitrarily chosen in a way that as many
clusters in Fig. 4.9a and b as possible are represented. The smallest particles such as par-
ticle 1 only have the size of one or two times the resolution of the 2DVD and can therefore
hardly be resolved in detail. Particle 2 seems to be columnar or needle-shaped, particles
3 and 4 could be irregular crystals or aggregates, possibly also rimed to some extent. In
the 2DVD measurements, some particles appear with unrealistically long vertical edges in
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(a) (b)

(c) (d)

(e) (f)

Figure 4.8: RPG94 LACROS (a, b) reflectivity, (c, d) Doppler velocity, and (e, f) SLDR
on 17 January (left) and 18 January 2023 (right). An offset to Mira-35 of 20 dB was added
to the reflectivity measurements (a, b) due to snow accumulation on the radome sheets
(see App. B).

all cases presented in this section. All of them have O values > 2. For this reason, they
are colored orange in the v versus Deq diagram and are not included in the O versus Deq

diagram in this and the following subsections. Examples can be found in Fig. C.1. This
phenomenon was also observed by Grazioli et al. (2014) who suggests that such signatures
are caused by particles which linger in the virtual measurement area for an unusual long
time span, for example, due to small-scale wind effects.

HOLIMO data were only analysed for one minute from 11:32UTC to 11:33UTC be-
cause a sufficient amount of ice crystals has been detected in this period. Figure 4.10
shows all HOLIMO images that were detected by the algorithm of Christopher Fuchs,
ETH Zürich. The particle sizes vary from around 0.15mm, which is about the resolution
of the 2DVD, to 2.5mm. A variety of crystal shapes was detected and some particles
resemble the ones detected by the 2DVD. The columnar crystal (Fig. 4.10, line 3, column
3) equals particle 2 from the 2DVD measurements, for example. Some particles measured
by HOLIMO can be identified as aggregates, such as the aggregated plates (Fig. 4.10,
line 2, column 2) and others as irregular crystals (e.g., line 2, column 3). The smallest
particle detected by HOLIMO (line 1, column 4) would probably appear in the 2DVD
measurements similar as particle 1 in Fig. 4.9c.

In the following subsections, further remote sensing results are presented after the
in-situ measurement results. Unfortunately, from 11:30UTC to 11:35UTC there are no
Mira-35 measurements available (because the radar was performing a scan pattern) and
can therefore not be presented at this point.
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Figure 4.9: 2DVD measurements on 17 January 2023 from 11:30UTC to 11:35UTC in-
cluding (a) oblateness versus equivalent diameter, (b) vertical velocity versus equivalent
diameter, and (c) single characteristic hydrometeors. The blue numbers indicate the same
hydrometeor in all subfigures.

Figure 4.10: Ice crystals detected by HOLIMO on 17 January 2023 from 11:32UTC to
11:33UTC. The scale in the lower right corner of each picture corresponds to 100 µm with
25 µm subdivision.
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4.2.2 17 January 2023, 13:50 – 13:54UTC: dendrites, strongly rimed
particles, irregular crystals

Around 2.5 hours after the detection of irregular crystals and aggregates, dendrites and
rimed particles were observed additionally by eye. 2DVD measurement results show two
main clusters and one less pronounced one (Fig. 4.11a and b). The first cluster ranges in
Deq from 0.2mm to 0.7mm, in O from 0.2 to 0.5, and in v from 0.1m s−1 to 0.5m s−1. Such
oblate particles are often columnar and appear in the 2DVD measurements like particle
1 (Fig. 4.11c) or similar. The second main cluster includes particles with Deq between

(a) (b)

(c) 1 1 2 2

3 3 4 4

5 5

Figure 4.11: 2DVD measurements on 17 January 2023 from 13:50UTC to 13:54UTC
including (a) oblateness versus equivalent diameter, (b) vertical velocity versus equivalent
diameter, and (c) single characteristic hydrometeors. The blue numbers indicate the same
hydrometeor in all subfigures.
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0.3mm and 0.8mm, with O between 0.7 and 1.3, and v between 0.5m s−1 to 1.4m s−1.
Due to the large O range, particles in this cluster can be shaped differently. As Deq is
below 1mm and thus quite small, the particle shapes are additionally not well resolved.
Further, particles with Deq > 1mm, O between 0.5 and 1.5, and varying v were measured.
Figure 4.11b shows a slight trend towards higher v of larger particles. Moreover, two
hydrometeor types could be identified from pictures of single particles (Fig. 4.11c) which
are graupel-like particles (particle 3 and 5) and dendrites (particle 4). Particle 1 could
be a needle or a column and particle 3 could have different basic shapes and be rimed to
some extent. As in the previous case, 2DVD data contain particles with O > 2 and v up
to 5m s−1 which are not included in Fig. 4.11a.

HOLIMO images from this time period show a number of different crystal shapes
(Fig. 4.12). The pictures show columns from which needles are grown perpendicularly
(e.g., line 2, column 4; line 3, column 1), irregular crystals (e.g., line 2, column 5; line 2,
column 6), one dendrite (line 5, column 5), particles that can be interpreted as aggregates
(e.g., line 1, column 2; line 3, column 6), and particles that seem to be strongly rimed
(e.g., line 3, column 4).

The conduction of simultaneous remote sensing measurements enables the investiga-
tion of the formation of different particle shapes. Precipitation measurements of Mira-35
during this and the subsequent time period (Sect. 4.2.3) are shown in Fig. 4.13. To in-
vestigate the surrounding conditions of the hydrometeors from the time of their formation
until they were detected by the in-situ instruments on the measurement site, a fall streak
algorithm written by Kevin Ohneiser, TROPOS (personal communication), was applied.
The basic principle of the algorithm is that a time point when a fall streak reaches ground
which refers to the lowest height bin is chosen. In each further step, the bin above within
±30 s is chosen such that the reflectivity gradient to the bin below is minimal. In case of
horizontally homogeneous reflectivity values, the bin with the highest reflectivity is chosen.
The fall streak reaching the ground during this time period at 13:51UTC starts at around
2.8 km height. At around 1 km, significant wind shear is visible. Figure 4.14 presents
the reflectivity of RPG94 LACROS, spectral width and Doppler velocity by Mira-35, and
the temperature of the European Centre for Medium-range Weather Forecasts (ECMWF)

Figure 4.12: Ice crystals detected by HOLIMO on 17 January 2023 from 13:50UTC to
13:54UTC. The scale in the lower right corner of each picture corresponds to 100 µm with
25 µm subdivision.
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Figure 4.13: Mira-35 reflectivities on 17 January 2023 from 13:00UTC to 15:30UTC.
The black lines indicate the way of hydrometeors reaching the ground at 13:51UTC and
14:08UTC, respectively, according to the fall streak algorithm written by Kevin Ohneiser,
TROPOS.

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

Figure 4.14: (a) RPG94 LACROS reflectivity plus 20 dB offset, (b) spectral width, (c)
Doppler velocity, and (d) temperature of the ECMWF model along the black fall streaks
in Fig. 4.13 (17 January 2023). Time points in the labels correspond to the time the fall
streaks reach the ground.

model. The RPG94 LACROS reflectivity shows two strong increases, one up to around
−3 dBZ at 2.6 km to 2.4 km, just below the top of the fall streak, and a second one between
1.6 km and 1 km up to 10 dBZ. During the first increase, temperatures were around −15°C.
According to the ice crystal habit diagram in Fig. 1.4, dendrites grow at this temperature
if the ice supersaturation is high enough. The second one occurs at temperatures between
around −9°C to −5°C which are suitable conditions for column and needle formation.
Between 2.2 km and 1.8 km, the spectral width is significantly increasing which can be
explained either by the presence of an increasing number of particle modes or increased
turbulence. At around 1.3 km and 1 km, there are decreases in the spectral width. The
Doppler velocity is fluctuating, but increasing absolute velocity values below 1.6 km are
visible.

The formation of needles and dendrites can be explained by the remote sensing signa-
tures and model temperatures along the fall streak in combination with the habit diagram
of Bailey and Hallett (2009). The significant wind shear below around 1000m might have
contributed to particle aggregation which would explain the observation of aggregates by
HOLIMO. Somewhere along the fall streak, a cloud layer containing liquid water droplets
must have been present to enable riming of entering ice crystals. For such kind of exami-
nation, further analysis of the remote-sensing data would be required.
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4.2.3 17 January 2023, 14:07 – 14:11UTC: dendrites

About another 15 minutes later, a ”high number of dendrites” is reported in the educated-
eye protocol. However, the 2DVD signatures (Fig. 4.15) look quite similar to those shown
in Sect. 4.2.2 (Fig. 4.11). The main difference between the two time periods is that
more larger particles with Deq up to 7mm were measured from 14:07UTC to 14:11UTC.
Particles 3 and 4 indicate that indeed some hydrometeors in the corresponding size range
are plate-like crystals or dendrites. Especially the shape of particle 5 (Fig. 4.15) suggests

(a) (b)

(c) 1 1 2 2

3 3 4 4

5 5 6 6

Figure 4.15: 2DVD measurements on 17 January 2023 from 14:07UTC to 14:11UTC
including (a) oblateness versus equivalent diameter, (b) vertical velocity versus equivalent
diameter, and (c) single characteristic hydrometeors. The blue numbers indicate the same
hydrometeor in all subfigures. Particles 5 and 6 in (c) have a different scale than the other
particles.
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that some dendrites also aggregated with other particles due to the dendrite-like structure
in the left in camera A.

HOLIMO images detected from 14:07UTC to 14:11UTC (Fig. 4.16) resemble the ones
from the previous time period (Sect. 4.2.2). A similar fraction of columns was found (e.g.,
line 1, columns 1, 4, and 7). Also irregular crystals (e.g., line 3, column 5), aggregates
(e.g., line 2, column 6; line 3, column 2), and rimed particles (e.g., line 1, column 2) were
measured. However, no dendrites are visible in the HOLIMO images which is remarkable
as a high amount of dendrites was observed by eye.

The fall streak that reached the ground during this time period is shown in Fig.
4.13. According to the Mira-35 measurements, it starts at around 6 km height. How-
ever, RPG94 LACROS data start at 4.4 km height due to the signal attenuation caused
by snow accumulation on the radome sheets which is also the reason for the gap between
3.9 km and 4.1 km in Fig. 4.14. From 3.5 km to 2.5 km and from 2 km to 1 km height, re-
flectivity increases are visible. ECMWF model temperatures range from −20°C to −15°C
during the first reflectivity increase which are good conditions for dendrite or plate-like
crystal formation (see Fig. 1.4). During the second reflectivity increase, temperatures
were between −11°C and −6°C which suggests the formation of plate-like and columnar
crystals. The spectral width is significantly smaller than at the previous case and Doppler
velocities are less fluctuating with absolute values smaller than those at 13:51UTC at
most heights.

Similar to the previous case, needle, dendrite and plate-like crystal formation can be
assigned to different heights of the fall streak. The liquid water layer should still be present
as rimed particles were detected again. Irregular crystals might have grown because par-
ticles that formed at the the top of the fall streak have penetrated layers of different
microphysical properties. A comparison of the reflectivity curves in Fig. 4.14 shows that
the upper height range with increasing reflectivity from 3.5 km to 2.5 km at 14:08UTC
is significantly larger than the one from 2.6 km to 2.4 km at 13:51UTC. This difference
might explain the higher amount of dendrites or plates in the 2DVD data from 14:07UTC
to 14:11UTC.

Figure 4.16: Ice crystals detected by HOLIMO on 17 January 2023 from 14:07UTC to
14:11UTC. The scale in the lower right corner of each picture corresponds to 100 µm with
25 µm subdivision.
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4.2.4 18 January 2023, 09:44 – 09:48UTC: needles / columns

On 18 January from 09:44UTC to 09:48UTC, a ”mix of shapes” including ”some nee-
dles” was observed according to the educated-eye protocol. Indeed, the 2DVD signatures
(Fig. 4.17) suggest a majority of needles or columnar particles during that time period: O
of most hydrometeors is clearly below 0.5 and a distinct trend towards decreasing particle
number with increasing O is visible. Most particles have a Deq < 1mm and v < 0.5m s−1,
particles 1 and 2 (Fig. 4.17c) are characteristic for this cluster. Particle 3 has some sharp
edges and should therefore not be a graupel particle but cannot be further categorised due
to it’s small size.

HOLIMO images taken during this time period (Fig. 4.18) are more various than the
2DVD results suggest. Some images (line 3, column 2; line 3, column 6) show long and
thin crystals and look similar to the 2DVD particles 1 and 2 (Fig. 4.17). Other particles
detected by HOLIMO have different basic shapes such as dendrites (line 3, column 1) or
plates (line 1, column 7) and needles are grown on them.

(a) (b)

(c)
1 1 2 2

3 3

Figure 4.17: 2DVD measurements on 18 January 2023 from 09:44UTC to 09:48UTC
including (a) oblateness versus equivalent diameter, (b) vertical velocity versus equivalent
diameter, and (c) single characteristic hydrometeors. The blue numbers indicate the same
hydrometeor in all subfigures.
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Figure 4.18: Ice crystals detected by HOLIMO on 18 January 2023 from 09:44UTC to
09:48UTC. The scale in the lower right corner of each picture corresponds to 100 µm with
25 µm subdivision.

Figure 4.19: Mira-35 reflectivities on 18 January 2023. The black line indicates the fall
streak reaching the ground at 09:45UTC according to the algorithm written by Kevin
Ohneiser, TROPOS.

Figure 4.19 shows Mira-35 reflectivities and the fall streak reaching the ground at
09:45UTC. There is a continuous reflectivity increase between 3.5 km and 2.2 km height
(Fig. 4.20). Temperatures at this height range are between −25°C and −15°C at which
mainly plate-like crystals and, towards −15°C, dendrites are growing (Bailey and Hallett,
2009). At around 800m, the reflectivity increases again by around 5 dB. At this height,
the temperature was around −7°C which favours the growth of needles. The SLDR shows
a sudden increase up to −18 dB at the lowest 600m which is a further indicator for the
formation of needles or columnar crystals. The spectral width along this fall streak is gen-
erally low, shows a significant peak at 1 km and increases below 800m. Doppler velocities
fluctuate around −0.8m s−1.
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(a) (b) (c) (d)

Figure 4.20: (a) Reflectivity of RPG94 LACROS plus 20 dB offset, (b) RPG94 LACROS
spectral width, (c) Doppler velocity, and (d) ECMWF model temperature along the black
fall streak in Fig. 4.19 (18 January 2023) which reaches the ground at 09:45UTC.

For this case, the observed ice crystal shapes can be explained well by remote sensing
measurements. Dendrites and plates were probably formed at altitudes of 2.2 km and
higher, where the reflectivity increases downwards. Needles were formed or grew on al-
ready existing particles at 800m and below.

4.3 Case studies: Precipitation monitoring during cloud
seeding experiments

For a better understanding of cloud-microphysical processes, seeding experiments are con-
ducted in the frame of Cloudlab and PolarCAP. During such experiments, a drone carrying
seeding flares flies into a MPC. When the flares are combusted, aerosol particles are gen-
erated and may initiate ice crystal nucleation (Henneberger et al., 2023). Under suitable
conditions, the ice particles then grow and start to precipitate. If the seeding location in
the cloud was chosen accordingly, HOLIMO attached to the helikite (Ramelli et al., 2020)
can observe the formed cloud-ice crystals, remote-sensing instruments can monitor poten-
tial changes in cloud properties, and in-situ instruments on the ground might even detect
precipitation particles, if they reached the ground at the measurement site. The latter
was the case on 25 January 2023 during two seeding experiments starting at 18:55UTC
and 19:48UTC. The RPG LACROS reflectivity and SLDR from 16:00UTC to 21:00UTC
is shown in Fig. 4.21. The presence of a typical low-level stratiform Bise cloud offered
excellent synoptic conditions for seeding experiments. The cloud consisted mainly of liq-
uid water droplets, but on-again-off-again, ice crystals were formed at the cloud top which
then grew on the expense of liquid water and caused an increase of radar reflectivity. The
two seeding experiments are reflected in both increased reflectivity and SLDR for several
minutes.

During the afternoon and evening on 25 January 2023, R determined from the 2DVD
measurements (Fig. 4.22) shows two sudden increases, each only for two or three minutes,
around 15 minutes after the start of each seeding event. The times of increased R are
identical with those of increased reflectivity and SLDR in Fig. 4.21, which suggests that
the formation of according particles detected by the 2DVD was initiated by the aerosols
of the burning flares.

To analyse the precipitation induced by the seeding events, three time periods are
investigated with a focus on detected particle shapes. The first period was chosen from
18:00UTC to 19:00UTC for a background reference to get information about hydromete-
ors precipitating without seeding impact. The second period from 19:10UTC to 19:13UTC
and the third period from 20:00UTC to 20:03UTC cover the peaks in R after each seeding
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(a) (b)

Figure 4.21: RPG94 LACROS (a) reflectivity and (b) SLDR of a typical Bise cloud on 25
January 2023. The formation of cloud ice is visible after the seeding events at 18:55UTC
and 19:48UTC.

Figure 4.22: Precipitation rate determined by 2DVD data on 25 January 2023. An inte-
gration interval of 60 s was chosen and due to solid precipitation, a hydrometeor density
of 0.9 g cm−3 was assumed. Orange lines indicate times of aerosol releases during cloud
seeding experiments.

event. During the first period which is 60 minutes, the 2DVD detected only 51 particles.
During the three-minute periods two and three, 235 and 176 particles were detected, re-
spectively, which indicates the seeding impact on the precipitation. The relation of ν and
Deq for each particle of all three periods is shown in Fig. 4.23a, images of hydrometeors
characteristic for the respective clusters are presented in Fig. 4.23b. Most of the particles
that were observed during period one before the seeding events varied in Deq from 0.2mm
to 0.3mm and in ν from 0.75m s−1 to 1.5m s−1.

Characteristic hydrometeors for that period indicate columns or needles as major par-
ticle type which mostly were rimed to some extent. This accounts for periods two and
three as well, which is supported by SLDR values of up to around −15 dB. Further, a
temperature sensor attached to the seeding drone measured −5°C during each flare com-
bustion, which is a suitable environment for column and needle formation (Bailey and
Hallett, 2009). However, the particles were much smaller with Deq mostly below 0.2mm
and ν < 0.5m s−1 which may be due to a shorter residence time in the cloud. Parti-
cles observed in the first period could be larger because they might have stayed longer
in the cloud due to turbulence, which also results in stronger riming and thus higher ν.
The 2DVD results have again revealed that from the the instruments measurements, one
can distinguish between ice crystal shapes and thus, the 2DVD can contribute to the
investigation of aerosol-cloud-interaction if precipitating hydrometeors reach the ground.
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Figure 4.23: 2DVD measurements on 25 January 2023 at different time periods. (a) shows
the v versus Deq relation for all particles that were detected in the respective time period.
(b) presents hydrometeors characteristic for the respective clusters in (a) from 18:00UTC
– 19:00UTC (blue numbers), 19:10UTC – 19:13UTC (red numbers), and 20:00UTC –
20:03UTC (yellow numbers). The coloured numbers in (a) and (b) indicate the same
hydrometeors. Total particle numbers are 51 (blue), 235 (red), and 176 (yellow).
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Chapter 5

Discussion

A comparison of R of different instruments was done for a cold-rain and a warm-rain event
on 5 January 2023. The separation into cold and warm rain was based on the presence
of a melting layer which in turn was identified by RPG LACROS Doppler velocity and
SLDR (Fig. 4.2a, b). Presumably, this method cannot conclusively clarify whether a pro-
portion of warm rain also contributed to precipitation during the cold-rain period or not.
The weather station was running during that time period and has recorded precipitation
on other days during the campaign. Thus, it remains unclear, why it has not detected
any droplets on 5 January 2023. The PSDs of the 2DVD (Fig. 4.3) confirm, that during
the cold-rain period partly larger droplets have been detected than during the warm-rain
period, where most likely drizzle occurred.

Comparison studies about the 2DVD and the Parsivel2 report that, at heavy rainfall,
the Parsivel2 tends to overestimate large particles with diameters larger than 3.5mm (Liu
et al., 2019) or 4mm (Park et al., 2017) and to underestimate small droplets with a few
100 µm in diameter (e.g., Park et al., 2017). However, on 5 January, only light rain or
drizzle was observed, so that those conditions do not apply. Wind speeds averaged per
minute exceeded 10m s−1 several times for single minutes during the cold-rain period. Up
to this value, according to the manufacturer, the uncertainty specifications (Tbl. 2.2)
are valid, which should be mentioned again at this point, although the effect is probably
negligible. Nevertheless, wind speeds were generally slightly higher during the cold-rain
period, which might have contributed to the difference in R.

The 2DVD measurement results in Sect. 4.2 show that it may depend on several
factors, how well a particle type can be deduced from the two camera images. Plates
or dendrites, for example, are only clearly recognisable as such if their width is at least
1mm to 2mm and only if they do not fall exactly horizontally but inclined through the
virtual measuring area. Otherwise, they could appear as horizontal lines from both cam-
era perspectives which would make a distinction from needles or columnar crystals more
challenging. The latter usually appear as horizontal lines and often can be identified by
different widths from the two camera perspectives. Columns or needles would only appear
with the same length in both camera images if they are aligned in a 45° angle towards both
cameras. Graupel usually does not show any sharp edges and appears rounded from both
perspectives. Slightly rimed particles on the other hand seem to be hard to identify as such.

The analysis of 2DVD data in Sect. 4.2, especially during case 2 (Fig. 4.11) demon-
strated that unrealistic particles are not filtered by the sno-algorithm of the manufacturer.
Such particles are mainly vertically prolonged, oftentimes with long smooth edges (see
App. C) and should therefore be filtered by adjusted sno-algorithm criteria.
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The four cases presented in Sects. 4.2.1 to 4.2.4 were chosen according to the educated-
eye protocol entries. This choice allowed the examination of in-situ measurement data con-
taining information about differently shaped solid hydrometeors. During most of the time
periods, a larger variety of shapes was measured by either the 2DVD or HOLIMO than
was reported in the educated-eye protocol. Especially the ”high number of dendrites” on
17 January 2023 at 14:07UTC to 14:11UTC could not be validated by the measurements.
Presumably, larger particles were perceived disproportionately strongly by eye.

In Sect. 4.2 it was found that 2DVD and HOLIMO generally show good agreement.
The type of some of the presented particles would most likely be identifiable as such if the
particle would have been detected by the other instrument. However, the measurements
of one of the instruments shows additional particle types. Figures 4.11 and 4.15 suggest
that the number of dendrites and aggregates around 2mm and larger increased within 15
minutes during that day which is supported by higher dendrite concentrations reported
by the educated-eye protocol. HOLIMO on the other hand did not detect any dendrites
during the third time period (Fig. 4.16) which could be caused by its detection limit of
2mm.

The combination of remote-sensing signatures and the ECMWF model temperature
along fall streaks proves helpful to understand the formation of different hydrometeor types
and crystal shapes. In general, at height ranges where the reflectivity of RPG94 LACROS
increases, particle growth or particle formation can be assumed. This is the case, for
example, for the lowest 800m at case 4 (Sect. 4.2.4). Only at this height range, ambient
temperatures would allow the formation of needles, according to Bailey and Hallett (2009).
In this case, increased SLDR values confirmed this theory. Further, a larger variety of par-
ticle shapes was detected by the in-situ instruments when values of the RPG94 LACROS
spectral width near the ground were higher. When the spectral width increased at a cer-
tain height range, for example between 2.2 km and 1.8 km during case 2 (Sect. 4.2.2), the
cause could be particle riming. The application of a liquid water layer detection algorithm
might be helpful for further investigations to better understand particle formation along
fall streaks.

The particle size in the 2DVD data is given by the manufacturer as equivalent diam-
eter of a sphere with the same volume (Deq). In case of solid particles, an expression of
the size by means of maximum diameter would be advantageous to make the data better
comparable with the results of other studies, for example, about velocity-size relationships
of different ice crystal shapes (Locatelli and Hobbs, 1974; Barthazy and Schefold, 2006).

Section 4.3 provides a framework for a closure study of which important components
were investigated, starting with ice nucleation and cloud development, up to the obser-
vation of particles on the ground. The measurements of the different instruments were
consistent insomuch as they confirmed the theory of the formation of needles or colum-
nar ice crystals and their subsequent partial riming. The 2DVD contributed decisively,
as the precipitation signatures on the ground were well captured. Measurements from
other instruments, e.g. PollyXT, should be included in the case study in order to better
understand and quantify microphysical processes inside the cloud.

Furthermore, R of the 2DVD may currently be much affected by errors, because on the
one hand, a particle density for a certain time interval has to be assumed with the presented
calculation method. On the other hand, this density refers to the total particle volume
detected by the 2DVD, which might partly be composed of air, since filigree structures
cannot be resolved by the 2DVD. However, in the case of small needles or columns, this
effect is be small, so that R in Sect. 4.3 should be reliable.
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Chapter 6

Summary, Conclusions, and
Outlook

In this thesis, the observation of precipitation with a 2DVD and other in-situ and remote-
sensing instruments was investigated. Special focus was on the 2DVD as a ground-based
in-situ instrument which detects single hydrometeors. The measurement principle, calibra-
tion procedure, data processing chain, and former 2DVD-related research was presented.
The Cloudlab and PolarCAPmeasurement campaign in Switzerland was introduced, where
data for this work were collected. The variety of instrumentation included in this cam-
paign, from the holographic in-situ sonde HOLIMO and other ground-based in-situ sensors
up to extensive remote-sensing instrumentation offered a unique framework to study cloud
formation and development as well as precipitation evolution.

The performance of the 2DVD under different synoptic conditions could be evaluated
against other in-situ sensors including HOLIMO. Precipitation rates of the LACROS in-
situ instruments were compared for a warm-rain and cold-rain period. During snowfall
events where different ice crystal shapes were observed, simultaneous HOLIMO measure-
ments revealed strengths and weaknesses of the 2DVDs ability to distinguish different ice
crystal shapes. A case study about a cloud seeding experiment eventually indicated that
the 2DVD can be a valuable instrument for the investigation of cloud-aerosol-interaction
with precipitation formation, because it can reliably cover precipitation monitoring on the
ground.

In general, the objectives of this work have been achieved. The first goal was to get
familiar with the 2DVD functioning. The measurement principle, data processing chain
including different matching algorithms, and calibration procedure were studied and pre-
sented. During the calibration on 12 December 2022, inserting the smallest steel spheres
with diameters of 0.5mm was sometimes challenging, as they often clinged together due
to electrostatics. Nevertheless, the calibration procedure proved reliable.

The second objective of this thesis was to characterise the 2DVD by means of available
parameters describing precipitation and single particles. In this thesis, only hydrometeor
parameters which are provided by the manufacturers software were used. This shows that
the current status of software is sufficient enough to produce the presented measurement
results. However, in former studies about the instrument, further parameters such as
maximum diameter, perimeter, or bulk density (e.g., Grazioli et al., 2014; Bernauer et al.,
2016; Zhang et al., 2021) were derived which might improve the data analysis.

Thirdly, the 2DVD should be evaluated under different synoptic conditions and against
other precipitation sensors. Time periods with warm and cold rain for rain rate compar-
isons, as well as time periods with differently shaped precipitating ice particles could be
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investigated which allowed fruitful analyses. The rain rate comparison with the Parsivel2

revealed good agreement, but the investigated time period does only allow to draw con-
clusions about the instrument performance for small droplets and drizzle. Convective rain
events which produce larger droplets could not be monitored during the measurement
campaign. The snow and graupel measurements on 17 and 18 January 2023 indicated,
that the 2DVD can generally distinguish between different ice crystal shapes. Especially
for particles of several millimeters in size, shapes could mostly be identified. However, if
particles are only some 100 µm in size, one often has to speculate about the particle shape.
Usually, pristine columns and needles with small sizes can be identified as well, as the mea-
surements presented in Sect. 4.3 confirm too. However, the differentiation of dendrites,
irregular particles, or aggregates with Deq < 1mm by means of the camera images turned
out to be challenging. For particles of such size, HOLIMO could reliably help to identify
particle shapes. On the other hand, the small sample volume and the limited detectable
particle size of HOLIMO do not allow the derivation of particle concentrations. The
educated-eye helped to identify time periods with different dominating particle shapes.
However, the results show that it most likely focused too much on larger particles that
were clearly visible. Eventually, the study demonstrates the complementarity of educated-
eye, 2DVD, and HOLIMO observations, because each of them served a certain purpose.
The measurements of different ice crystals has also revealed that the 2DVD sno-algorithm
provided by the manufacturer did not filter unrealistic particles which had an O of 2 and
larger. Therefore, further data evaluation is necessary to adjust the sno-algorithm such
that unrealistic particles are filtered.

The fourth goal of this work was to prove the 2DVD’s ability to contribute to the in-
vestigation of cloud-microphysical processes. The results of the cloud seeding experiments
presented in Sect. 4.3 clearly demonstrate, that the 2DVD delivered reliable informa-
tion about the ground precipitation and allowed the determination of particle shapes.
However, the columnar shape of the particles might have been advantageous, as previous
results showed that other shapes are difficult to identify in case of such small particles.

The results of this thesis, as well as former 2DVD-related research studies indicate
that the analysis of the instrument data still has potential and that an improvement could
yield more detailed or accurate information about precipitation and single particles. It
is necessary to investigate the snow bulk density for different particle types, shapes, and
sizes to improve the accuracy of R at different conditions.

With regard to the differentiation of ice crystal types, further precipitation events with
higher percentages of one dominating shape should be identified and analysed in order to
allow a better interpretation of 2DVD signatures. In a following step, the development of
an automatic particle classification algorithm would be advantageous to investigate dif-
ferently shaped particles separately from each other. This could possibly be achieved by
applying a machine learning algorithm to a suitable dataset.

The determination of the radar reflectivity from the 2DVD data, as already done in
many studies (see Sect. 2.3.3), should be included in future data analysis in order to
allow better comparisons with remote-sensing measurements. This would also enable a
better interpretation of remote-sensing signatures by 2DVD data, which has potential to
be expanded in the future.

Finally, further datasets of the 2DVD are available, for example, from the Multi-
disciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC) expedition
(Shupe et al., 2022) or from PolarCAP 2023/24, which can be evaluated with regard to
the different aspects mentioned above.

45



Appendix A

2DVD data processing chain

Figure A.1: Data processing chain of the 2DVD raw data. Blue boxes indicate files, red
boxes indicate programs.
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Appendix B

Calibration offset between Mira-35
and RPG94 LACROS

Due to an outage of the RPG94 LACROS blower system on 17 and 18 January 2023,
snow accumulation occurred on the radome sheets. Thus, the reflectivity offset to Mira-35
needs to be determined to revise the RPG94 LACROS data. The offset was calculated as
described below.

(a)

(b)

Figure B.1: Radar reflectivities measured by Mira-35 on (a) 17 and (b) 18 January 2023.
The black rectangles indicate time periods and height ranges that are taken into account
for RPG94 LACROS offset calculation.
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Offset:

20.43 dB

(a) 17 Jan 2023, 13:22 – 13:27 UTC

Offset:

19.79 dB

(b) 17 Jan 2023, 14:33 – 14:38 UTC

Offset:

18.01 dB

(c) 18 Jan 2023, 09:45 – 09:50 UTC

Offset:

21.96 dB

(d) 18 Jan 2023, 10:22 – 10:27 UTC

Figure B.2: Histograms of measured radar reflectivities for different time periods which
are indicated by the subcaptions. Dotted lines show the mean reflectivity detected by the
respective instrument. The shown offset represents the difference of Mira-35 and RPG94
mean reflectivities.

For four time periods, two on 17 and two on 18 January, the mean reflectivities of
both instruments were calculated within the height range of 400m and 600m. Figure B.1
presents Mira-35 reflectivities for both days with indicated time periods for the offset cal-
culation. For each time period, the difference in mean reflectivity between Mira-35 and
RPG94 LACROS was determined (Fig. B.2) and an approximate average offset of 20 dB
for both days was found.

The height range and time periods were selected according to the following criteria.
Firstly, reflectivities should not exceed 10 dBZ as the offset may be biased by saturation
effects otherwise. Secondly, the reflectivities for one time period and height range should
be as homogeneous as possible. Thirdly, the height range was chosen to be 400m to 600m
to ensure a complete overlap between radar pulse and telescope field of view on the one
hand and to avoid signal attenuation as much as possible on the other hand.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure B.3: Measured radar reflectivities by Mira-35 (left) and RPG94 LACROS (right)
from 400m to 600m above ground. The subfigures represent the time periods from 13:22
– 13:27 UTC (a, b) and 14:33 – 14:38 UTC (c, d) on 17 January 2023, and 09:45 – 09:50
UTC (e, f) and 10:22 – 10:27 UTC (g, h) on 18 January 2023.
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Appendix C

Unrealistic particles not filtered
by the 2DVD sno-algorithm

The following images contain 2DVD particles supposed by the sno-algorithm of the man-
ufacturer which are most likely unreal.

(a) 17 January 2023, 11:30UTC – 11:35UTC

(b) 17 January 2023, 13:50UTC – 13:54UTC

(c) 17 January 2023, 14:07UTC – 14:11UTC

(d) 18 January 2023, 09:44UTC – 09:48UTC

Figure C.1: Selection of Particles from the four investigated time periods in Sect. 4.2
which are most likely unreal.
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P., Petters, M. D., Pratt, K., Roberts, G., Rogers, D., Stetzer, O., Stith, J., Strapp,
W., Twohy, C., and Wendisch, M. In Situ, Airborne Instrumentation: Addressing and
Solving Measurement Problems in Ice Clouds. Bulletin of the American Meteorological
Society, 93(2):ES29–ES34, 2012. doi: 10.1175/bams-d-11-00123.1.

51



Bergeron, T. On the physics of clouds and precipitation, Proces Verbaux de l’Association
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D., Herber, A., Heuzé, C., Hofer, J., Houchens, T., Howard, D., Inoue, J., Jacobi, H.-W.,
Jaiser, R., Jokinen, T., Jourdan, O., Jozef, G., King, W., Kirchgaessner, A., Klingebiel,
M., Krassovski, M., Krumpen, T., Lampert, A., Landing, W., Laurila, T., Lawrence,
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